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ABSTRACT: Hydroxyterminated polybutadiene (HTPB)-
based polyurethaneurea (PU), HTPB-PU, was synthesized by
two-step polymerization and was firstly used as membrane
materials to recover aroma, ethyl acetate (EA), from aqueous
solution by pervaporation (PV). The effects of the number–
average molecular weight (Mn) of HTPB, EA in feed, operat-
ing temperature, and membrane thickness on the PV per-
formance of HTPB-PU membranes were investigated. The
membranes demonstrated high EA permselectivity as well as
high EA flux. The DSC result showed two transition tempera-
tures in the HTPB-PUmembrane and contact angle measure-

ments revealed the difference of hydrophobicity of the mem-
brane at both sides, which were induced by glass plate and
air, respectively, due to movement of the soft hydrophobic
polybutadiene (PB) segments in HTPB-PU chains. Further-
more, the PV performance of the HTPB-PU membrane with
the hydrophobic surface facing the feed was much better
than that with the hydrophilic surface. � 2007 Wiley Periodi-
cals, Inc. J Appl Polym Sci 104: 552–559, 2007
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INTRODUCTION

Volatile organic compounds (VOC) of foods and bev-
erages, generally referred to as aroma compounds,
contribute significantly to the flavor. Analysis of dif-
ferent kinds of fruits indicates more than 6000 com-
pounds as participants of their aroma. For instance,
juices of passion fruit and orange have about 200 com-
pounds responsible for their aroma.1 But most of these
VOCs are lost during the processing of food. This has
resulted in great economical losses.2

PV is being recognized as an energy-efficient alter-
native to other traditional separation methods includ-
ing air stripping, adsorption, distillation, and oxida-
tion for recovery of aroma from aqueous solution.

Nowadays, a major hurdle limits PV commerciali-
zation for recovery of aroma from aqueous solution.
Namely, it is a lack of proper membrane materials
with high flux and separation factor for recovery of so
many kinds of organic compounds. Many hydropho-
bic materials used for aroma recovery have been stud-
ied, such as, polyether-block-amide (PEBA),3–6 polyoc-

tylmethylsiloxane, polydimethylsiloxane (PDMS),7–10

ethylene–propylene–diene monomer (EPDM)1,11 and
poly(vinylidene fluoride-co-hexafluoropropene) [P(VDF-
co-HFP)].12 Among them, PEBA, PDMS, and P(VDF-
co-HFP) were ever used to recover ethyl acetate (EA)
from water. Djebbara et al.4 reported that the separa-
tion factor for PDMS and PEBA membranes were 425
and 134, the EA flux were 2980 and 2030 g/m2 h,
respectively, at 308C. These materials are not only
hydrophobic but also elastic and both properties are in
favor of the permselectivity of EA. Semicrystalline
P(VDF-co-HFP) membrane was used by Tian et al.12 to
recover EA from water and showed good mechanical
strength and film-forming property. When EA in feed
was 3.0 wt % the separation factor was 160 and the EA
flux was 500 g/m2 h at 308C. In general, membrane
materials applied in organophilic pervaporation (PV)
should satisfy several requirements except for good
PV performances (permeability and permselectivity),
such as, stability in contact with the separated liquid
mixture, thermal stability, and stable transport and
mechanical characteristics over time. The literatures
indicated that despite the diversity of available poly-
meric materials, only a few have been studied as mem-
brane materials in PV for aroma recovery. It has been
evident3–6,13,14 that the introduction of some polar seg-
ments to the elastic materials is good for improving
their mechanical strength and film-forming property.

Polyurethaneurea is a suitable membrane material,
which could provides hydrophobic and flexible soft
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segment (polyol) for facilitating organic diffusion and
a rigid hard segment (diisocyanate and chain ex-
tender, viz. diol, diamine) for mechanical strength,15

and has been used to remove 1,1,1-trichloroethane,
toluene, dichloromethane, and phenol from aqueous
solutions.15,16–19

HTPB-based polyurethaneurea membranes have
soft segment of polybutadiene (PB) and rigid segment
of urea, which have been used earlier for separation
of ethanol-water mixture20,21 and gas mixtures.22

None report for the esters-water mixtures, such as
EA-water mixture, can be found. In fact, esters are
numerically the largest group of aroma compounds.23

In this article hydrophobic HTPB was chosen as polyol
to synthesize HTPB-PU and then to prepare HTPB-PU
membrane. EA was chosen as a model aroma com-
pounds. The objectives of this study are trying to know
the recovery performance of EA from aqueous solution
using the HTPB-PU membrane first, and then some in-
ternal and external dependences of the recovery of EA
from aqueous solutions.

