
Contents lists available at ScienceDirect

Progress in Organic Coatings

journal homepage: www.elsevier.com/locate/porgcoat

Facile preparation of high solid content waterborne polyurethane and its
application in leather surface finishing

Yanting Hana, Jinlian Hua,⁎, Zhongyin Xinb

a Institute of Textiles & Clothing, The Hong Kong Polytechnic University, Hung Hom, Kowloon, 999077, Hong Kong, China
bNational Engineering Laboratory for Clean Technology of Leather Manufacture, Sichuan University, Chengdu, Sichuan, China

A R T I C L E I N F O

Keywords:
Waterborne polyurethane
High solid content
Coatings
Leather
Surface finishing

A B S T R A C T

High sold content waterborne polyurethanes (WPUs) were prepared based on star-shape prepolymer which was
synthesized via arm-first approach using pentaerythritol (PE) as core. With PE content increasing from 0.3% to
1.2%, WPU dispersions presented a decreasing trend in average particle size, whilst size distribution transited
from bimodal distribution to monomodal distribution. This may contribute to variation of surfaces roughness of
coatings during film formation process. Infrared spectra and atomic force microscope revealed micro-phase
separation structure within WPU coatings and hydrogen-bond interactions between soft segments and hard
segments. Water swelling ratios of WPU coatings were below 17% and their swelling behaviors were consistent
with kinetic first-order equation. Moreover, WPU coatings showed excellent thermal stability and mechanical
properties with elongation at break of 400% and breaking strength reaching 15MPa. It was found that WPU
coatings possess optimum damping properties at 50 ℃ which can be regulated by PE content. Notably, appli-
cation of high solid content WPU dispersions on leather surface resulted in excellent comprehensive perfor-
mance, implying the potential application of WPU dispersions as leather finishing agents.

1. Introduction

The restrictive environmental regulations regarding volatile organic
chemicals (VOCs) stimulate increasing research and development of
waterborne polymers for various applications during these years [1,2].
As one of branch of multifunctional coatings, waterborne polyurethane
(WPU) has been drawing much attention both in academic and industry
fields because of its less organic compound and non-toxicity compared
with conventional solvent based PU [3,4]. Apart from the environ-
mental advantages, WPU present other outstanding physicochemical
properties including good elasticity, excellent mechanical strength,
reasonable biological performance and high adhesiveness [5,6]. All
these features conduce to applications of WPU on a wide range of fields,
such as coatings, adhesives and finishing agents [7,8]. Nevertheless,
due to high latent heat of evaporation of water, WPU leads to inferior
drying rates and high cost for packaging and transportation. Hence, it is
significant and urgent to improve solid content of WPU for application,
especially in areas where WPU are used in large quantities, such as
leather industry which requires surface finishing to provide product
with glossy, fastness, durability, hand feeling, etc [9]. Moreover, lea-
ther products including clothes, shoes and bags are in direct contact
with human skin during use, so it is especially important to use green

and non-toxic finishing agents. Therefore, non-pollution and high
value-added waterborne leather finishing agents with outstanding
overall performance are supposed to bring profound significance for
development of leather industry.

The key point for preparation of WPU is to effectively disperse
polyurethane prepolymers into water to form a stable colloidal dis-
persion, which involves a phase inversion of PU-water system from w/o
to o/w [10,11]. Hence, to facilitate the inversion efficiency can help to
reduce the dosage of water, thereby improving solid content of WPU.
The strong interactions between the colloidal particles would increase
with augment of solid content, leading to the high viscosity of WPU,
thus, controlling the viscosity of latex also accounts for the difficulties
to prepare WPU with high solid content [12,13]. Lee et al. [10] in-
corporated ionic groups at the flexible chain ends of PU to improve
mobility and exposure of ionic groups on particle surface, obtaining a
WPU with up to 45% solid content. They presented that the low content
of ionic group suppresses swelling of latex particles caused by electric
double layer and electroviscous effect, leading to decreased viscosity of
WPU. However, there is research which claimed that 2% ionic groups
are essential for stability of high solid content WPU [14,15]. Never-
theless, efforts has been paid to use nonionic monomer to help reducing
the dosage of ionic groups and decreasing viscosity due to its synergistic
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effect on improving the stability of WPU [11].
On the other hand, particle size distribution also plays important

