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e to improve the solid content of
biodegradable waterborne polyurethane by
changing the association relationships of
hydrophilic fragments

Zhihui Yang and Guangfeng Wu *

A synthetic method was developed to prepare biodegradable waterborne polyurethanes (BHPUs) with

a high solid content by introducing different molecular weights of poly(ethylene glycol) (PEG) into

poly(3-caprolactone) (PCL)-based polyurethanes. PCL is a semi-crystalline polymer that can be degraded

in lipase to prepare biodegradable waterborne polyurethanes. The biodegradability of BHPUs was

evaluated, and the results showed that BHPU samples could be degraded in a solution of phosphate-

buffered saline (PBS)/lipase but not in PBS. Two different synthesis routes were used to prepare the

BHPUs, which resulted in different association relationships between the ionic hydrophilic polymer

dimethylol propionic acid (DMPA) and a nonionic hydrophilic polymer (PEG). The influence of the

association relationship between DMPA and PEG on the solid content and other BHPU properties was

investigated. The results showed that the method of associating all PEG molecules with DMPA increased

the crystallization, tensile properties, and water and soil repellency of the BHPU samples. The solid

content of the BHPU samples increased from 41% to 52.7%. In addition, PEG with molecular weights of

400 g mol�1 and 1000 g mol�1 had the best effect on the dispersibility and stability of BHPU samples

when incorporated into a polyurethane backbone.
Introduction

Polyurethanes (PUs) have been widely used in adhesives, coat-
ings, sealants, and elastomers due to their elasticity, abrasion
resistance, gloss, toughness, low-temperature exibility, and
excellent lm formation ability.1–3 Due to increasingly stringent
global environmental legislation, solvent-based PUs have
steadily been abandoned. Waterborne polyurethanes (WPUs)
are environmentally-friendly materials used in adhesive and
coating industries, where organic solvents are replaced with
water.4–6 Furthermore, the lack of available landlls has become
a major problem for polymer waste, which raises concerns
regarding biodegradation and environmental pollution.7

Although WPUs use water as a dispersion medium, which
minimizes their pollution and toxicity, once no longer useful,
they must be buried or incinerated.8 Therefore, it is important
to increase the use of biodegradable WPU materials. Polyols are
important constituents of WPUs, and their type and content
directly affect the biodegradability of WPUs.9 Poly(3-capro-
lactone) (PCL) is a semicrystalline and fully biodegradable
polyol that is oen employed as the so segment in WPU
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backbones. It possesses excellent chemical resistance to various
solvents, has a low melting point, low viscosity, good process-
ability, and a short degradation time.10 PCL biodegrades in the
presence of many microorganisms found in landlls and sewer
sludge, in household compost waste, and in natural waters.11–14

WPUs with high solid content and low viscosities have been
desired to both academic study and commerce because a high
solid content results in a rapid drying rate and easy transport,
which reduces energy consumption and lowers costs. Therefore,
the preparation of WPUs with high solid contents has been
investigated.15–17 The viscosity of WPU latexes is one of the most
important factors affecting the solid content of WPU disper-
sions. The viscosity of WPU latexes increases rapidly upon
increasing the solid content, especially above an upper limit.18,19

Moreover, the higher the viscosity of the WPU prepolymer, the
more difficult its dispersal in water, which reduces the solid
content.20 Thus, decreasing the latex viscosity can be used to
obtain WPU emulsions with high solid contents. In general,
latex particle swelling due to the formation of an electric double
layer via interactions between hydrophilic ionic polymers and
neutralizing agents leads to a high latex viscosity. Therefore, an
effective method for reducing the latex viscosity is to decrease
the dosage of hydrophilic ionic polymers used in WPUs.21

However, due to the hydrophobicity of PU, it requires
a minimum dosage of hydrophilic ionic polymers to obtain
This journal is © The Royal Society of Chemistry 2020
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stable dispersions during WPUs preparation.22 Lee and Kim23

synthesized a series of WPUs containing ionic groups in the
hard and so segments, as well as at the termini of the WPU
chains. They found that stable WPU dispersion with 45% solid
content and only 2% ionic content can be obtained through the
incorporation of ionic groups at the termini of the WPU exible
chains. Although they acquired 45% solid content of dispersion,
the lack of hydrophilic ionic polymers may lead to poor emul-
sion dispersion and stability. Saw et al.24 studied the relation-
ship between phase inversion and dimethylol propionic acid
(DMPA) content. The study indicated that when the carboxyl
group (–COOH) content in WPU is greater than 0.2 mmol g�1

(2.7% DMPA), the dispersion is stable. However, at low –COOH
content, below 0.2 mmol g�1, the latex formed amixed structure
(PU/W, W/PU/W and PU/W/PU/W) and required additional
water to achieve phase inversion, while the emulsion becomes
unstable. Therefore, the utilization of hydrophilic ionic poly-
mers alone as hydrophilic groups to develop WPU with high
solid content is rather limited. Li and co-workers21 developed
a high solid content WPU via the introduction of cationic
groups in the so segment and at the chain terminus. They
discovered that an appropriate latex particle diameter ratio
improves the packing efficiency while reducing the viscosity,
which increases the upper limit of the solid content. Hence,
control of particle size and distribution are key factors for the
generation of WPUs with high solid content and low viscosity.
Nevertheless, to date, cationic dispersions are not widely
applied. Anionic WPUs are used commercially due to their good
lm-forming properties, good thermal stability, and adhesive
properties.25–27 However, the majority are sensitive to pH and
electrolytes, which can be overcome through the introduction of
nonionic hydrophilic polymers into the WPU backbone.
Compared with those containing only hydrophilic ionic poly-
mers, WPUs possessing both ionic and nonionic hydrophilic
polymers produce ner particle sizes and greater emulsion
stability. Furthermore, the overall hydrophilicity of the WPU
emulsion can be minimized to attain good frost and electrolyte
resistance.28 In addition, the incorporation of nonionic hydro-
philic polymers can reduce the amount of ionic hydrophilic
groups used in WPUs, which increases the solid content of
emulsion.