EXPERIMENTAL

Materials

HTPB (hydroxyl value ¼ 1.05 mmol KOH g�1) with
the number–average molecular weight of 2000, 2500,
and 3000 (Mn, in g/mol) were received from Qilushi-
hua (Shandong, China); Dibutyltindilaurate (DBTDL,
catalyst) and toluene 2,4-diisocyanate (TDI, L.R)
obtained from Hangzhou Electronical Group Auxil-
iary Chemical (Hangzhou, China), were used without
further purification. Solvent tetrahydrofuran (THF)
was dried by molecular sieves and distilled under
nitrogen. Chain-extender, 3,30-dichloro-4,40-diamino-
diphenymethane (MOCA), was obtained from Hang-
zhou Congsun Chemical (Hangzhou, China).

Synthesis and characteristics of HTPB-PU

Firstly, HTPB was heated to 1008C under vacuum for
2 h to remove water and gases and then cooled down
to room temperature. Prepolyurethane was prepared
by the reaction of HTPB and TDI in THF at 308C for
1 h in the presence of 0.05 wt % DBTDL as catalyst
maintaining NCO : OH mole ratio of 2 : 1. Polyuretha-
neurea was prepared by adding the chain-extender
MOCA (OH : NH2 ¼ 1 : 1) to the prepolyurethane
under mechanical stirring. After 15 min of the reac-
tion, the entrapped bubbles were removed from the
viscous solution by vacuum evacuation. The struc-
tures of prepolyurethane and HTPB-PU are shown in
Scheme 1. The solution with solid content of 30 wt %
was cast on a clean glass plate and was left overnight
at room temperature followed by thermal curing at

808C for 3 h. The thickness of the obtained membranes
was about 100 mm.

The chemical structures of HTPB, prepolyurethane,
and HTPB-PU samples were confirmed by Fourier
transform infrared (FTIR) using a Bruck Vector22 type
spectrometer. The samples for FTIR measurements
were obtained by spreading a thin film of their solu-
tions in THF on a potassium bromide flake and evapo-
rated the solvent under vacuum at room temperature.

The differential scanning calorimetry (DSC) curve
of the HTPB-PU was obtained through a Perkin–
Elmer Pyris 1 DSC under N2 atmosphere at a heating
rate of 208C/min from �150 to 2008C.

Static contact angles for water of HTPB-PU mem-
branes were measured by sessile drop method24 using
a contact angle meter (OCA 20, Dataphysics Instru-
ments GmbH Germany) at 258C and at about 65% rel-
ative humidity. The volume of the water drops used
was always 2 mL. All reported values were average of
at least eight measurements taken at different loca-
tions of the film surface and have a typical error of the
mean of 618.

Thermal stability of the HTPB-PU was examined
with a Perkin–Elmer Pyris 1 Thermogravimetric ana-
lyzer (TGA). The temperature profile was from 60 to
6008C at a heating rate of 208C/min.

Degree of swelling and sorption of membrane

The swelling experiment was conducted according to
the method proposed by Trifunovic.25 Thick pieces
(0.4–0.8 g, 300 mm) of HTPB-PU membranes were
weighed (m0) and immersed in 20 mL of aqueous so-
lution with known EA weight fraction (W0

EA) and kept
in tightly sealed flasks at 308C for 72 h to reach ther-
modynamic equilibrium. The swollen polymer was
removed from the solution after thermodynamic equi-
librium and the free liquid on the surface of it was
carefully removed by using a paper tissue. The swol-
len membrane was weighed again (mt). The remaining
EA weight fraction (Wt

EA) in solution was determined
by gas chromatographic (GC) analysis. The degree of
swelling was calculated as follows:

DS ¼ mt �m0

m0
� 100% (1)

The weight fraction of the EA (WM
EA) and water (WM

W)
inside the membrane can be expressed as follows:

WM
EA ¼ mM

EA

mt �m0
¼ ðW0

EA �Wt
EAÞms

mt �m0
(2)

WM
W ¼ mt �m0 �mM

EA

mt �m0
(3)
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where mM
EA is the mass of EA in the polymer after

the sorption process and mS is the mass of 20 mL of
the aqueous solution added. The sorption selectivity,
asorp,i/W, was calculated by:

asorp;i=W ¼ ðWM
EA=W

M
WÞ=ðW0

EA=W
0
WÞ (4)

where W0
W is the weight fraction of water in the

feed.

PV measurement

A traditional PV apparatus was used in this study.26

The permeation flux, J and the separation factor, aEA/W

for all membranes were calculated according to the fol-
lowing equations:

J ¼ DW
SDt

(5)

aEA=W ¼ yEA=yW
xEA=xW

(6)

where DW is the permeation weight during the oper-
ation time Dt, S the membrane area 18.09 cm2, x and
y the weight fraction in the feed and the permeate,
respectively. For all measurements, the downstream
pressure was maintained at 5 mmHg by a vacuum
pump. The permeate vapor was condensed with liq-
uid nitrogen. The permeation rate was determined
by measuring the weight of the permeate liquid. The
compositions of the feed solutions and the permeate
liquid were measured by gas chromatography (GC,
China Chromatography 120).