role in increasing solid content of latex. It is claimed that small particles
can fit into the voids among the large ones, thus increasing the max-
imum packing factor of particles [16]. Peng et al reported that solid
content of WPU were improved to 55% with bimodal particle size
distribution by using WPU with large particle size to emulsify the more
hydrophilic WPU which can be dispersed into smaller particles [17].
However, the broad particle size distributions may lead to the in-
stability of WPU. Although these literatures reported the achievement
of high solid content of WPU either by molecule design or process op-
timization, they were unavoidably used organic solvent, such as
acetone, to decrease the viscosity of prepolymer resulted from its in-
creasing entanglements and hydrodynamic volumes. And the organic
solvents also need to be removed from the obtained WPU dispersions by
vacuum distillation [11,13,17]. Thus, it can be seen the conventional
synthesis of WPU dispersions still involves release of VOCs more or less.

The star-shaped polymer is a type of branched polymer with special
architecture containing at least three linear polymeric chains of com-
parable lengths which radiate from one single multifunctional branched
core [18–23]. This structure endows star-shaped polymer with specific
space configuration including small radius of gyration and hydro-
dynamic volume, which in turn affects the physiochemical properties of
micellization in aqueous solution [19]. Compared with the linear ana-
logues of identical molar masses, star-shaped polymer has advantages,
such as better solubility, low viscosity and facile functionality of the
terminal groups [22,24]. Therefore, introducing special topological
structure into polyurethane architecture may provide a green approach
to realize the easier dispersion of hydrophilic polyurethane into water
phase without aiding of toxic solvent. Moreover, the increased cross-
linking rate of the star shaped polyurethane may lead to compact
structure of cured coatings, resulting in enhanced toughness, which can
broaden WPU application on specific areas, such as marine antifouling
[23]. There were some researches of star shaped PU, However, they
were either solvent-based or used specific monomers which need extra
synthesis under harsh conditions [20,19–23,25]. Wang et al [21] used
pentaerythritol as the core to synthesize star-shaped polyurethane. It is
found that star-shape polyurethane can self-assemble to form micelles
in water, which benefits improving high solid content of WPU. How-
ever, in their study, aggregations also occurred during dispersion pro-
cess even under pre-dissolving in tetrahydrofuran. This is due to low
hydrophilicity of polyurethane with ionic hydrophilic groups. Ad-
ditionally, only drug delivery properties of stared-polyurethane mi-
celles were investigated in their research. Hence, more performances
and applications of star-shaped WPU remains to be studied.

In this study, a four arms star-shaped polyurethane prepolymer
based on pentaerythritol as core was synthesized via “arm first” ap-
proach. Polytetrahydrofuran ether diol (PTMG) was choose as soft
segment while isophorone diisocyanate (IPDI) were selected as hard
segment. Dimethylol propionic acid (DMPA) and ethoxylated polymer
diol (N-120) were incorporated as composite hydrophilic groups for
enhanced hydrophilic efficiency of polyurethane molecular. As ex-
pected, 45% solid content of waterborne polyurethane (WPU) disper-
sions were obtained without aiding of organic solvent. Such new system
realizes a facile solvent-free preparation of high solid content

waterborne polyurethane with high performance. Particles size dis-
tribution, viscosity and stability of the WPU dispersions were analyzed.
The surface topography, phase structure, thermal and mechanical
properties of the derived coatings were also studied. Moreover, high
sold content WPU dispersions was applied on surface of leather for
finishing for the first time. The performances of finished leather were
evaluated to verify the applicability of WPU dispersions in leather in-
dustry. The main objective of the work was to explore a green facile
method to prepare high solid content WPU, as well to reveal the rela-
tions between structure and properties for its potential applications.