Previous studies have shown thatWPUs solid content usually
ranges from 20 to 40 wt%, and only few reports describe solid
contents above 50%.21 Moreover, these studies did not investi-
gate the WPUs potential biodegradability. In this study, biode-
gradable waterborne polyurethane (BHPU) with high solid
content was prepared via the introduction of nonionic hydro-
philic polymer (PEG) with different molecular weights into the
PCL-based WPU. Then the prepared BHPUs biodegradability
was evaluated. The association relationship of the ionic
hydrophilic polymers and nonionic hydrophilic polymers, as
well as the position of the hydrophilic groups on the molecular
chains, can inuence the solid content, dispersion and stability
properties of WPU emulsion. To determine the optimal inu-
ence of PEG on the BHPUs properties, two different synthetic
methods were developed for BHPUs preparation, which resul-
ted in different association relationships between the
This journal is © The Royal Society of Chemistry 2020
hydrophilic polymers (DMPA) and nonionic hydrophilic poly-
mers (PEG). Furthermore, the inuence of various association
relationships on BHPUs solid content and other properties was
investigated. This study gives a greater understanding of the
combination of ionic hydrophilic polymers and nonionic
hydrophilic polymers in the preparation of BHPUs, and to
create a synthetic method that employs the least amount of
hydrophilic polymers by directly associating all PEG molecules
with DMPA to generate biodegradable WPU with high emulsion
stability, high solid content, good tensile properties, and ne
water resistance.
Materials

PCL (Mw ¼ 2000 g mol�1, Wanhua, China) and PEG (Mw ¼ 200 g
mol�1, 400 g mol�1, 1000 g mol�1, 2000 g mol�1, Wanhua,
China) were dried at 85 �C under vacuum for 10 h before use.
1,4-Butanediol (BDO, Guangfu, China) was dried at 80 �C under
vacuum for 2 h before use. Isophorone diisocyanate (IPDI, 98%
purity, Aladdin), dimethylol propionic acid (DMPA, 99% purity,
China), triethylamine (TEA, AR grade, Lingfeng, China),
phosphate-buffered saline (PBS, pH ¼ 7, Qingdao, China), and
lipase (20 U ml�1, Amano Pharmaceutical, Japan) were used as
received. Acetone (AR, Tianjin Bodi Chemicals, China) was
dried with 4 Å molecular sieves before use.
Synthesis of BHPU dispersions

Table 1 shows the compositions of the BHPUs dispersions. The
NCO/OH molar ratio was dened as R. The value of R ¼
NCO(IPDI)/[OH(PCL + PEG + DMPA)] was set to 1.2 for all BHPU
samples. The same amounts of DMPA and PEG were used to
synthesize BHPUs (WDMPA ¼WPEG, 2.4%, 2.2%, and 2.0% of the
weight of the BHPU prepolymer, respectively). Moreover, the
so segment of all BHPU samples was about 68%. To investi-
gate the inuence of PEG incorporation on the BHPU proper-
ties, samples containing only PCL as the so segment were also
synthesized.
Synthesis Route 1

Synthesis Route 1 is shown in Fig. 1. First, PCL and PEG were
added into a 250 ml four-neck round-bottom ask equipped
with a mechanical stirrer, reux condenser, and nitrogen
protection system. Themixture was stirred at 55 �C for 10min to
obtain a homogeneous mixture, followed by the addition of
IPDI and dibutyltin dilaurate (about 0.1 wt% of the prepolymer).
Then, the reaction temperature was raised to 85 �C and stirred
at 250 rpm for 90 min, and then BDO was added. The reaction
proceeded until the desired amount of residual NCO groups
reacted, and the reaction system was cooled to 50 �C, followed
by the addition of TEA to neutralize the carboxylic acid. Aer
that, deionized water was added to the neutralized PU prepol-
ymer at 35 �C with 1000 rpm for 30 min to disperse the PU
prepolymer. Throughout the reparation process, about 5–10%
of acetone was used to adjust the viscosity of the reaction
RSC Adv., 2020, 10, 28680–28694 | 28681
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Table 1 Composition of prepared BHPU dispersions

Materials Content (mol) wt%a

So segments PCL (Mn ¼ 2000) 0.011
PEG (Mn ¼ 200, 400, 1000, 2000) Variable 2.0–2.4

Hard segmentsc IPDI 0.0382
BDO Calculated by the value of Rb (0.010–0.014)
DMPA Variable 2.0–2.4

Neutralizing agent TEA Equivalent molar ratio with DMPA

a Based on the total mass of the prepolymer. b R ¼ NCO(IPDI)/[OH(PCL + PEG + DMPA)] was 1.2. c The content of hard segments was about 32%.
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system. Finally, the residual acetone was removed in a vacuum
drying oven at 42 �C under 0.1 MPa pressure.
Synthesis Route 2

The type and amount of each raw material used to synthesize
BHPU were the same as in Route 1. Synthesis Route 2 is shown
in Fig. 2. An NCO-terminated hydrophilic fragment A was rst
synthesized using the entire amount of PEG (0.7–0.83 g) and
Fig. 1 Synthesis Route 1 of BHPU samples.

