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Abstract: Biobased cationic waterborne polyurethanes (WPUs) were prepared using isophorone diiso-
cyanate (IPDI), N-methyl diethanolamine (N-MDEA), polycaprolactone (PCL) diol, hydrochlotic acid
(HCl), and 1,4-butanediol (BDO). To improve the mechanical performance and adhesive strength of
the waterborne polyurethane films, different amounts of castor oil (CO) acting as a cross-linking agent
were incorporated in the polyurethane structure. The structures of the waterborne polyurethanes
were assessed by Fourier-transform infrared spectroscopy (FTIR). The combination of CO had a
positive effect on the dispersion and stability properties of WPUs. WPUs containing higher con-
tent of CO demonstrated a remarkable enhancement in homogeneity among particles. The stable
aqueous dispersion was obtained even when N-MDEA loading was as low as 3.2 wt%; a bonus
of this low hydrophilic moiety was the excellent adhesive strength, whose T-peel strength could
reach up to 36.8 N/25 mm, about 114% higher than that of WPU (17.2 N/25 mm) without any CO
content. The elongation at break of CO7.40%-WPU was 391%. In addition, the fracture mechanism
of the waterborne polyurethane films transformed from the brittle failure to the ductile fracture.
The experiment results showed the CO-modified WPUs displayed excellent film-forming property,
flexibility, and adhesion, which can be employed for constructing the eco-friendly, biodegradable,
cationic, waterborne polyurethanes.

Keywords: cationic; waterborne polyurethanes; biodegradable; castor oil; cross-linking agent; poly-
caprolactone diol

1. Introduction

Polyurethane (PU) has received great attention in a variety of applications (e.g., adhe-
sive materials, textile, glove, paints, wood finishing, etc.), owing to its excellent mechanical
and physical properties [1,2]. Because of the worldwide restriction on volatile organic
chemicals (VOCs), there is a tendency to replace conventional, organic, solvent-based
polyurethanes by waterborne polyurethanes (WPUs) [3–6]. The utilization of water, rather
than organic solvent, as a dispersion medium may avoid unnecessary environmental pol-
lution as it is pollutant-free and odorless, which is in compliance with the requirements of
environmental protection regulations.

To be dispersible in water, WPUs should contain ionic or nonionic hydrophilic seg-
ments in their structure. According to the types of ionic groups incorporated, the dispersion
can be categorized as cationic, anionic, or zwitterionic. As an important category of WPUs,
cationic WPUs have an extremely high adhesion capacity to different ionic substrates,
particularly for anionic substrates (e.g., glass, leather, etc.) [7–10]. Thus, cationic WPUs
can be utilized as an important adhesive or coagulant [11–13]. N-Methyl diethanolamine
has been widely employed as a cationic hydrophilic group in WPU dispersions [8,12].
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Incorporation of strong polar cationic groups into hard segments of linear PUs consider-
ably improves polarity, resulting in cationic WPUs with improved adhesion strength on
anionic substrate [7,11]. However, most of the WPUs molecules have linear structure and
some properties of WPU still need to be improved further, such as thermal stability, water
resistance, brittleness, etc. [14,15]. To improve these properties, great effort has been made
to accelerate the development of WPUs [16–19].