2. Experimental

2.1. Materials

Polytetramethylene glycol (PTMG, Mw=1000 g/mol), Dimethylol
propionic acid (DMPA), pentaerythritol (PE), and a linear difunctional
polyethylene glycol monomethyl ether (Ymer™ N120) were purchased
from Sweden Perstorp. Isophorone diisocyanate (IPDI) was supplied
from Bayer, Germany. Dibutyltin dilaurate (DBTDL), triethylamine
(TEA) and ethylenediamine (EDA) were obtained from Chengdu
KeLong Chemical Industry Co., Ltd of China. DBTDL was used as re-
ceived. PTMG was dried and degassed at 110 °C under vacuum for 2 h.
DMBA and PE were dried at 70 °C for 48 h in vacuum oven. Double-
distilled water was used throughout. Unfinished leather was provided
by Guangzhou Honggu Leather Articles Co., Ltd of China.

2.2. Preparation of WPU dispersions

The polymerization was carried out in a flask equipped with a
mechanical stirrer, thermometer, reflux condenser and additional fun-
nels under a constant temperature oil bath. PTMG, nonionic hydrophilic
monomer (N120) and DMPA were added to the flask. After mixing
evenly, IPDI was added followed by addition of 0.05 wt % of DBTDL
drop by drop. The mixtures were reacted at 85 °C for 3 h to obtain
polyurethane prepolymer (NCO/OH=2.17). PE was then added for
chain extension for another 2 h. The resulted star shaped prepolymer
was then neutralize by TEA for 15min at 40˜45 °C. Quantitative dis-
tilled water was subsequently added rapidly with stirring at an agita-
tion speed of 2000 rpm for 10min. EDA was added dropwise. This chain
extension reaction at 35 °C was lasted for 1.5 h. The final obtained WPU
dispersion had ˜45 wt.% solid content and pH value of 7. Coating spe-
cimens were prepared by casting the dispersions onto glass plates. They
were firstly dried at ambient temperature for 12 h, and then at 60 °C for
24 h. The thickness of obtained films was about 0.4mm. Formula of
WPU dispersions were summaries in Table 1 and procedure is shown in
Fig. 1(a).

2.3. Characterizations

Particle size distribution of WPU dispersions was tested by using
particle size analyzer (Zetasizer Nano S90). The viscosities of WPU
dispersions were measured on NDJ-8S digital readout viscometer at
25 °C with a rotate speed of 30 rpm. Morphology of WPU dispersion
particles were characterized by Transmission electron microscopy

Table 1
Formula of WPU dispersions.

Code Dosage (molar) Solid content (%)