28682 | RSC Adv., 2020, 10, 28680–28694
part of the DMPA and IPDI (the molar ratio of PEG/IPDI/DMPA
was 1 : 1 : 3). At the same time, the remaining DMPA and IPDI
and other materials (calculated according to Table 1) were used
to synthesize another polyurethane-prepolymer according to
Route 1. The difference from Route 1 was that the hydrophilic
fragment A was added into the reactor before BDO. The
dispersion step was also the same as Route 1, and then the
BHPU dispersions were obtained.
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Synthesis Route 2 of BHPU samples.
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Preparation of hydrophilic fragment A

Themolar ratio of PEG/IPDI/DMPA was 1 : 1 : 3. The entire amount
of PEG (0.7–0.83 g) and part of IPDI were added into a 250 ml four-
neck round-bottomask (equipped the same asRoute 1) and stirred
at 55 �C for 15 min. Then, the reaction temperature was raised to
85 �C, reacted for 90 min, and then cooled to 80 �C. Then, part of
the DMPA was added into the reactor with the PEG. The reaction
proceeded until the desired amount of residual NCO groups was
obtained and hydrophilic fragment A was obtained. During this
procedure, some acetone was used to adjust the system viscosity.

The two different synthesis routes produced different asso-
ciation relationships between DMPA and PEG. In the samples
prepared by Route 2, all PEG molecules were directly associated
This journal is © The Royal Society of Chemistry 2020
to DMPA; however, in the samples prepared via Route 1, not all
PEG molecules were directly linked to DMPA.

Preparation of BHPU films

BHPUlms were prepared by casting BHPU dispersions on a Teon
baffle disk, followed by drying the sample lms at room tempera-
ture for 24 h, and then in a vacuum oven at 45 �C for another 24 h.

Characterization
Average particle size

The average BHPU particle sizes were measured by dynamic
light-scattering using a particle size analyzer (Brookhaven 90
RSC Adv., 2020, 10, 28680–28694 | 28683
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Fig. 3 FTIR spectra of BHPU films.

Fig. 5 Schematic diagram of the BHPU particle formation during
dispersion.
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Plus, Germany). The BHPU emulsion was diluted to 0.3% using
deionized water at 25 �C.

Solid content

The solid content of the BHPU emulsion was determined by
weighting the sample before and aer water evaporation.
Approximately 2 g of BHPU emulsion was placed in a glass
container, followed by the evaporation of water at 103 �C in an
oven until a constant weight was obtained. The solid content of
each sample was calculated as the average of ve experiments.

Infrared spectroscopy (FTIR)

ATR-FTIR spectra of the BHPU lms were obtained on an
infrared spectrometer (IS50, Nicolet, USA) with 32 scans at
a resolution of 4 cm�1.

Differential scanning calorimetry (DSC)

DSC curves of BHPU lms were obtained using a differential
scanning calorimeter (PerkinElmer, USA). Approximately 5 g of
Fig. 4 The effects of PEG with different molecular weights on the
average particle size of BHPUs. USD ¼ unstable dispersion.

28684 | RSC Adv., 2020, 10, 28680–28694
BHPU lms were placed in an aluminum pan and then heated
from 30 to 140 �C at 10 �C min�1 under a nitrogen atmosphere,
followed by cooling from 140 �C to �60 �C at 5 �C min�1. Then,
the second heating process was carried out from �60 �C to
140 �C at 10 �C min�1.
Polarizing optical microscopy (POM)

The crystalline morphologies of BHPU lms were studied at
room temperature using polarizing optical microscopy (Leica
020-525, Leica Microsystems GmbH, Germany).
Dynamic mechanical analysis (DMA)

The viscoelastic properties of the BHPU lms were measured
using a dynamic mechanical analyzer (DMA, Germany). Tests
were carried out by heating samples from �90 �C to 100 �C at
a heating rate of 3 �C min�1 and a frequency of 1 Hz.
X-ray diffraction (XRD)

The crystallinity of BHPU samples was analyzed using an X-ray
diffractometer (Bruker, Germany). Scans with 2q angles from 5�

to 60� with a 0.02� step were acquired at a rate of 0.1 s per step.
Water absorption measurement

The water absorption of BHPU lms was measured by
immersing the lms in water for 1, 2, 3, and 4 days at room
Fig. 6 Schematic diagram of the BHPU particles with PEG2000 (a) and
PEG with shorter molecular chains than PEG2000 (b).

This journal is © The Royal Society of Chemistry 2020
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temperature, followed by the removal of excess water from the
sample surface with lter paper. The percent water absorption
of each BHPU lm was calculated by the weight change as
follows:

Wð%Þ ¼ Wt �W0

W0

� 100

where, Wt and W0 are the weights of wet and dry samples,
respectively.
Contact angle measurements

A contact angle measurement instrument (DSA 30, Kruss, Ger-
many) was used to measure the contact angles of BHPU lms.
The thickness of sample lms was about 0.8 mm, and three
measurements were carried out for each BHPU lm by dropping
deionized water on the lm surface.
Mechanical properties measurement

The mechanical properties of BHPU lms were tested using
a tensile tester (Instron, USA). BHPU lm specimens were cut
into 30 mm � 4 mm � 1 mm, followed by tests at a crosshead
speed of 50 mm min�1.
Scanning electron microscopy (SEM)

The surface morphologies of degraded BHPU samples were
observed via a JSM6510 SEM (JEOL, Japan) with an acceleration
voltage of 10 kV. Before analysis, the surface of the BHPU
sample lm was coated with a layer of gold under vacuum.
Gel permeation chromatography (GPC)

The molecular weight of BHPU lms was measured using a gel
permeation chromatograph (PL-GPC50, UK). The BHPU
samples were dissolved in tetrahydrofuran (THF) at a constant
Table 2 Selected properties of BHPU dispersions and films

Samplea DMPAb (wt%) PEGb
Sold conte
(%)