Polymers from renewable resources have been widely studied over the past decades
ref. [20–23], mainly due to their environmental impacts and finite petroleum resources.
Biobased polyurethane (BPU) has received considerable attention as an eco-friendly ma-
terial for reducing fossil oil depletion, environmental pollution, carbon dioxide emission,
and global warming [24–26]. Plant oils derived from castor, sunflower, palm, canola,
and soybean have a great potential to replace petroleum for the production of polyols
(a raw material used to synthesize PUs) [27,28]. Among them, castor oil (CO) has been
widely applied due to its environmental friendliness, large availability, biodegradability,
cost-effectiveness, and easily extractable from castor seeds. CO consists of 88% ricinoleic
acid and has an average hydroxyl functionality of 2.7. Therefore, CO can be directly em-
ployed as polyols to synthesize PUs [29,30]. However, CO does not have the rigidity and
strength properties required for structural applications because of its low functionality
and relatively lower reactivity of secondary hydroxyl groups. Low hydroxyl number
of CO also leads to a poor performance of the resulting polymer materials [31], which
hindered their use in many applications. In addition, the soft-segment diols, hard-segment
diisocyanates, and chain extenders lead to environmental pollution owing to their low
biodegradability. With the rising awareness about the environmental challenges associ-
ated with the difficult-to-decompose plastics, the application of degradable materials has
received a widespread attention. PCL is a hydrophobic aliphatic polyester that can be
generated from petroleum or renewable resources (e.g., polysaccharides) via chemical
synthesis [32]. It is often considered as a green polymer on account of its biocompatibility
and biodegradability by microorganisms [33,34]. Besides, PCL is an easily processable
and completely biodegradable synthetic material that can be used with conventional melt
processing equipment [35]. Indeed, PCL has been applied in a wide range of fields such
as food packaging and biomedical devices [33,36,37]. As an important class of polymers,
PCL–WPUs can be employed in many applications including adhesives, controlled drug
release systems, medical devices, ink, and biodegradable packaging [38–40]. However,
it is worth mentioning that PCL is a linear and semi-crystalline aliphatic polyester and
the production of PCL films is hampered by its low mechanical strength, low melting
temperature, and thermal stability [41].

It has been reported that the crystallization behavior of semicrystalline polymer plays
an essential role in regulating its mechanical properties, and the addition of second mate-
rials can influence its crystallinity. [42] Taking these antecedents into account, this study
utilized biodegradable segments (PCL) as PU soft segments to enhance its performance
for environmental protection, and imported CO to produce emulsions. Using CO as an
addition of second material improves the mechanical properties, wettability, water resis-
tance, and adhesive strength of PCL–WPUs. To the best of our knowledge, biodegradable,
castor-oil-based, cationic PCL–WPUs have not been previously reported in the open lit-
erature. Castor oil with an average hydroxyl functionality of 2.7 and a relatively higher
molecular weight than 1,4-BDO acted as a cross-linking agent and chain extender instead
of part of BDO to prepare reticular polyurethane. The particle size of the WPU emulsion
was subsequently assessed. Furthermore, structural and surface characterizations of WPUs
material were studied to examine the influence of CO on the targeted properties of WPUs.

2. Materials and Methods
2.1. Chemicals

Hydrochloric acid (HCl) (AR, Sinopharm, Beijing, China), isophorone diisocyanate
(IPDI) (98%, Aladdin, Shanghai, China,), dibutyltin dilaurate (DBTDL) (95%, Aladdin,
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Shanghai, China), N-methyl diethanolamine (N-MEDA) (AR, Aladdin, Shanghai, China),1,4-
butanediol (BDO) (AR, Sinopharm, Beijing, China), castor oil (USP, Aladdin, Shanghai,
China), and butanone (AR, Sinopharm, Beijing, China) were used as received. Poly (capro-
lactone) diol 2000 (AR, Sinopharm, Beijing, China) and PCL-polyol were dehydrated under
vacuum at 95 ◦C for 3 h before use.