PTMG-1K PTMG-2K DMPA N120 PE IPDI TEA EDA

WPU-0.3 0.0450 0.0225 0.1380 0.0120 0.0034 0.2000 0.0100 0.0740 45.04%
WPU-0.6 0.0450 0.0225 0.1380 0.0120 0.0068 0.2000 0.0100 0.0680 46.52%
WPU-0.9 0.0450 0.0225 0.1380 0.0120 0.0100 0.2000 0.0100 0.0620 45.54%
WPU-1.2 0.0450 0.0225 0.1380 0.0120 0.0134 0.2000 0.0100 0.5500 45.30%
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(JOEL,Peabody, MA, USA) operating at an accelerating voltage of
200 kV. The WPU dispersions were diluted to a concentration of 1 wt%
and were drop on a copper mesh for TEM observation. Fourier trans-
form infrared (FTIR) spectra of the coatings were performed on a
NEXUS 670 spectrophotometer (Thermo Fisher Scientific, USA) in
transmission mode. Atom force microscopy (AFM) was performed on
the surface of the coatings with a scanning area of 5 μm×5 μm using
the SPA-400 Atomic force microscope (Seiko Instruments Inc. Japan) in
tapping mode. Roughness analysis was carried out using NanoScope-
Analysis software. To measure swelling in water, dried coatings (weight
designated as m0) was immersed in water for 70min at 25 °C, the
weight of the samples were measured (mi) at certain time interval.
Swelling ratio was measured by the equation of Swelling ratio (%) =
(mi- m0)/m0×100%. Thermogravimetric analysis (TGA) was carried
out in TG 209 F1 differential thermogravimetric analyzer (NETZSCH
Instruments, Germany) at a heating rate of 10 °C /min from 100 °C to
550 °C under nitrogen atmosphere. Dynamic viscoelastic behaviors of
samples (5×10mm) were investigated using DMA 242 C analyzer
(NETZSCH Instruments, Germany) from -100 °C to 150 °C with a
heating rate 5 °C /min at 1 Hz. Mechanical properties of coatings with a
size of 5× 25mm was measured using tensile testing machine (GT-AI-
7000S) with elongation rate of 100mm/min under ambient conditions.
The mechanical properties of finished leather (5×15mm) were also
investigated with elongation rate of 50mm/min. The surface structure
and cross section of finished leather samples were characterized by
JEOL-6490 SEM. Samples were sprayed gold for testing. Water contact
angle on leather samples were evaluated using the OCAH200 high-
speed video contact angle measurer (DataPhysics Instruments GmbH
Ger, Filderstadt, Germany).

3. Results and discussions

3.1. Size distribution and morphology of high solid content WPU dispersions

The particle size distribution of WPU dispersions are shown in
Table 1. With increasing PE content, average particle size decreases
from 205.9 nm to 111.9 nm, accompanied with particle size distribution
index (PDI) decreases from 0.325 to 0.175. It can be seen from Fig. 1(b)
that WPU-0.3 and WPU-0.6 have a bimodal particle size distribution. By
increasing PE content, volume fraction of colloidal particles with large
particle size gradually decrease while particles with small particle size
increase. As a result, particle sizes of WPU-0.9 and WPU-1.2 exhibit a
monomodal peak distribution, implying that their particle size dis-
tribution become narrower. This is because PU prepolymer crosslinked
by PE has a “star-shape” structure [21]. That means the number of PU
molecules with branch arms increases. Such branched structure is
compact and is not easy to undergo inter-molecular entanglement
[21,23]. Hence, during dispersion process, prepolymers molecules can
be easily emulsified without condensation, so that the average particle
size reduced whilst particle size distribution narrowed. Besides, visc-
osity of WPU dispersions increased with PE content (Table 2), which
may because overall interaction force between particles are enhanced.
The structure and morphology of WPU dispersion particles were iden-
tified by TEM. Due to dehydration process, particle size observed from
TEM were smaller than the results obtained from particle size analyzer.
It can be seen that for all samples, WPU particles are well dispersed
without obvious aggregation. Notably, large particles can be observed
in WPU-0 and WPU-0.3. Nevertheless, with increasing PE content, large
particles disappeared whilst size distribution become uniform, which
consists with results obtained from particle size analyzer. Moreover, the
WPU dispersions has no delamination or gel after storage for 6 months

Fig. 1. (a) Scheme illustration for preparation of WPU dispersions and coating; (b) particle size distribution of WPU dispersion; (c) TEM photos of WPU dispersions.
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at room temperature, indicating their good storage stability.

3.2. Structure and surface morphology of coatings formed by high solid
content WPU dispersions

The infrared spectra of PE and WPU coating samples are shown in
Fig. 2(a). It is reported that free −OH groups on PE exhibit stretching
vibration bands at 3590-3650 cm−1 [26]. In this study, characteristic
bands of −OH groups on spectrum of PE shift to lower wavenumber
(3100-3550 cm-1), indicating that the −OH have formed internal hy-
drogen bonds. During synthesis of WPU, high temperature will lead to