N2.4 2.4 — 41.1
N2.2 2.2 — —
NC2.4-4 2.4 PEG400 42.8
C2.4-4 2.4 PEG400 45.2
NC2.2-4 2.2 PEG400 48.9
C2.2-4 2.2 PEG400 51.5
NC2.0-4 2.0 PEG400 —
C2.0-4 2.0 PEG400 52.7
NC2.4-20 2.4 PEG2000 42.4
C2.4-20 2.4 PEG2000 41.7
NC2.2-20 2.2 PEG2000 49.6
C2.2-20 2.2 PEG2000 50.0
NC2.0-20 2.0 PEG2000 —
C2.0-20 2.0 PEG2000 —

a Samples were named by the synthetic route and hydrophilic group, e.g., N
2.2%, respectively. NC2.4-4 and C2.4-4 meant the samples with PEG400 p
b WDMPA ¼ WPEG, 2.4%, 2.2% and 2.0% of the weight of the BHPU prepol

This journal is © The Royal Society of Chemistry 2020
concentration of 0.1 wt%. The ow rate of THF was 1.0
ml min�1 and the sample injection volume was 10 ml.

Degradation test

Standard hydrolysis (PBS, pH ¼ 7) and enzymatic hydrolysis (20
U ml�1 lipase) were carried out at 37 �C with shaking.29 The
sample lm was cut into 10 mm � 10 mm � 1 mm specimens
that were then placed into a 50 ml plastic tube with a lid con-
taining 10 ml of a degradation buffer solution. Samples were
removed at different time intervals and then rinsed carefully
with distilled water three times, followed by drying the sample
in a vacuum oven at 35 �C to obtain a constant weight. Each
sample was measured 3 times, and the average was reported.

Results and discussion
Inuence of PEG on the particle size and solid content of
BHPU dispersions

To determine the inuence of PEG on the properties of BHPU
dispersions, different molecular weights of PEG (WPEG ¼
WDMPA, Mw ¼ 200, 400, 1000, 2000) were introduced into the
anionic polyurethane backbone. The chemical structure of the
BHPU samples was analyzed by FTIR spectroscopy (Fig. 3). The
characteristic absorption peaks at 3360 cm�1 and 1736 cm�1

corresponded to the N–H and C]O stretching vibration of
urethane, respectively. The peaks at 2938 cm�1 and 2865 cm�1

were attributed to the C–H stretching vibration of CH3 and CH2,
respectively. The peak at 1529 cm�1 was associated with C–N
stretching vibrations. The absorption peak at 1103 cm�1 was
attributed to the C–O–C stretching vibration, which appeared in
the spectra of the samples containing PEG, indicating the
successful introduction of PEG into the BHPU backbone. Fig. 4
shows the effects of PEG molecular weight on the mean particle
size of the BHPUs. When DMPA was used alone as the hydro-
philic chain segment and WDMPA ¼ 2.4%, all BHPU samples
nt
Stability

Tensile strength
(MPa)

Elongation
ratio (%)

>6 months 35 � 1 439 � 10
<1 day — —
>6 months 40 � 1 524 � 10
>6 months 49 � 1 577 � 10
>6 months 30 � 1 461 � 10
>6 months 37 � 2 542 � 20
<1 day — —
>6 months 35 � 1 588 � 20
>6 months 39 � 2 635 � 20
>6 months 43 � 2 660 � 20
>6 months 31 � 2 469 � 20
>6 months 33 � 2 580 � 20
<1 day — —
<1 day — —

2.4 and N2.2 meant theWDMPA of the samples without PEG was 2.4% and
repared by Route 1 and Route 2, respectively, and the WDMPA was 2.4%.
ymer, respectively.

RSC Adv., 2020, 10, 28680–28694 | 28685
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were stable; however, when WDMPA was decreased to 2.2% and
2.0%, the BHPU dispersions without PEG were unstable. This
indicated that there was a minimum dose of DMPA when used
alone as the hydrophilic group to obtain a stable polyurethane
dispersion.30 In addition, on each curve, the BHPU dispersions
containing PEG200 were either unstable (WDMPA ¼ 2.0%) or had
a large particle size (WDMPA ¼ 2.2% and WDMPA ¼ 2.4%), which
indicated that PEG200 had little effect on increasing the
stability of the anionic BHPU dispersions compared with
PEG400, PEG1000, and PEG2000. Moreover, the dispersions
containing PEG400 and PEG1000 had smaller particle sizes
than those with PEG2000, when WDMPA decreased to 2.2% and
2.0%. Therefore, the effect of PEG molecular weight on the
dispersibility and stability of BHPUs followed the order PEG400
z PEG1000 > PEG2000 [ PEG200. This phenomenon was due
to the dispersion of BHPU and was evaluated using the Laplace
equation, DP ¼ 2g/r.31 Fig. 5 shows a schematic diagram of the
BHPU particle formation process during dispersion. During
this, in order to cut the BHPU prepolymer into small particles,
an applied shear force (F) was needed to overcome the addi-
tional pressure (DP) formed by the curved liquid surface, as well
Fig. 7 The influence of different synthetic routes on BHPU particle size
Containing 2.4% DMPA and 2.4% PEG2000. (c) Containing 2.2% DMPA a

28686 | RSC Adv., 2020, 10, 28680–28694
as energy due to the higher interface area. Therefore, to obtain
a smaller particle size, i.e., a smaller radius (r) of the curved
liquid surface, the surface tension of the liquid (g) needed to be
reduced because the external force (F) just was a limiting value.
The hydrophilic molecular chains of PEG tended to segregate to
the oil–water interface and decreased g at the interface, which
decreased the particle size. Moreover, the hydrophilicity of PEG
could be evaluated by the hydrophilic properties of alkyl poly-
oxyethylene ether (APE, C11H23CH2OCH2CH2(OCH2CH2)n-
OCH2CH2OH) due to their similar structures. In the molecular
formula, when n # 5, the polymer has a low water solubility.32

For PEG200, n z 4 and adjacent hydrophobic chains in
urethane were much larger than those in APE. Thus, PEG200
was harder to enter into the surface of BHPU particles and
contributed little to decreasing g at the oil–water interface,
which is why introducing PEG200 had the smallest effect on
improving the BHPU dispersibility among all PEG samples in
this study. PEG became more hydrophilic at higher molecular
weights (Mw > 200), which allowed them to more easily enter the
surface of BHPU particles. This permitted the formation of
smaller particles and improved the emulsion stability. Although
and solid content. (a) Containing 2.4% DMPA and 2.4% PEG400. (b)
nd 2.2% PEG400. (d) Containing 2.2% DMPA and 2.2% PEG2000.