2.2. Synthesis of WPU

The WPUs were synthesized based on the modified acetone process [43], where
butanone was used as a solvent (Scheme 1). IPDI and polyols were charged in the reactor,
along with DBTDL catalyst under N2 atmosphere. The reaction was proceeded at 75 ◦C
until the theoretical NCO content of the prepolymers was reached, as determined by the
di-n-butylamine titration method. Subsequently, N-MDEA was added and the reaction
was proceeded for 1 h to attain the backbone hydrophilicity at 30 ◦C. Afterwards, CO was
added, and the reaction was continued for 2 h at 78 ◦C. Finally, BDO was added to the
reaction mixture, followed by the continuation of the reaction for 2 h at 78 ◦C. Subsequently,
the reaction mixture was cooled to 25 ◦C and butanone (20 wt%) was added to reduce
its viscosity. The neutralization reaction proceeded at the same temperature for 30 min.
Following this, distilled water was added to the reactor, and contents were stirred at
600 rpm for 60 min and 300 rpm for another 60 min. Finally, butanone was removed
by using a rotary evaporator at 50 ◦C under vacuum to obtain the WPU material. The
composition and properties of WPUs are listed in Table 1, and the reaction schematic is
illustrated in Scheme 1.

Scheme 1. Schematic of the reaction to synthesize WPU.

Table 1. Feeding composition and properties of WPUs.

Samples PCL-OH
(Molar)

CO
(Molar)

MDEA
(wt%)

Hard
Segment (wt%) CO (wt%) T-Peel Strength

(N/25 mm)

Zeta
Poterntial

(mV)

CO0%–WPU 1 0 3.8 37.5 0 17.2 39
CO2.50%–WPU 1 0.095 3.3 38.9 2.5 23.4 45
CO5.04%–WPU 1 0.190 3.2 40.3 5.0 29.5 50
CO7.40%–WPU 1 0.285 3.2 41.6 7.4 36.8 54
CO9.66%–WPU 1 0.380 3.1 42.8 9.7 26.8 55
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2.3. Characterization

The free-standing WPU films were prepared according to the following method: The
WPU dispersions were poured in the Teflon molds for drying at room temperature for
7 days followed by drying for 24 h in a vacuum oven at 40 ◦C. Subsequently, the films were
stored in a desiccator to avoid moisture uptake.

The FT-IR analysis was carried out on Bruker TENSOR-27 spectrometer at a resolution
of 4 cm−1 in the wavenumber range of 4000–400 cm−1, For this purpose, the acetone
solutions of the specimens were cast on the KBr pellets.

The average particle size and particle size distribution (PSD) of the WPUs were
measured using an ALV CGS-3 light scattering spectrometer equipped with an ALV-5000
multi-tau digital time correlator and a He–Ne laser (λ = 632 nm). The WPU dispersions
were first diluted in deionized water to a concentration of 0.3 wt%, followed by ultrasonic
wave treatment to homogenize the dispersion. For the stress–strain test, the WPU free-
standing films were cut into dumb-bell shaped samples with 20 mm length and 4 mm
width. The tensile stress–strain test was performed on an Instron-1121 at an extension rate
of 100 mm min−1 at 25 ◦C.

The stability of the CO2–WPU emulsion was evaluated by centrifugation of the sample
at 3000 rpm for 30 min on an ANKE TGL-10C system.

The zeta potential of the dispersions was measured on a Malvern-ZS90 system.
A FEI XL30 ESEM field emission scanning electron microscope (SEM) with an operat-

ing voltage of 15 kV with chromium coating was used to observe the particle of WPU and
the tensile fracture surfaces of the various WPU samples.

The 0.1 wt% emulsion was dyed with 2 wt% phosphotungstic acid and then subjected
to JEOL JEM-2010 Transmission Electron Microscope (TEM) at an acceleration voltage of
200 kV.

X-ray diffraction (XRD) was carried out on Brucker D 8 Advance diffractometer with
Cu Kα radiation (λ = 1.542 Å). The specimens were scanned from 10◦ to 40◦, with a step
size of 0.02 and a scan speed of 6◦/min.

The tensile stress–strain test was performed on an Instron-1121 at an extension rate of
100 mm min−1 at 25 ◦C and 50% relative humidity. The average of three tests was reported
for each specimen.

