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ABSTRACT: Waterborne polyurethane (PU) was pre-
pared by the prepolymer mixing method with (3-amino-
propyl)triethoxysilane in different dosages as the
modifier. Then, it was mixed with poly(vinyl alcohol)
(PVA) to get waterborne PU/PVA blending membranes.
The membranes showed phase separation with the aggre-
gations of the waterborne PU particles in a continuous
phase of PVA. The possible cause for the formation of
such a membrane morphology is explained. The physico-
chemical properties of the membranes were character-
ized. As the PVA content increased, the membrane’s

swelling in water and the thermal stability decreased
somehow, whereas the resistance to ethanol and the ten-
sile strength were significantly improved. Membranes
with higher alcohol resistance were chosen for the perva-
poration separation of 80 wt % ethanol in water. The
separation factor at 40�C reached 38.4, and the permea-
tion flux was 128.0 g m�2 h�1. VC 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 124: E216–E224, 2012
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INTRODUCTION

In recent years, a significant emphasis has been
placed on the use of waterborne coating systems
because of their environmental friendliness. Among
these, waterborne polyurethane (PU) has attracted
extensive attention because of its excellent elasticity,

wear resistance, easy processing, and high flexibil-
ity.1–3 Hence, it has been tailored to various applica-
tions, including coating, printing, ink, adhesives,
and fiber processing. The disadvantages of water-
borne PUs are the poor dispersion stability in solu-
tion, lower mechanical properties, and water/solvent
resistance.2 To improve the performance of water-
borne PUs, different methods have been employed,
such as changing the soft and hard segments,3–5

blending with inorganic components,6–8 and grafting
of silanes or hydrophobic monomers.9,10 Among
these modification methods, blending is simple and
can be easily applied. Nevertheless, most of the syn-
thesized polymers cannot be dissolved well in water,
and hence, the direct blending of waterborne PU
with organic polymers is difficult. To overcome this
problem, polymers such as polydimethylsiloxane
can be incorporated into waterborne PU chains as
the soft segment,1 which makes the preparation pro-
cess more complex.
Poly(vinyl alcohol) (PVA) is easily obtained and

can be dissolved well in water. The merits of PVA
are its high flexibility, good membrane-forming abil-
ity, low toxicity, and excellent solvent resistance.11

Another advantage of PVA is that it can be easily
crosslinked with aldehyde,12 silanes,13 and other
linkers. After suitable modification and crosslinking,
its mechanical and thermal stability can meet the
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requirements of different application fields, includ-
ing pervaporation,14,15 diffusion dialysis,11,16 and
fuel cells.17,18

The purpose of this study was to explore the pos-
sibility of blending waterborne PU with PVA.
Actually, the use of PVA as a porogen for PU to get
highly water-vapor-permeable coatings has been
applied in synthetic leather industries.19 Never-
theless, separation membranes from the blending of
waterborne PU and PVA have rarely been reported.
The membranes should possess high flexibility and
good permeability to water and were tried in the
pervaporation separation of water/alcohol mixtures.
According to previous research,20 pervaporation
results are dominated to a high extent by the nature
of different chains of the polymer. The use of water-
borne PU may induce interesting pervaporation
results because of the difference in hard and soft
segments.

The homogeneity of the blending system was
another focus of our study. To improve the homoge-
neity, silane was tried as a crosslinker and modifier.
The functional groups of the silane could be linked
with the waterborne PU chains, whereas the alkoxy-
silane [ASi(OR)3] groups could undergo hydrolysis
and condensation reactions with the AOH groups of
PVA.21 Hydrogen bonding between the silanol
groups (ASiOH) and the AOH groups of PVA could
also improve the compatibility of the blending
system.

As reported by Sardon et al.,10 waterborne PU
emulsions crosslinked by a low dosage of (3-amino-
propyl)triethoxysilane (APTES; <9.7 wt %) showed a
narrow particle size distribution with no obvious
aggregation of the Si-containing groups. Therefore,
APTES was applied as a crosslinker for PU in this
work. The properties of the obtained membranes
were explored, including the swelling in water and
ethanol, thermal stability, and mechanical strength.