disconnection of these internal hydrogen bonds, releasing free −OH
groups on PE which can participate reactions with -NCO. It can be seen
that the distinct peaks for free hydroxyl groups disappeared on spectra
of WPU-0.6 and WPU-1.2. In addition, characteristic peak of -NCO at
2275 cm-1 were not observed, indicating the completely reactions of
isocyanate. On spectra of all WPU coating samples, strong vibration
peaks of NeH (3341 cm-1), −CH2 (2921 cm-1) and −CH3 (2858 cm-1),
as well as characteristic peaks of CeOeC (1108 cm-1) and -C=O (1716
cm-1) from soft segments are found [5,27,28]. Besides, there is
stretching vibration peak at 1245 cm-1, which attributes to CeOeC
from -NHCOO- [27]. These results confirm the polyurethane molecular
structures. FTIR can be used to study hydrogen bonding behavior of
polyurethane which relate to its microphase separation structure [28].
Particularly, hydrogen bonds are formed between -NH groups in hard
segments and C]O groups from both hard and soft segments. Since soft
segment based on polyether glycol has no C]O groups, it is seasonable
to investigate hydrogen bonds within hard segment according to
spectra in C]O stretching region [29]. As shown in Fig. 2(b), peak
fitting methods [30] was applied to obtain three characteristic peaks
which are attributed to C]O with non-hydrogen bonding (1724 cm-1),
disordered hydrogen bonding (1700 cm-1) and ordered hydrogen
bonding (1660˜1630 cm-1) respectively [31]. It can be seen that peaks
of bonded C]O are much stronger than that of free C]O in WPU-0.3,

Table 2
Emulsion properties of high solid content WPU dispersions.

PE content (%)

0.3 0.6 0.9 1.2

Average particle size
/nm

205.9 177.6 131.9 120.1

PDI 0.325 0.249 0.234 0.185
Viscosity /mPa·s 6 28 45 64
Storage stability > 6

months
> 6
months

> 6
months

> 6 months

Fig. 2. (a) FTIR spectra of WPU coatings and (b) expansion area with fitting curves: ①free C=O at 1724 cm−1, ②disordered C=O at 1700 cm−1, ③ordered C=O at
1660-1630 cm−1; (c) AFM phase images and (d) 3D height images of WPU coatings.
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implying the crystallinity of hard segments. In comparison, WPU-0.6
and WPU-0.9 show a decreased intensity of bonded C]O while that of
free C]O experiences an increase. Particularly, for WPU-1.2, peak in-
tensity of free C]O is even higher than that of bonded C]O, indicating
that incorporating PE had reduced chains interactions within hard
segments. In other words, PE can increase cross-linkages of WPU
coatings, causing soft segments to enter hard segment domains and be
trapped in the hard segment domains. Thereby, the interactions be-
tween hard segments and soft segments are improved.

The microphase separation structure of WPU coatings were further
investigated by AFM. Phase images obtained under force-tapping mode
can provide information about energy dissipation between AFM tip and
sample surface during measurement [32]. In this regard, it can tell the
local stiffness difference of domains, thus allowing us to distinguish
hard and soft phases in the samples. As shown in Fig. 2(c), phase images
of WPU coatings have dark and bright areas which owing to soft seg-
ments and hard segments respectively [28]. For WPU-0.3, some dark
spots resulted from aggregation of soft segment are distributed in do-
mains where bright parts alternate with dark parts, indicating its dis-
tinct microphase separation structure. With progressively addition of
PE, size of dark spots decreases, and its distribution become more
evenly. Meanwhile, alternating boundary between dark area and bright
area turn out to be blurred, implying enhanced interactions between
soft segments and hard segments. These results are consisting with the
FTIR results. 3D height images of coating surface were determined by
AFM to intuitively show their surface morphology. As shown in
Fig. 2(d), concave and convex regions are related to the soft segment
and hard segment with different surface energy [33]. It can be seen
intuitively that WPU coatings have different surface roughness (Ra).
With increasing content of PE from 0.3% to 1.2%, Ra increased from
0.537 nm to 1.295 nm.