Adhesive strength (under peeling stresses) of the WPU dispersions was determined us-
ing the T-peel tests on the solvent-wiped, plasticized, ABS/polyurethane adhesive/solvent-
wiped, plasticized, PVC joints. The ABS test samples had the dimensions of 25 mm × 150
mm × 5 mm. Prior to applying the PU dispersion, the ABS surface was wiped with methyl
ethyl ketone, followed by solvent evaporation for 30 min in air. Subsequently, 0.45–0.92 g
PU dispersions were applied by brush to the ABS strips for the joining. After water evap-
oration (90 min), the adhesive film was rapidly heated at 80 ◦C for 10 s under infrared
radiation (reactivation process). The PVC strips were immediately placed in contact with
the ABS test samples, and a pressure of 0.8 MPa was applied for 10 s to achieve optimal
bonding. The T-peel strength was measured 72 h after joint formation using Instron-1121
universal testing machine at a crosshead speed of 100 mm/min. The average of three tests
was reported for each specimen.

Differential scanning calorimetry analysis was carried out using Perkin Elmer Thermal
Analysis DSC-7. In total, 10 mg samples were enclosed in the aluminum pans and were
subsequently heated from 0 to 150 ◦C at a scanning rate of 10 ◦C min−1 under a constant
nitrogen flow.

The rectangular test bars were immersed into water for durations (72 h). The water
absorption (A%) of the samples was calculated according to Equation (1):

A% = (W1 −W0)/W0 × 100% (1)

where W0 is the weight of the dry sample, and W1 is the weight of the wet sample,
measured immediately after the residual water was removed from the sample surface
using filter paper.
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The static water contact angle of the WPU films was measured by the sessile drop
method using JGW-360a contact angle goniometer (China) at 25 ◦C. The average of five
tests was reported for each specimen.

3. Results and Discussion

FTIR analysis was carried out to investigate the chemical structure of WPUs and
the spectra are displayed in Figure 1. The characteristic peaks of the free-NCO groups
in the wavenumber range of 2250–2270 cm−1 were not found in WPUs spectra, which
confirmed the completion of WPU synthesis reaction. Further, a new peak was observed
at approximately 3350 cm−1, which corresponded to the N–H stretching vibration. In
addition, a combined peak was detected at 1532 cm−1, which indicated both N–H out-of-
plane bending and C–N stretching. Besides, 2 peaks were observed at 2867 and 2950 cm−1,
which were assigned to the C–H stretching vibrations of urethane bonds. There were strong
absorption peaks at 3350 cm−1 in the NH stretching region, which were attributed to the
free NH stretching vibration as well as the hydrogen bonding between carbonyl groups
and NH. With an increase in CO content, the NH stretching peaks of CO0%–WPU, CO2.50%–
WPU, CO5.04%–WPU, CO7.40%–WPU, and CO9.66%–WPU shifted from 3366 cm−1 to 3361,
3353, 3351 and 3349 cm−1 respectively. Castor oil molecules containing carbonyl groups
tended to form hydrogen bonds with hydrogen atoms. The shift to lower frequencies
indicated the formation of more hydrogen bonds.

Figure 1. FT-IR spectra of WPUs. (a) in the wavenumber range of 3100–3600 cm−1; (b) in the wavenumber range of
500–4000 cm−1).