EXPERIMENTAL

Materials

Isophorone diisocyanate, poly(propylene glycol)
(PPG; molecular weight ¼ 2000 g/mol), and dime-
thylol propionic acid (DMPA) were all industrial
grade and were purchased from Hefei Anke Chemi-
cal Co. (Anhui, China). PVA was purchased from
Shanghai Yuanli Chemical Co. (Shanghai, China),
and its average degree of polymerization was 1750
6 50. The other reagents were analytical grade and
were purchased from Shanghai Guoyao Chemical
Co. (Shanghai, China). PPG was dried at 105�C
in vacuo for 1 day before use, and the other chemicals
were used as received. Deionized water was used.

Preparation of the waterborne PU emulsion

The waterborne PU emulsion was synthesized by the
prepolymer mixing method with four main steps:

1. Step 1: Synthesis of the PU prepolymer: Into a
three-necked bottle, PPG (11.70 g), trimethylol-
propane (TMP; 0.17 g), DMPA (1.10 g), 1,4-
butanediol (BD; 0.6 g), isophorone diisocyanate
(7.4 g), butanone (5.0 mL), and dibutyltin dilau-
rate (0.05 mL) were added in sequence and
stirred at 40�C for 1 h and at 80�C for 5 h.
DMPA acted as the internal emulsifier, dibutyl-
tin dilaurate acted as the catalyst, and BD acted
as the chain extender. The molar ratio of
ANCO groups to the total amount of AOH
groups (from TMP, DMPA, PPG, and BD) was
set as 1.5 : 1.

2. Step 2: Functionalization of the prepolymer
with APTES: The solution from step 1 was
cooled to 40�C. Then, APTES was added and
mixed for 5–10 min to form a homogeneous
solution.

3. Step 3: Quaternization with triethylamine
(TEA): TEA was added dropwise into the solu-
tion and then mixed for 30 min. The molar ra-
tio of TEA to DMPA was 1 : 1.

4. Step 4: Emulsification and chain expansion
with ethylenediamine (EDA): The obtained
quaternized precursor from step 3 was cooled
to 25–28�C and dispersed into distilled water at
5–15�C. Thereafter, an aqueous solution of
EDA was added and stirred for 1 h to expand
the polymer chains; this resulted in a light blue
emulsion with a solid content of around 10%.

During step 2 of this procedure, the dosage of
APTES (weight percentage in total waterborne PU)
was varied from 1.78 to 3.36 to 4.97%. The water-
borne PU emulsion with 1.78% APTES remained sta-
ble and transparent at room temperature for several
days. Meanwhile, some deposition could be found
in the emulsions from 3.36 and 4.97% APTES after
around 16 h of preservation. Hence, all of the emul-
sions were used within 2 h after their preparation.
The reaction steps as described previously are

illustrated in Scheme 1.

Preparation of the waterborne PU/PVA membrane

Preweighed PVA was immersed in water at room
temperature for 1 day, then heated to 90�C at the
rate of 10�C/h, and kept at 90�C overnight. The ho-
mogeneous and transparent solution (5 wt %) was
cooled to room temperature before use.
The waterborne PU emulsion was then mixed

with the PVA aqueous solution and stirred at 40�C
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for 2 days to obtain a waterborne PU/PVA emul-
sion. Then, the emulsion was cast onto a glass plate
and dried in air. Afterward, it was heated from 50
to 120�C at a rate of 10�C/h and maintained at
120�C for 2.5 h to form the membranes.

During the previous preparation process, the dos-
age of PVA (weight percentage in waterborne PU þ
PVA mixture) was varied and a total of 12 membranes
were obtained, as illustrated in Table I. The thickness
of the membranes was in the range 0.05–0.07 mm.

Characterizations

Samples for Fourier transform infrared (FTIR) spec-
troscopy analysis were prepared in the form of KBr
pellets and dried under an infrared lamp for 3–5
min. One FTIR spectrometer (Vector 22, Bruker,
Switzerland) with a resolution of 2 cm�1 and a spec-
tral range of 4000–400 cm�1 were used to record the
spectra.