This journal is © The Royal Society of Chemistry 2020
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PEG2000 had the largest molecular weight, it did not produce
the smallest particle size of all PEG samples. This was possibly
because the long hydrophilic PEG chains entered into the water
and formed a thick hydrated layer that exposed relatively few
chains at the oil–water interface, resulting in a lower contribu-
tion to decreasing g (Fig. 6). It could be concluded from the
above analysis that incorporating a certain amount of PEG into
the PU backbone reduced the minimum amount of DMPA
required (the required dose for DMPA used alone is 2.4%) to
stabilize BHPU dispersions. Table 2 shows some of the key
properties of the BHPU dispersions and lms which show that
samples with incorporated PEG had a higher solid content than
those (N2.4) without PEG.

From the analysis above, the introduction of PEG signi-
cantly improved the dispersion, stability and solid content of
anionic WPU. However, the movement of PEGmolecular chains
may have been restricted by adjacent hydrophobic chains, and
not all of PEGmolecules may have been introduced into the oil–
water interface to help decrease g and increase the stability of
the WPU emulsion. According to Route 2, if all PEG molecules
associated with DMPA were used to prepare the BHPU, the
matrix of those hydrophilic groups should be more hydrophilic
and be able to more easily access the water–oil interface. This
should obtain the most stable BHPU dispersion. Since PEG400
and PEG1000 had similar effects and produced better WPU
dispersions than PEG2000, PEG400 and PEG2000 were intro-
duced into the WPU backbone and used to synthesize BHPUs by
Routes 1 and 2. The two different synthesis routes formed
different association relationships between DMPA and PEG.
Effect of the synthetic route on BHPU particle size and solid
content

Fig. 7 shows the inuence of different synthesis routes on the
BHPU particle size. Fig. 7(a) and (c) show that the samples (C2.4-
4 and C2.2-4) synthesized by Route 2 possessed a smaller
particle size than those (NC2.4-4 and NC2.2-4) synthesized by
Route 1. This indicated the direct association of all PEG400
molecules with DMPA, which promoted easier access of the
hydrophilic groups to the oil–water interface and presented
a signicant synergistic inuence on the polyurethane
Fig. 8 DSC thermograms of BHPUs prepared using different synthetic ro

This journal is © The Royal Society of Chemistry 2020
dispersion. The samples containing PEG2000 exhibited
different results compared to those with PEG400. When WDMPA

was 2.2% (Fig. 7(d)), the curve showed the same trend as that of
the samples with PEG400, i.e., the sample (C2.2-20) prepared by
Route 2 had a smaller particle size than that of the sample
(NC2.2-20) prepared by Route 1. However, when WDMPA was
2.4% (Fig. 7(b)), the opposite trend was observed, and the
sample (C2.4-20) synthesized by Route 2 showed a larger
particle size than that of the sample (NC2.4-20) synthesized by
Route 1. The different particle sizes (with PEG2000, WDMPA ¼
2.4%) may be because the introduction of PEG2000 had a dual
impact on the BHPU properties. On one hand, the introduction
of PEG2000 decreased g, which decreased the BHPU particle
size. On the other hand, the long hydrophilic chains of PEG2000
entered into the water and formed a thick hydrate layer which
increased the particle size of the BHPUs. The impact of the
latter had more of an effect on the BHPU properties in the
sample containing PEG2000 and 2.4% DMPA. However,
decreasing g dominated in the sample with PEG2000 and 2.2%
DMPA, which increased the dispersion of the BHPUs.

The inuence of different synthesis routes on the stability of
the BHPU dispersions is shown in Table 2. The sample (C2.0-4)
synthesized via Route 2 was stable, while the sample (NC2.0-4)
synthesized by Route 1 was unstable (<1 day). Both samples
C2.0-20 and NC2.0-20 were unstable whether they were
synthesized via Route 2 or Route 1. These results further
demonstrate that PEG400 had a better effect on enhancing the
dispersion and stability of BHPUs than PEG2000 when all PEG
was directed linked with DMPA. When the minimum required
DMPA content was reduced to 2.0%, the solid content of the
corresponding sample (C2.0-4) synthesized by Route 2
increased to 52.7%.
Effect of synthesis route on the thermal and crystalline
properties of BHPU lms

The thermal properties of BHPU samples were investigated by
DSC. Fig. 8(a) and (b) show the DSC thermograms of BHPU
samples in the rst heating scan and the second heating scan,
respectively, and Table 3 shows the corresponding DSC data.
The sample without PEG (N2.4) had a higher melting
utes: (a) first heating at 10 �Cmin�1, (b) second heating at 10 �Cmin�1.
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Table 3 DSC results of BHPU samples

Samples Tgs (�C) Tm (�C) DHm (J g�1) ac (%)