Figure 2 showed the particle size distributions of the WPUs with different content
of CO. As can be seen from Figure 2, CO0%–WPU sample exhibited unimodal PSD and
the particle size was around 200 to 500 nm. The polycaprolactone chain segments easily
aggregate because of the good regularity so that most of the hydrophilic groups were
embedded, resulting in the formation of larger particles during the water emulsification
of the polymer. It can be found that CO2.50%–WPU sample exhibited smaller particle size
and narrower PSD compared with CO0%–WPU although N-MDEA content (3.30 wt%)
that formed ionic centers by quaternization in polyurethane chains decreased. It was
interesting to find that CO5.04%–WPU and CO7.40%–WPU exhibited bimodal particle size
distribution while particle size became smaller. Unlike CO5.04%–WPU and CO7.40%–WPU,
CO9.66%–WPU exhibited unimodal PSD and the particle sizes were around 20 to 50 nm. It
can be shown that the particle size of WPU decreased with increasing CO content although
the amount of hydrophilic moiety decreased. This can be explained by the fact that the
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addition of castor oil disrupted the aggregation of polycaprolactone segment, leaving the
hydrophilic group exposed, which helped the polymer to form smaller emulsion ions
in the process of the formation of latex particles. The micrographs of the representative
regions of all samples were recorded at same magnification and demonstrated in Figure 3.
The SEM micrographs of WPU films provided the data on flexibility and rigidity, surface
morphology, and phase interaction. From the SEM images of the WPU films, a sophisticated
surface morphology was found. What most attracts attention was that there were a number
of free-standing small nanorods on the surface of CO0%–WPU film. In CO2.50%–WPU,
the width of the trilateral and quadrangular cylinders ranged from 100 nm to 200 nm.
Many smaller spots can be seen on the films surface of CO5.04%–WPU and CO7.40%–WPU.
The diameters of the well-dispersed dots on the surfaces of the two films were generally
<100 nm. CO9.66%–WPU containing higher content of CO demonstrated a remarkable
enhancement in homogeneity among particles, and it was more uniform. Figure 4 showed
the TEM photographs of CO0%–WPU, CO5.04%–WPU, and CO9.66%–WPU. As can be seen in
the TEM photographs, CO0%–WPU presented bimodal PSD and large particles were around
200 nm while small particles were around 50 nm. When compared with the CO5.04%–WPU
dispersion, exhibiting an average particle size of 50 nm diameter, a smaller particle size of
20 nm diameter was observed for CO9.66%–WPU with a larger CO content. These results
were consistent with the particle size results, which further confirmed that the cationic
hydrophilic group (N-MDEA) was located on the main chain of the polymer and embedded
easily in the process of the formation of latex particles. CO in the samples, which could be
related with restrictions in chain mobility and phase mixing increase, hindered the chain
packing of polycaprolactone segment. Therefore, hydrophilic group was no longer the
crucial influencing factor in determining particle size. The combination of CO exhibited
a positive effect on the dispersion and stability properties of WPUs. It is found that the
particle size and zeta potential of the WPUs influence the storage stability of the dispersion.
As shown in Table 1, these WPUs demonstrate excellent storage stability. No obvious
perception or stratification was observed when the WPUs were centrifuged at 3000 rpm for
30 min and stored for 6 months at room temperature.

Figure 2. The particle size distribution of WPUs.
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Figure 3. SEM micrographs of (a) CO0%–WPU, (b) CO2.50%–WPU, (c) CO5.04%–WPU, (d) CO7.40%–
WPU and (e) CO9.66%–WPU.

Figure 4. TEM micrographs of (a) CO0%–WPU, (b) CO5.04%–WPU and (c) CO9.66%–WPU.

As shown in Figure 5, the WPUs exhibited two diffraction peaks attributing to the (200)
and (110) planes of the PCL crystalline phase. There was no shift in the positions of these
peaks and the peak intensity qualitatively declined on increasing castor oil concentrations,
implying that the crystallinity decreased in the CO/WPU systems without affecting the
crystal structure, and the crosslinking by castor oil restricted the chain packing of PCL
crystals in the castor oil/PCL-based WPUs, thus leading to a reduction in crystallinity.
In addition, the XRD diffractograms showed shoulder of the peak at 2theta = 21◦. The
observed phenomenon could be attributed to the fact that the amorphous hard segment
(CO) of the polymer was inductively produced to crystallize because of the formation of
more hydrogen bonds.