Wide-angle X-ray diffraction (WXRD) measure-
ments were conducted at room temperature with a
Philips X’PERT PRO X-ray diffractometer (Japan).
The membrane samples were scanned in the reflec-
tion mode at an angle of 2y in a range from 1.5 to
30� at a speed of 8�/min.

The swelling of the membranes in water was
measured as following: The dried membrane sam-
ples were weighed and immersed in distilled water
at 40�C for 2 days. The surfaces of the wet mem-
branes were then carefully dried with tissue paper,

and the membranes were weighed. The water uptake
(WR) was calculated as the relative weight gain per
gram of the dry membrane sample. The swelling in
ethanol was evaluated in similar way. The obtained
ethanol uptake value was defined as EtR.
The tensile properties were measured with an Ins-

tron universal tester (model 1185, Instron, USA) at
25�C with dumbbell-shaped specimens. The crosshead
speed during elongation was 25 mm/min, whereas
the initial gauge length was set as 20 mm. The tensile
strength (TS) and elongation at break (Eb) values were
recorded according to the average values of three
measurements.
The morphologies of the hybrid membranes were

observed with scanning electron microscopy (SEM;
XT30 ESEM-TMP Philips). Before observation, the
membrane samples were freshly fractured in liquid
nitrogen and then coated with gold.
Thermogravimetry analysis (TGA) was conducted

on a Shimadzu TGA-50H analyzer (Japan) under air
flow at a heating rate of 10�C/min.
The effective area of the membrane for pervaporation

was 2.167 � 10�3 m2. The feed (80 wt % ethanol in
water) was continuously circulated from a feed tank to
the upstream side of the membrane at 40�C by a pump
with an adjustable function of flow rate. The vacuum on
the permeate side was maintained below 100 Pa. Two
cold traps were applied to collect the permeate without
rupture of the vacuum. The flux (J) was determined by
measurement of the weight of permeate collected in the
cold trap through the following equation:

Scheme 1 Reaction procedures for the preparation of the waterborne PU emulsion.
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J ¼ m

At
(1)

where m is the weight of permeate passing through
the effective membrane area (A) during time t. The
compositions of the feed solution and permeate
were analyzed by gas chromatography (HP6890,
Agilent, USA). Then, the selectivity of the membrane
(aij) was obtained as follows:
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where w
p
k and w

f
k (k � i or j) refers to the weight

fraction of penetrants i (water) or j (ethanol) in the
permeate and in the feed, respectively.

RESULTS AND DISCUSSION

Formation and structure of the waterborne PU/PVA
membranes

Waterborne PU/PVA membranes were prepared
through blending of waterborne PU and PVA with dif-
ferent ratios. APTES of different dosages (1.78, 3.36, and
4.97 wt %) was used as a modifier for waterborne PU.
Because of the high reactivity of amine groups (ANH2)
toward the isocyanate groups (ANCO), APTES could be
linked to the end of PU chains, which retarded the fur-
ther growth of the PU chains. The alkoxysilane groups
[ASi(OR)3’s] from APTES then underwent the hydroly-
sis and condensation process to form the ASiAOASiA
crosslinking, and hence, the polymer chains were
expanded further, as illustrated in Scheme 1.

To investigate the membranes chemical and crys-
talline structures, FTIR and WXRD measurements
were conducted, and some typical spectra are shown
in Figures 1 and 2.

All of the FTIR spectra showed bands in the range
3300–3500, about 1710, and about 1550 cm�1; these
bands were characteristic of the urethane groups
(ANH,AC¼¼O stretching and ANAH formation vibra-
tion) from waterborne PU. From M1, M2, and M3 to
M4, these three bands generally decreased because of
the gradual decrease of waterborne PU content. A simi-
lar changing trend was observed in the spectra of M5–
M8 and M9–M12. The peaks at about 1100 cm�1 were
characteristic of CAOAC and ASiAOASiA stretch-
ing,22,23 whereas the peaks at about 1465 cm�1

were from the stretching of ACH2A and CHA groups
(m and d). For membranes with different APTES dos-
ages (M4, M8, and M12), the intensity of the band in the
range of about 1100 cm�1 was similar. This should have
been due to the overlapping of the ACAOACA group
from PVA. The dosage of APTES was low, and hence,
the intensity change could not be well distinguished.