The process of latex film formation has several stages: as the water
volatilizes, latex particles are closely packed, upon destruction of ad-
sorption layer on surface of particles, the latex coalescence will occur,
followed by the final intertwined and entangled of polymer chains [34].
After film formation is completed, some interparticle boundaries can
also be observed [35,36]. The key to successful film formation is that
temperature needs to be higher than minimum film formation tem-
perature (MFFT), so that the deformation and cohesion of latex particles
can occur to form consistent film. MFFT is regarded to be related to its
glass transition temperature (Tg) [35]. Generally, MFFT is lower than
the Tg of the corresponding polymer. Previous research has evidenced
that Tg of PTMG based waterborne polyurethane is below 0 ℃ [5],
hence, waterborne polyurethane in this study can form a film at room
temperature. Since film formation involves stages from small particles
to large particles to final film, more deformation and coalescence pro-
cess will be involved with smaller the particles under equivalent WPU
solid content. Thus, it is supposed that WPU dispersions with narrow
particle size distribution would result in more interparticle boundaries
during film-formation process, which may be one of the reasons for the
increase in roughness. Even so, for all WPU samples, the altitude in-
tercepts are below 10 nm, indicating coating surfaces are macro-
scopically smooth.

3.3. Physical properties of coatings formed by high solid content WPU

Hydrophilicity is one of important properties for coatings since it
influences cleanability, durability and hand feeling of final product. As
shown in Fig. 3(a1), water swelling ratio of WPU coatings increases
with immersing time and reaches equilibrium after 65min. It can be
seen that WPU-0.6 and WPU-0.9 shows lower swelling ratio than WPU-
0.3. This may because PE can work as chemical cross-linking point of
molecular chains, which improves interaction between molecular
chains to forms a compact network structure. As a result, stretching of
flexible soft segment is restricted by rigid hard segment, limiting further
penetrating of waters and volume expansion. Exceptional, WPU-1.2

exhibits higher water swelling ratio. Such phenomenon may be related
to microphase structure of coatings since low crystalline region is dis-
orderly and loosely arranged, which contribute to water absorption
capacity. Mohan et al [37] has found that the swelling properties of
polymer materials were influenced by crosslinking degree, functional
groups, and synthesis conditions, etc. Hence, the value of swelling ratio
is the result of combination of multiple elements. Generally, first-order
kinetic equation can be applied to swelling process of water swellable
elastomer with high initial swelling rate and ability to reach equili-
brium quickly [38,39]. To investigate mechanism of swelling process of
WPU coatings, a kinetic analysis with a first-order equation was con-
ducted as shown below

dQt/dt=k(Qe-Qt) (1)

where Qt, Qe and k denote the degree of swelling at any time, degree of
swelling at equilibrium, and swelling rate constant, respectively.
Integration of the Eq. (1) gives the following equation:

ln(Qe-Qt)= ln(Qe-Q0)- kt (2)

Graphs were plotted against -ln (Qe - Qt) and t (Fig. 3(a2)) to ex-
amine the above kinetic model. Swelling rate constant (k) and can be
obtained from the slope of the line while theoretical equilibrium
swelling was calculated form intersection of the lines. The results are
summarized in Table 3. It is showed that experimental results are close
to theoretical data, which confirms that the swelling process of WPU
coatings is consistent with kinetic first-order equation. Moreover, there
is gradual increment in k, which may due to enhanced entanglement of
soft segments and hard segments contributing to a low crystalline
network, thus allowing water molecules to penetrate easily.

TGA can serve as a useful indicator of decomposition and flamm-
ability behavior of coatings [40]. The thermal stabilities of WPU coat-
ings are shown in Fig. 3(b). There are two deposition stages where first
stage from 270 °C to 380 °C is due to degradation of hard segments
whilst the second stage from 380 °C to 500 °C is attributed to thermal
decomposition of soft segments [5]. In comparison to PE which start to
decomposition at 150 ℃, WPU-0.3 shows much higher thermal stability
with a decomposition starting temperature (T-start) at 283 °C. It is no-
ticed that T-start of WPU-1.2 reaches 290 ℃, indicating the enhanced
thermal stability. Generally, molecular chains break when temperature
reaches a certain value. Polymer network with higher crosslinking
contributes to the interaction force between polymer chains. In this
regard, more heat is needed for mobility and breakage of molecular
chains.