To further explore the crystallinity of WPU films, the thermal properties of the films
casted from the dispersion with various TMPM content were analyzed using DSC. Accord-
ing to Figure 6, all samples presented melting peak temperatures ranging from 45 ◦C to
49 ◦C. This observed melting temperature could be attributed to the melting of pure PCL
around 60 ◦C. Moreover, it was found that the peak melting temperatures of WPU films
decreased with an increase in CO/PCL-OH molar ratio. As shown in Table 2, increasing
the CO content led to a decrease in melting temperature and melting enthalpy. This re-
sult was consistent with the XRD result, which further confirmed that the crosslinking
by castor oil restricted the PCL segment crystallization ability, enabling the formation of
amorphous domains.
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Figure 5. XRD-Ray diffraction pattern of WPU films.

Figure 6. DSC thermograms of WPU films.

Table 2. Thermal properties of WPU films.

Sample CO0%–WPU CO2.50%–WPU CO5.04%–WPU CO7.40%–WPU CO9.66%–WPU

Tm (◦C) 48.8 48.2 47.5 46.8 45.2
∆H (J/g) 47.7 44.6 42.2 39.1 38.0

3.1. Mechanical Performance of WPUs

Previous research has shown that the crystallization behavior of semicrystalline poly-
mer plays an essential role in regulating its mechanical properties, and the addition of
second materials can influence its crystallinity [42]. The tensile stress–strain curves of WPU
films were displayed in Figure 7, and the mechanical properties were presented in Table 2.
The tensile strength of CO0%–WPU reached 24.1 MPa without any elongation at break
(Table 3), which showed a typical brittle fracture. The tensile strength of CO2.50%–WPU
reached 18.7 MPa, which was lower than that of CO0%–WPU. In addition, the elongation
at break of CO2.50%–WPU was 110%. As shown in Figure 7, with increasing CO content,
the tensile strength of CO–WPUs decreased while the elongation at break increased. The
addition of castor oil could lead to a marked improvement of elongation at break due to its
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crosslinking effect and a decrease in hard segment portion. For the castor oil/PCL-based
WPUs, increasing the content of castor oil could remarkably enhance the cross-link density
of WPU films. It can be described that more CO group may increase the toughness of the
CO–WPU films and lead to a decrease in the rigidity.

Figure 7. Tensile stress–strain curves of WPUs with different content of CO.

Table 3. Mechanical property of WPUs.

CO0%–WPU CO2.50%–WPU CO5.04%–WPU CO7.40%–WPU CO9.66%–WPU

σm(MPa) 24.1 18.7 17.8 17.0 15.3
εb (%) 5.0 110 189 241. 391
σb (MPa) - 10.8 11.5 11.3 12.0

A previous study demonstrated that the mechanical properties of WPUs were sig-
nificantly associated with their morphology [44]. Thus, controlling the morphology is
essential to obtain the desired properties in the WPUs. As far as we know, the crack of the
materials may extend rapidly when a brittle failure occurs. Besides, the fracture surface
appears to be quite smooth [45]. However, the surface of a ductile fracture may be misty
and intricate due to the complex fracture mechanism and higher energy consumption. To
understand the toughening effect of CO on PCL–WPU, the morphologies of the tensile
fracture surfaces of various WPU samples were analyzed. As can be seen from Figure 8a,
CO0%–WPU demonstrated a common brittle fracture surface with shape of ridges, and the
white crack of CO0%–WPU appeared to be large-scale ridge-like features. This suggests
that the large crystalline dimension of PCL phase could result in the brittle failure at the
macroscopic level, leading to a low elastic modulus. Upon addition of CO to WPU, with
a decrease in crystalline dimension, the fracture surface presented increasing roughness.
As CO increased, the fracture surfaces appeared more rugged with silk-like appearance,
thus, indicating enhanced toughness. Figure 8c–e showed very coarse fracture surfaces
with the appearance of many rugged filaments called “dimples” [46], a characteristic of
ductile rupture. From the above results, the addition of CO overcame brittleness effectively.
In summary, on decreasing the crystalline dimension, the fracture mechanism in the WPU
film transformed gradually from the brittle failure to the ductile fracture.