TABLE I
Dosages of APTES and PVA for the Preparation of the

Different Membranes

APTES (wt %)
in waterborne PU

PVA (wt %)
in the PVA þ
waterborne
PU mixture Membrane

1.78 0 M1
33.3 M2
50.0 M3
66.7 M4

3.36 0 M5
33.3 M6
50.0 M7
66.7 M8

4.97 0 M9
33.3 M10
50.0 M11
66.7 M12

Figure 1 FTIR spectra of membranes (a) M1–M4 and (b)
M4, M8, and M12. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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As shown in Figure 2, M1 showed a wide peak at
2y � 17�. The peak shifted to the right (2y � 20�)
and gradually became sharper from M1 to M4. From
M9 to M12 or from M5 to M8, a similar trend was
observed. Nevertheless, the peaks for M11 and M12
were wider compared to those of M3 and M4.

The intensity change of the WXRD peaks indicated
the gradual increase of the crystallinity as the PVA
content increased from M1 to M4, from M5 to M8, or
from M9 to M12. Pure PVA showed a relatively sharp
WXRD peak at 2y � 20� because of the (101) plane.24

M9–M12 contained a greater silica content than M1–
M4. A silica network was formed after the sol–gel pro-
cess. Therefore, the packing of polymer chains was
more difficult, and the crystallinity became lower.25

Thermal stability

TGA was conducted to investigate the thermal sta-
bility of the membranes. Some typical TGA dia-
grams are shown in Figure 3.

The decomposition temperature (Td) values and
the weight loss peaks were collected and are shown

in Table II. A comparison of the different TGA dia-
grams revealed the following conclusions:

1. For waterborne PU membranes without PVA
blending [M1, M5, and M9; Fig. 3(a)], the
weight loss peaks shifted to higher tempera-
tures as the APTES dosage increased. Espe-
cially for M9, the first weight loss peak was at
about 330�C; this was higher than the values of
M1 (� 296�C) and M5 (� 315�C). Hence, the
thermal stability could be enhanced after the
incorporation of APTES.

2. For the waterborne PU/PVA membranes, the
first weight loss peak generally shifted to a
lower temperature as the PVA dosage increased.
Also, M4, M8, and M12, which contained the
highest PVA content showed the lowest Td val-
ues. Hence, the thermal stability decreased
slightly as the PVA dosage increased; this
should have been due to the lower stability of
PVA compared with waterborne PU.19

Figure 2 WXRD graphs of membranes (a) M1–M4 and
(b) M9–M12. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 3 TGA and differential thermogravimetric
(DrTGA) diagrams of the membranes (a) M1, M5, and M9
and (b) M5–M8. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Morphology of the hybrid membranes

The morphologies of the cross sections of the mem-
branes were observed through SEM, and the micro-
graphs of some typical examples are shown in Figure 4.

The membranes from waterborne PU were all
compact and homogeneous, despite the different
APTES dosages. Hence, APTES could be incorpo-
rated homogeneously in the waterborne PU matrix.10

When waterborne PU was blended with PVA, the
membranes exhibited obvious phase separation. The
aggregations were due to the waterborne PU par-
ticles, whereas PVA provided a continuous phase.19

A possible mechanism for the membrane morphol-
ogy was found after we checked the membrane
preparation process. During the waterborne PU
emulsion preparation process, APTES was linked to
the end of the PU prepolymer chains. The alkoxysi-
lane (ASiOR) groups were hydrolyzed to form the
silanol groups (ASiOH). The ASiOH groups may
have then undergone self-condensation or coconden-
sation with the AOH groups from PVA during the
blending process or during the elaboration and heat-
ing processes. Self-condensation formed crosslinking
between the waterborne PU chains, and hence, the
aggregation was enhanced. This decreased the
homogeneity with PVA chains. Cocondensation with
the AOH groups of PVA, on the other hand,
induced the crosslinking of PU with PVA. This
increased the compatibility of the mixing system.
Therefore, the competition between these two kinds
of reactions were vital to the morphology of the final
membranes, as illustrated in Figure 5.