Mechanical property is another important evaluation criterion of
coating performance. To applied on materials surface for finishing,
coatings are supposed to possess both strength and flexibility to provide
protection and extensibility. As shown in Fig. 3(c), the obtained strain-
stress curves indicate that WPU samples exhibit breaking strength
above 10MPa, accompanying with elongation at break at around
400%, which indicating the toughness and flexibility of WPU coatings.
In particular, strength at break of WPU coatings increases from
11.48MPa to 14.70MPa with increase of PE content whilst elongation
at break reaches the highest value (431%) for WPU-0.3. This en-
hancement in mechanical strength may due to increased crosslinking in
WPU molecular network result in higher toughness of WPU coatings.

Dynamic mechanical behavior of WPU coatings were also studied.
Fig. 3(d1) and (d2) shows the results of storage modulus (E') and loss
factor (tanδ) versus temperature. It can be seen that in the temperature
region from -100 ℃ to 50 ℃, E′ for WPU coatings maintains at a high
value. Besides, WPU-0.6 and WPU-1.2 has higher E′ than WPU-0.3,
indicating their stronger restoring force after deformation, especially
under daily use environment. Interestingly, upon temperature reaches
50℃, there is a turning point where E′ gradually decreases and presents
a trend opposite to the low temperature region. The reason for this may
be that PE increased the degree of network cross-linking, which means
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that movement of soft molecular chains are limited by ambient rigid
hard segments, hence, coatings behave as strong elastomer. As tem-
perature gradually rises, hydrogen bonds between soft segment and
hard segment begin to diminish, as a result, soft chains trapped in hard
segment domains are able to move easily, leading to the enhanced

ductility of coatings.
It can be seen in Fig. 3(d2), two distinct peaks of tanδ appears in low

temperature region and the high temperature region, which indicates
the microphase structure of WPU coatings. These two peaks correspond
to glass transition of soft segments at low temperature and hard seg-
ments at high temperature [41]. Glass transition temperature of hard
segments for WPU-0 and WPU-1.2 was 87.0 ℃ and 54.6 ℃, implying
the lower crystallinity of hard segment for WPU-1.2. The peak values of
tanδ indicate rate of mechanical dissipating energy which determined
by movements of molecular chains in polymer and relative motions
between each component in composites [42]. The higher the energy
dissipation, the stronger the damping performance [41]. It is noticed
that peak values of tanδ for WPU -0.6 and WPU-1.2 are higher than
WPU-0. Particularly, tanδ for WPU-1.2 reaches is 0.44, almost twice
that of WPU-0. Regarding to movement of the molecular chain inside
WPU coatings, it may be proposed that as higher temperature (50 ℃),

Fig. 3. (a1) water swelling ration of WPU coatings with respect to time; (a2) Pseudo-second-order kinetics of WPU coatings in water; (b) TGA curves of WPU
coatings., (c) stress-strain curves, (d1) storage modulus E’ and (d2) loss factor (tanδ) versus temperature.

Table 3
Parameters of swelling kinetics for WPU coatings.

Sample Swelling ratio (%) Rate constant k

Calculated Experimental

WPU-0.3 21.2 21.5 0.0160
WPU-0.6 19.1 20.7 0.0184
WPU-0.9 17.7 17.6 0.0207
WPU-1.2 17.9 21.0 0.0236
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the soft segments entering the hard segment phase are released due to
breakage of hydrogen bonds, which facilitates mobility of soft mole-
cular chains and relative friction between hard segments and soft seg-
ments. In this way, more energy can be consumed to improve the
damping performance of WPU coatings.