N2.4 �30.2 � 0.3 52.1 � 0.2 30.4 � 0.2 32.0 � 0.2
C2.4-20 �34.1 � 0.5 48.4 � 0.2 23.1 � 0.1 24.3 � 0.1
NC2.4-20 �34.8 � 0.5 46.7 � 0.2 22.4 � 0.2 23.6 � 0.2
C2.4-4 �34.0 � 0.5 49.4 � 0.2 23.0 � 0.2 24.2 � 0.2
NC2.4-4 �34.6 � 0.5 48.2 � 0.2 19.2 � 0.1 20.2 � 0.1
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temperature (Tm) and heat of fusion (DHm) than the other BHPU
samples. In addition, the degree of crystallinity (ac) of the BHPU
samples was calculated via the following formula (1):33–35

acBHPU% ¼ 100 � DHBHPU/DHPCL � (wt%PCL) (1)

where wt%PCL is the weight percentage of PCL in BHPU samples,
and DHPCL and DHBHPU represent the heats of fusion of neat PCL
andBHPU samples, respectively. The value ofDHPCL was 139.5 J g

�1.
From Table 3, the ac of the BHPU sample (NC2.4) was the

highest, which indicated that the incorporation of PEGhindered the
crystallization of the BHPU so segments.36The inuence of the two
synthesis routes on the thermal and crystalline properties of BHPU
lms are also shown in Fig. 8 and Table 3. The samples (C2.4-4 and
C2.4-20) prepared using Route 2 had a higher Tm,DHm, and ac than
those synthesize via Route 1 (NC2.4-4 and NC2.4-20). This might
have occurred because the direct link of DMPA with PEG enhanced
the interactions between DMPA and PEG, which prevented the PEG
from entering the so segments and decreased the PEG chain
motion, increasing the crystallinity of the so segments. Moreover,
from Fig. 8(b), sample (N2.4) had the highest glass transition
temperature of its so segments (Tgs: �30.2 �C) among the ve
Fig. 9 X-ray diffractograms of neat PCL and BHPU samples prepared b

28688 | RSC Adv., 2020, 10, 28680–28694
BHPU samples because the introduction of PEG increased the
molecular mobility and decreased Tgs. In addition, the Tgs of the
other four samples with PEG were similar and at about �34 �C.

Due to PCL ordered structure, it was easy to crystallize in
segmented PU. In order to gain deeper insight into the crystal
structure of the BHPU samples, the XRD diffraction patterns of
neat PCL and BHPU samples were determined and the results
depicted in Fig. 9. All BHPU samples exhibited two prominent
diffraction peaks around 21.48� assigned to the (110) plane and
23.8� attributed to the (200) plane of the PCL so segments,37 and
the intensity of both peaks was relatively weak compared to neat
PCL. Therefore, the crystalline structure of BHPU samples origi-
nated fromPCL so segments and the crystallization ability of PCL
was likely conned by interference of hard segments. In addition,
all BHPU samples showed two weak diffraction peaks around 30�,
which were similar to neat PCL, suggesting that these peaks were
caused by the crystallization of PCL so segment. The XRD
patterns also showed that the intensity of the two main diffraction
peaks at 2q of 21.48� and 23.8� of the sample (N2.4) without PEG
was higher than the other four samples with PEG. The intensity of
the main diffraction peaks of sample (N2.4) was around 1000,
while that of the other four samples was signicantly less than
1000. Previous studies have conrmed that the crystallinity of
polyurethane mainly depends on the type and content of the so
segment.38 The so segments of all BHPUs were the same (68%),
therefore, it can be concluded that the introduction of PEG
decreased the crystallinity of the BHPU lms. This was because the
incorporation of a polyether polyol-like impurity destroyed the
regularity of the PCL chain segments which suppressed the crys-
tallization of PCL so segments.36,39 Moreover, compared with the
samples (C2.4-4 and C2.4-20) prepared by Route 2, the dominant
diffraction peak of the samples (NC2.4-4 and NC2.4-20) prepared
y different synthetic routes.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 POM images of BHPUs prepared by different synthesis routes.
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by Route 1 was weaker and broader, which indicated that Route 2,
which involved the direct association of DMPA and PEG, increased
the crystallization of BHPU lms. The above results were in
agreement with the DSC analysis.

The crystallinity of the BHPU samples could be also
described by POM micrographs at a 480 � 630 resolution. The
POM micrographs of the BHPU samples in Fig. 10 show that all
BHPU samples were crystalline, but their crystal sizes and
density were different. The crystal size and density of sample
(N2.4) was the largest among the ve samples. Meanwhile, the
crystal size of samples (C2.4-4 and C2.4-20) was larger than
those of samples (NC2.4-4 and NC2.4-20). These results agreed
well with the DSC and X-ray measurements.
The inuence of synthesis route on the dynamic mechanical
properties of BHPU lms

Fig. 11 shows the inuence of introducing PEG 400 or PEG2000
into the PU backbone on the storage and loss modulus as
Fig. 11 The influence of PEG introduction on the dynamic mechanica
modulus.

This journal is © The Royal Society of Chemistry 2020
a function of the BHPU lm temperature. Fig. 11(a) shows that
at temperatures below �40 �C, the storage modulus of the three
BHPU samples was nearly unchanged by the temperature,
indicating they were in the glassy state. As the temperature
increased, these samples gradually entered the glass transition
region, and the storage modulus began to decrease rapidly.
Compared with the samples without PEG, the storage modulus
of the samples with PEG400 or PEG2000 decreased faster upon
increasing the temperature. This could be explained by the fact
that introducing PEG into the BHPUs reduced the crystallinity
of the samples (conrmed by DSC and XRD), resulting in
a quicker decline of the storage modulus above the Tgs.