In this study, TEA and EDA were used for the
quaternization and chain-expansion processes, as
shown in steps 3 and 4 of Scheme 1. TEA and EDA
were both bases and, hence, could act as the catalyst
for the condensation reaction of the ASiOH

groups.26 Therefore, the self-condensation of the
waterborne PU chains was enhanced. Experimental
observations also showed that the waterborne PU
emulsion with higher APTES dosages (3.36 and
4.97%) could not remain stable after a long period of
preservation. Some deposition appeared after
around 16 h; this should have been due to the cross-
linking and aggregation of the waterborne PU
chains. The mechanism, as discussed previously,
was in accordance with previously reported results.
For instance, in the work of Sardon et al.,10 no EDA

TABLE II
Td Values and Weight Loss Peaks of

Membranes M1–M12

Membrane Td (
�C)a

Weight loss peak

First Second Third

M1 250.1 296 377 —
M2 232.4 283 375 549
M3 250.5 294 404 576
M4 230.4 260 400 507
M5 252.1 311 — —
M6 253.2 271 402 547
M7 242.4 262 400 518
M8 239.3 254 395 501
M9 243.3 330 398 —
M10 250.3 269 399 518
M11 247.4 265 413 525
M12 232.5 256 399 498

a Td is defined as the temperature of 5% weight loss.

Figure 4 SEM graphs of the membrane cross sections
(magnitude of enlargement ¼ 20,000).
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was used, and TEA was added before the addition
of APTES. In this way, waterborne PU with a better
homogeneity was obtained.10

The mechanism, as illustrated in Figure 5, also
gave clues for the further improvement of the water-
borne PU/PVA membrane compatibility. For
instance, TEA could be added before the addition of
APTES, and EDA could be replaced by another
chain expander. Also, some different silanes, such as
c-glycidoxypropyltrimethoxysilane, could be used.
c-Glycidoxypropyltrimethoxysilane could be linked to
the side chains of waterborne PU. Hence, the growth
of the PU chains was more developed, and the dosage
of the chain expander (EDA) was decreased.

Swelling resistance in 40�C hot water or ethanol

Because PVA could be readily swollen or even dis-
solved in hot water, the stability of the membranes
in water was a major concern. WR, defined as the
weight gain of the membranes in 40�C water for 2
days, was collected, and the results are shown in Ta-
ble III.

For practical applications, such as pervaporation,
the stability in organic solvents was also important.
Hence, the membrane swelling performances in
ethanol were conducted, and the obtained EtR values
are shown in Table III. M1 and M5 partially dis-
solved and became gel-like during the measurement.
M2, M3, and M7 exhibited weight losses of 24.9, 5.0,

and 10.4%, respectively; this was probably due to
the strong swelling and partial dissolving.
As the PVA content increased, the swelling of the

membranes in water generally increased; this was
due to the high hydrophilicity of the PVA chains.
On the other hand, the swelling in ethanol was

Figure 5 Illustration of the possible condensation processes between waterborne PU and PVA. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE III
WR and EtR Values of the Membranes at 40�C

APTES (wt %)
in waterborne

PU

PVA (wt %)
in the PVA þ
waterborne
PU mixture Membrane

WR

(%)
EtR
(%)

1.78 0 M1 43.0 —a

33.3 M2 54.1 �24.9b

50.0 M3 62.7 �5.0b

66.7 M4 106.4 41.3
3.36 0 M5 8.6 —a

33.3 M6 63.5 4.5
50.0 M7 86.8 �10.4b

66.7 M8 84.3 0.2
4.97 0 M9 11.0 262.6

33.3 M10 50.0 44.2
50.0 M11 77.4 11.0
66.7 M12 125.3 21.2

a The data could not be obtained because the mem-
branes partially dissolved and became gel-like during the
measurements.

b The data were negative because the membranes were
strongly swollen and partially dissolved during the
measurements.
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significantly depressed as the PVA content
increased. For instance, M1 (PVA dosage: ¼ 0%)
became gel-like when it was immersed in ethanol,
whereas M4 (PVA dosage ¼ 66.7%) retained integ-
rity and showed a relatively low swelling degree of
41.3%. Therefore, the incorporation of PVA obvi-
ously enhanced the organic solvent resistance.