3.2. T-Peel Strength Tests

T-peel strength is regarded as the capability of an adhesive to join 2 surfaces together,
which can be assessed by measuring the cohesive energy (cohesive in the adhesive bulk)
and adhesive strength (adhesive to PVC). The crystallinity of soft segments and molar ratio
of soft/hard segments are the main factors affecting both cohesive energy and adhesive
strength. The T-peel strength of adhesive bonds of WPUs were determined (Table 1). The
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T-peel strength of CO0%–WPU was very low because of the high crystallinity of the linear
structure of PCL–WPU without any CO. As a result, the cohesive failure occurred when
the bond with the substrate exceeded the internal strength of the adhesives, thus leading to
a poor contact and adhesive strength. In contrast, the adhesive strengths was remarkably
enhanced with increasing the CO content, which converted the WPU linear structure
to crosslinked structure. The adhesive strength markedly enhanced at the maximum
CO content, followed by a slight reduction. It can be seen that the CO7.40%–WPU had
the highest adhesion strength, which indicated that better adhesion was achieved when
higher cohesion and crosslinked structure were available. Nevertheless, a decrease in
adhesion strength was observed with increasing CO content, leading to high tackiness and
plasticization, and ultimately lowering the bond strength.

Figure 8. SEM micrographs of the tensile fracture surfaces of (a) CO0%–WPU, (b) CO2.50%–WPU,
(c) CO5.04%–WPU, (d) CO7.44%–WPU, and (e) CO9.66%–WPU.

Figure 9 presents the water contact angle and water absorption of the WPU films as a
function of CO content. As observed, the water contact angle of the WPU films increased
with the CO content, whereas the water absorption of the WPU films exhibited a decrease.
As a result, the films could not be wetted easily. The water absorption of a polymer is an
important parameter impacting its practical applications. On enhancing the CO content
from 0 to 9.66 wt%, the water absorption was observed to decrease from 23.2 to 13.9%. It
indicated that the CO acting as a crosslinker introduced in the PU backbone chain improved
the water resistance of the WPU films.

Figure 9. Hydrophilic angle and water absorption of WPU films as a function of TMPM content.
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4. Conclusions

Biobased, cationic WPUs were successfully constructed by varying the CO content,
where stable aqueous dispersion was obtained even when N-MDEA loading was as low
as 3.16 wt%. A bonus of this low hydrophilic moiety was the excellent adhesive strength,
whose T-peel strength could reach 36.8 N/25 mm, about 114% higher than that of WPU
(17.2 N/25 mm) without any CO content. The elongation at break of CO7.40%–WPU was
391%. The mechanical performance, film-forming property, flexibility, and adhesion of
the cationic WPU films could be tuned by adjusting the CO loading. WPUs containing
higher content of CO demonstrated a remarkable enhancement in homogeneity among
particles and CO7.40%–WPU had the highest adhesion strength. The combination of CO has
a positive effect on the dispersion and stability properties of WPUs. On increasing the CO
content, the tensile strength of WPU films was observed to decrease, and the elongation
at break increased owing to the average hydroxyl functionality of 2.7 chains introduced
in the PU backbone chain, along with a reduction in the content of the hard segments. In
addition, the incorporation of CO hindered the PCL chain packing, leading to a reduced
crystallinity in the WPU films. Overall, using CO as an addition of second material
improved the mechanical properties, wettability, water resistance and adhesive strength
of PCL–WPUs. The experimental findings indicated that the CO-modified PCL–WPUs
displayed excellent film-forming property, flexibility, and adhesion. Collectively, this study
provides a novel strategy to synthesize eco-friendly, high performance, biodegradable
polymers for diverse applications. Further detailed investigations on the synthesis and
properties of the CO-modified PCL–WPUs are underway.
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