In addition, Fig. 11(b) shows that the loss modulus of the
three BHPU samples varied with the temperature, and there was
a transition peak corresponding to the Tgs on each curve. The
peak of sample N2.4 was wider, and its Tgs was higher than that
of the other two PEG-containing samples, which indicated that
the so segment mobility of sample N2.4 varied more and was
more restricted than those containing PEG. Moreover, the Tgs of
l properties of BHPU samples: (a) the storage modulus, (b) the loss

RSC Adv., 2020, 10, 28680–28694 | 28689
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Fig. 12 The influence of different synthetic routes on the dynamic mechanical properties of BHPU films, (a and c) the storage modulus of the
samples with PEG400 and PEG2000, respectively; (b and d) the loss modulus of the samples with PEG400 and PEG2000, respectively.

Table 4 Water absorption, contact angle, and surface energy data for
the WPU films

Water absorption (%)
Contact angle
(�)

Surface energy
(mJ m�2)

p d
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sample N2.4-4 was slightly higher than sample N2.4-20, possibly
because BHPU samples with shorter molecular chains (PEG400)
were less exible than those of PEG2000, which resulted in
a higher Tgs in the sample with PEG400 than that with PEG2000.

Moreover, Fig. 12 shows the inuence of the two different
synthesis methods on the dynamic mechanical properties of the
BHPU samples. Compared with the samples (C2.4-4 and C2.4-20)
prepared by Route 2, the storage modulus of the samples
(NC2.4-4 and NC2.4-20) synthesized via Route 1 decreased more
quickly. Meanwhile, the samples prepared via Route 2 had slightly
higher Tgs values (C2.4-4 > NC2.4-4, C2.4-20 > NC2.4-20). These
results also conrmed that the direct association of DMPA with
PEG introduced relatively little PEG into the so segment of
BHPUs, which increased the Tgs. The Tgs measurements fromDMA
were not the same as those obtained from DSC (the Tgs of the four
samples containing PEG was about �34 �C) because the test
mechanisms of DMA and DSC were different.
Sample 24 h 48 h 72 h 96 h H2O (CH2OH)2 gs gs gs

N2.4 2.3 4.4 4.6 4.7 93.8 63.3 21.3 7.0 28.3
NC2.4-20 5.8 9.7 10.4 10.4 78.3 58.2 12.9 18.8 31.7
C2.4-20 4.5 6.9 7.7 7.8 87.0 57.6 19.4 10.7 30.1
NC2.4-4 3.1 4.9 6.8 7.1 88.4 60.1 18.4 10.4 28.8
C2.4-4 2.6 4.6 6.4 6.7 90.3 61.4 19.1 9.3 28.4
The inuence of different synthesis routes on the mechanical
properties of BHPU lms

The tensile properties obtained from the stress–strain curves of
the BHPU lms are summarized in Table 2, which shows that
28690 | RSC Adv., 2020, 10, 28680–28694
the samples with a DMPA dosage of 2.4% had better stress–
strain properties than those with 2.2%. For example, the tensile
strength and elongation ratios of samples (NC2.4-4) and (C2.4-
4) with 2.4% DMPA were 40 MPa and 49 MPa, and 524% and
577%, respectively, while those of samples (NC2.2-4 and C2.2-4)
with 2.2% DMPA were 30 MPa and 37 MPa, and 461% and
542%, respectively. The lower DMPA dosage reduced the
coulombic forces and hydrogen bonding in the molecules,
which decreased the cohesive energy.40 In addition, the lower
This journal is © The Royal Society of Chemistry 2020
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Fig. 14 Weight loss of BHPU samples degraded in PBS/lipase.

Fig. 13 The influence of synthesis route on the water contact angle of
BHPU films.
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amount of DMPA resulted in worse dispersion. These combined
factors led to lower tensile properties of the samples with 2.2%
DMPA.

The synthesis method also affected the tensile properties of
the WBPUs. The samples (C2.4-4, C2.2-4, C2.2-20, and C2.2-20)
prepared by Route 2 had a higher tensile strength and elonga-
tion at break than those (NC2.4-4, NC2.2-4, NC2.2-20 and
NC2.2-20) synthesized by Route 1. This phenomenon could be
explained by noting that the samples prepared via Route 2 were
more crystalline which resulted in a greater degree of phase
separation between their so and hard segments, which
improved the tensile properties.41

The inuence of different synthetic routes on water
absorption, contact angle, and surface energy of BHPU lms

Water absorption is an indicator of the bulk hydrophilicity of
the polyurethane lms and is also an important factor for
studying a material's biodegradability.42 The water absorption
data as a function of time for ve BHPU lms are listed in Table
4. The data show that the water absorption ratio of sample N2.4
without PEG remained nearly unchanged aer 48 h, while those
of the other PEG-containing samples were essentially
unchanged aer 72 h. Sample N2.4 had the lowest water
absorption at each time point among the ve samples. These
results indicate that the hydrophilicity of the samples contain-
ing PEG was higher than those of sample N2.4 which only used
DMPA. This was because the introduction of PEG increased the
number of hydrophilic groups in the WPU backbone, which
increased the water absorption ratio. In addition, compared
with the samples containing PEG2000, the samples with
PEG400 had a lower water absorption ratio at each time point,
which indicated that the BHPUs containing PEG with shorter
molecular chains had better water resistance than those with
longer PEG chains.43 Additionally, the BHPU samples prepared
by Route 2 had a higher water resistance than those prepared by
Route 1 due to the higher crystallinity of the former, which
made it more difficult for water molecules to enter the BHPU
lms.