The dosage of APTES also had a strong influence
on the membrane swelling behavior. As APTES
increased, the swelling in water or ethanol generally
followed a decreasing trend. For instance, M1
(APTES dosage ¼ 1.78%) and M5 (APTES dosage ¼
3.36%) became gel-like in ethanol. M9 (APTES dos-
age ¼ 4.97%) retained its integrity, although the
swelling degree was high (262.6%). The swelling
degree in water changed from 43.0 to 8.6 to 11.0%
from M1 to M5 to M9.

Mechanical properties of the hybrid membranes

On the basis of the results of the mechanical testing,
the following conclusions were thus obtained with
regard to the influence of the PVA and APTES con-
tents on the mechanical properties of the
membranes:

1. With an increase in the PVA content, the TS
values gradually increased (Fig. 6). When the
APTES content was fixed at 1.78%, the TS
value increased from 6.79 to 38.35 MPa as the
PVA dosage increased from 0 to 66.7% (M1 to
M4). Meanwhile, TS increased from 7.58 to
34.71 MPa or from 8.19 to 35.43 MPa when
APTES was fixed at 3.36 or 4.97%. This was
probably due to a higher stiffening effect of the
relatively more rigid PVA polymer chains.19

2. With an increase in the APTES dosage, the TS
values generally increased slightly at lower

PVA contents. For higher PVA dosages, TS
decreased somehow when APTES was
increased from 1.78 to 3.36% but then slightly
increased with further increases in the APTES
dosage to 4.97%.

3. The Eb values were in the range 18.9–66.3%
(Fig. 7). For the waterborne PU membranes, the
Eb values increased as the APTES dosage
increased. Nevertheless, for the waterborne
PU/PVA membranes, the influence of the PVA
or APTES dosage on the Eb values was irregu-
lar, for which the membrane defects and phase
separation may have been responsible. It is
well known that membrane defects will signifi-
cantly affect the membrane mechanical proper-
ties, especially the elongation results. In the
waterborne PU/PVA membranes, the phase
separation was obvious, and hence, defects
were more likely to appear during the prepara-
tion procedures.

Pervaporation results

Among the different membranes, those with a
higher content of PVA could resist ethanol better,
and hence, we choose M4, M8, and M12 for the per-
vaporation operation. The results show that M4
showed the best separation performance. The sepa-
ration factor (a) was 38.42, and the permeation flux
was 128.0 g m�2 h�1. Compared with previous
membranes based on PVA,15 the results here were
comparable.
M8 and M12 showed very high flux values but no

separation performance during the pervaporation
experiments. The microphase separation, as dis-
cussed earlier, were probably responsible. As the
APTES content increased from M4 to M8 to M12, the
inorganic silica content increased and induced moreFigure 6 TS values of the membranes.

Figure 7 Eb values of the membranes.

WATERBORNE PU/PVA MEMBRANES E223

Journal of Applied Polymer Science DOI 10.1002/app



serious phase separation. Hence, ethanol and water
could go through the membrane through the inter-
phase areas.

CONCLUSIONS

Membranes were prepared from the blending of PVA
with waterborne PU. APTES was used as the modifier.
The membranes gradually became more crystalline as
the PVA content increased. The swelling behavior in
ethanol was significantly depressed as the PVA con-
tent increased. For instance, M1 (PVA dosage ¼ 0%)
became gel-like when it was immersed in ethanol,
whereas M4 (PVA dosage ¼ 66.7%) retained its integ-
rity and showed a relatively low swelling degree of
41.3%. The strength and thermal stability increased as
APTES increased. Nevertheless, the microphase sepa-
ration increased at the same time.

The membranes were tried for ethanol/water mix-
ture separation through pervaporation. a for M4 was
38.42, and the permeation flux was 128.0 g m�2 h�1.
Therefore, membranes based on PVA and water-
borne PU could be potentially used in pervaporation
applications. Further improvement of the mem-
branes is underway, and the results will be reported
in the near future.
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