3.4. Application of high solid content on leather finishing

To evaluate applicability of high solid content WPU dispersions,
WPU-0.6 dispersions was chosen as finishing agent to apply on leather
by swabbing and spraying which are the most commonly used finishing
methods [43]. The schemes of finishing processes are illustrated in
Fig. 4(a). The leathers used for application were full grain white dyed

calf leathers for bag production. Fig. 4(b) shows the photos of original
leather and finished leather. Compares to original sample, finishing
process resulted in glossy appearance and it was not observed any
impairment on the limpness of leather. Moreover, finished leather can
be distorted without delamination, which demonstrates applicability of
WPU dispersions as leather finishing agent. Surface morphology of
original and finished leather were characterized by SEM. As shown in
Fig. 4(c), natural pore structure of leather can be observed. For swab-
bing-finished leather, there are some circular holes on the surface.
These holes are formed during the painting process due to the less load
of WPU dispersions. This void structure of coating is similar to the pore
structure on surface of original leather, which is favorable for breath-
able and moisture permeable properties [44]. On the contrary, spraying

Fig. 4. (a) scheme of leather surface finishing processes including swabbing and spraying; (b) photos of original and finished leather; SEM images of (c) surface and
(d) cross-section of original leather and finished leather, (e1) water contact angle of original and finished leather with respect to time; (e2) photos of variation in
water contact angle as a function of corrosion time.
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finished leather has smooth and void-free surface. SEM images of cross-
section for three leather samples are shown Fig. 4(d). Original leather
has a natural fibrous structure. As surface finishing agent, WPU are
supposed to tightly adhere to papillary layer to ensure durability of
leather. From the cross-section of finished leather, it can be seen that
there is no obvious boundary and delamination of papillary layer and
coating layer, indicating the good adhesion and filling property of WPU
dispersions. The surface contact angles (CA) of original and finished
leather were also evaluated. Results showed that CA of original leather
gradually decreased with time due to its high hydrophilicity. As ex-
pected, finishing can significantly improve waterproofness of leather as
the CA of both swabbing finished and spraying finished leather showed
minor changes over time. Particularly, CA for spraying finished leather
maintained above 90°, indicating its superior water resistance. Table 4
demonstrates other properties of the finished leather which verifies the
excellent comprehensive performance of WPU coatings. Particularly,
WPU coatings shows barely impairment to the mechanical properties of
leather (Figure S1). In summary, it can be concluded that the obtained
high solid content WPU dispersions satisfies application requirements
of leather surface finishing agents.

4. Conclusions

Waterborne polyurethane dispersions were prepared based on star-
shape prepolymer which was synthesized via arm-first approach using
pentaerythritol as core. Solid content of WPU dispersion reached 45%.
With PE content increasing from 0.3% to 1.2%, particle size in WPU
dispersions presented in a decreasing trend, exhibiting transition from
bimodal distribution to monomodal distribution, which may contribute
to surface roughness of coatings formed by WPU dispersions. FTIR
confirmed the obtained coatings were targeted product and revealed
interactions between soft segments and hard segments through hy-
drogen bonds. AFM demonstrated micro-phase separation structure of
WPU coatings with variation of surfaces roughness (Ra) which ranges
from 0.537 nm to 1.295 nm with progressively addition of PE. Water
swelling ratio of WPU coatings is below 17% and swelling process is
consistent with kinetic first-order equation. Moreover, thermal stability
of WPU coatings were improved due to increased crosslinking. WPU
coatings also showed good mechanical properties with breaking
strength reaching 15MPa and elongation at break of 400%. In addition,
it is found that obtained WPU coatings possess optimum damping
properties at 50 ℃ which can be regulated by PE content. Most im-
portantly, WPU coatings possess excellent comprehensive performance
which indicates its applicability as leather finishing agents. This re-
search may lead to development of more facile and green method for
preparation of high solid content WPU which can be applied on coat-
ings, adhesives and finishing agents.
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