The water contact angle and surface energy of the BHPU
lms are two important properties that affect their applications.
The water contact angle can reveal the wetting properties of the
BHPU lm surface, while the surface free energy (gs) can be
used to evaluate the repellency of polyurethane lms to water
and soil.44 In order to further investigate the surface properties
of the BHPU samples, the surface free energy (gs) was calculated
by the static contact angle of two liquids (water and ethylene
glycol) via formulas (2) and (3).45–47

gLð1þ cos qÞ ¼ 4

�
gd
sg

d
L

gd
s þ gd

L

þ gp
sg

p
L

g
p
s þ g

p
L

�
(2)

gs ¼ gd
s + gp

s (3)

where gs is the surface energy, gd
s and gp

s are the dispersion
components of gs and the polar component of gs for the solid,
respectively; gL is the surface tension, gd

L and gp
L are the

dispersion component of gL and the polar component of gL for
This journal is © The Royal Society of Chemistry 2020
the liquid, respectively. The dispersion component and polar
component of water, and ethylene glycol are 21.8 mJ m�2 and
51.0 mJ m�2, and 29.3 mJ m�2 and 19.0 mJ m�2, respectively.

Fig. 13 shows images of the static water contact angles of the
BHPU lms, and the water contact angle data and gs of the
BHPU lms are also listed in Table 4. Sample N2.4 without PEG
had the highest water contact angle (93.8�) and the lowest
surface energy (28.3 mJ m�2) compared with the other four
BUPU samples. This showed that sample N2.4 had the worst
wetting properties, but the best water and soil repellency due to
the hydrophobic nature of PCL.48 In the other four BHPU
samples containing PEG, the gs of the samples prepared via
Route 2 was slightly smaller than that of the samples prepared
via Route 1, which indicated that the samples synthesized by
RSC Adv., 2020, 10, 28680–28694 | 28691
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Fig. 15 SEM images of C2.4-4 degraded in PBS/lipase at 1 week (a), 2 weeks (b) and 4 weeks (c); and in PBS at 1 week (d), 2 weeks (e) and 4 weeks
(f).
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Route 2 had better water and soil repellency than the samples
synthesized via Route 1.
Biodegradation of the BHPU samples

The hydrolytic degradation of PCL-based PUs is very slow, and
in most cases, they can be degraded at an accelerated rate in the
presence of lipase.48,49 The enzymatic procedure is a convenient
method for assessing biodegradation,50,51 and thus, the degra-
dation of BHPU samples was investigated in PBS solution and
also in PBS/lipase solution over 4 weeks. The weight loss at
various degradation periods and molecular weight changes of
the BHPU samples over 4 weeks were evaluated, and none of the
BHPU samples obviously degraded in PBS solution within 4
weeks. However, when these samples were degraded in PBS/
lipase solution, a faster and more pronounced degradation
occurred (Fig. 14 and 15). As shown in Fig. 14, compared with
the other four samples containing PEG, sample N2.4 had the
highest degradation rate in PBS/lipase, reaching a weight loss of
19% aer 4 weeks of degradation. The so segment of sample
Table 5 GPC analysis of BHPU samples before and after degradation
in PBS and PBS/lipase

Sample

No (0 weeks) PBS (4 weeks)
PBS/lipase (4
weeks)

Mn Mw/Mn Mn Mw/Mn Mn Mw/Mn

N2.4 41 523 1.88 41 464 1.90 37 907 1.96
NC2.4-4 40 292 1.79 40 198 1.79 37 531 1.95
C2.4-4 40 289 1.81 40 212 1.83 37 868 1.92
NC2.4-20 43 289 1.96 43 005 1.97 40 468 2.01
C2.4-20 43 365 1.97 43 167 1.97 40 641 2.13

28692 | RSC Adv., 2020, 10, 28680–28694
N2.4 consisted entirely of PCL, and PCL can be degraded by
lipase; therefore, its degradation rate was highest among the
ve BHPU samples. The weight loss of the other four samples at
the same time intervals was similar, indicating that the effects
of small amounts of PEG with different molecular weights and
synthesis routes had only a small effect on the degradation rate
of the BHPUs. Fig. 15 shows the SEM images of samples C2.4-4
degraded in PBS/lipase and PBS at 1 week, 2 weeks, and 4 weeks.
When degraded in PBS/lipase for 1 week, some small voids were
formed on the BHPU lm surfaces, and the depths of these
holes were different (Fig. 15(a)). When the degradation time
increased to 2 weeks, the voids on the BHPU lms increased
and became deeper (Fig. 15(b)). Aer degradation for 4 weeks,
the holes continued to increase and formed a mesh lm
(Fig. 15(c)). In contrast, when the samples were degraded in
PBS, no obvious erosion was observed on the lm surface aer 4
weeks of degradation (Fig. 15(d)–(f)).

The changes in the molecular weight of BHPU samples
degraded in PBS and PBS/lipase were evaluated by GPC (Table
5). The Mn of the BHPU samples exhibited no signicant
changes when degraded in PBS for 4 weeks. However, when the
degradation was performed in PBS/lipase for 4 weeks, theMn of
sample N2.4 decreased by 8.7%, while the other four samples
decreased by 6.0–6.8%. These results showed that the four
samples containing PEG had similar reductions in theirMn, and
the introduction of PEG did not increase the degradation rate of
BHPUs even though PEG was hydrophilic.
Conclusions

A series of BHPU samples were prepared by incorporating PEG
with different molecular weights into the PU backbone of PCL
using two different synthesis methods. The results showed that
This journal is © The Royal Society of Chemistry 2020
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the samples with molecular weights of 400 g mol�1 and 1000 g
mol�1 provided the best dispersion and stability of BHPUs. In
the two synthesis methods, the method which directly associ-
ated all of the PEG molecules with DMPA enhanced the crys-
tallization properties, water and soil repellence, tensile
properties of the BHPU samples, and increased the solid
content of the samples to 52.7%. The biodegradability of the
BHPU samples was also evaluated. The results indicated that
the sample without PEG degraded faster in PBS/lipase solution
than the samples with PEG. The molecular weight of PEG and
the association relationship between DMPA and PEG had no
obvious effect on the biodegradability of BHPU samples. The
results also showed that none of the BHPU samples were
degraded in PBS solution within 4 weeks.
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