Scheme 1 Preparation of prepolyurethane and HTPB-PU.
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RESULTS AND DISCUSSION

Characterization of HTPB

The FTIR spectra of HTPB, HTPB-PU, and prepolyur-
ethane are shown in Figure 1. Compared with HTPB
the strong absorption in the 2270 cm�1 region (asym-
metric–NCO stretch) appeared in prepolyurethane,
and almost disappeared in the FTIR spectrum of
HTPB-PU, so the reaction of chain extend was com-
plete. In prepolyurethane new other peaks of 1738
cm�1 (C¼¼O) and 1531 cm�1 (N��C) are also observed
compared with HTPB and confirmed the forming of
urethane group (��NHCOO��).

Figure 2 shows DSC thermogram of the HTPB-PU.
Two glass transition temperatures (Tg), �75 and 658C
are displayed. This result suggests that there are two
kinds of incompatible microdomain in the HTPB-PU
membrane. It is well known that multicomponent
polymer blends often have a heterogeneous structure
because of the immiscibility of each component. Tg

value obtained by DSC measurements could be used

to investigate the heterogeneity of a polymer. It is well
known that the HTPB soft segment is very hydropho-
bic and the urethane hard segment is very hydrophilic,
this suggests that the higher Tg in the block copolymer
membranes was due to the urethane component and
the lower Tg from the HTPB component.

Figure 3 shows the TGA curve of HTPB-PU. The
weight loss of HTPB-PU starts after 2508C. It means
HTPB-PU has good thermal stability for the PV pro-
cess.

Figure 4 gives the variation of the contact angle for
water with the Mn of HTPB on the glass-side and the
air-side surfaces of HTPB-PU membranes. Both the
contact angles of water on the air-side and glass-side
surfaces of the membranes increased with increasing
the Mn of HTPB. This is due to the increase of Mn of
HTPB that will result in the increase of hydrophobic
segments in the HTPB-PU membranes. In addition,
the contact angle of water of the air-side surface is
higher than that of the glass-side surface. This indi-
cates that the hydrophobic segments of PB were more
preferentially concentrated at the air-side surface than

Figure 1 FTIR spectra of HTPB, prepolyurethane, and
HTPB-PU.

Figure 2 DSC thermogram of HTPB-PU.

Figure 3 TGA curve of HTPB-PU.

Figure 4 The variation of the contact angle for water with
Mn of HTPB with the HTPB-PU membrane’s both surfaces.
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at the glass-side surface because air is much more
hydrophobic than the glass surface. This is attributed
to the surface localization of the block copolymers
caused by the minimization of the surface free energy
of the membranes.27 Meanwhile, the crosslink reaction
occurred when the orientation of PB segments to the
surface of the membrane and the matrix of the mem-
brane was fixed to a certain degree. This resulted in
the fewer PB segments moving back to the inside of
the membrane that was always occurred in the rub-
bery polymer membranes. So the increasing rate of
contact angle with Mn of HTPB from 2500 to 3000 is
lower than that from 2000 to 2500. This is because the
higher Mn of HTPB means the lower crosslink density
of the membrane and more PB segments moving
inside the membrane.

Effect of Mn on PV performance

The effect of number average molecular weight of
HTPB (Mn) on the separation of an EA-water mixture
through HTPB-PU membrane with air-side and glass-
side facing the feed are shown in Figure 5. From Fig-

ure 5(a), the separation factor increases with increas-
ing of Mn of HTPB for both air-side and glass-side. It
can be explained that the higher Mn of HTPB resulted
in the higher ratio of soft segments to hard segments
and more hydrophobic HTPB-PU membrane, as can
be seen from Figure 4. A more hydrophobic mem-
brane is harm to the permeation of water.

From Figure 5(b), the EA flux decreased with
increasing of Mn of HTPB for both air-side and glass-
side. It is attributed to the harder mobility of HTPB
segments due to the higher Mn of HTPB.

From Figures 5(a) and 5(b) we can see that both the
separation factor and EA flux with air-side facing the
feed are higher than with glass-side facing the feed.
This can be explained that the high hydrophobic air-
side surface strongly prevents water molecules to
enter into the HTPB-PU membrane.

Effect of EA in feed on PV performance

The effect of EA in feed on the PV performance of
HTPB-PU membrane with air-side surface facing the
feed is shown in Figure 6. The separation factor and
EA concentration in the permeate increased from 177
to 515 and 52.55 to 94.04 wt % respectively, with

Figure 5 Effect of Mn of HTPB on the PV performance of
HTPB-PU membrane (Temperature, 308C; membrane thick-
ness, 80 mm; EA in feed, 3.1 wt %).

Figure 6 Effect of the EA in feed on the PV performance
of HTPB-PU membrane with air-side facing the feed (Tem-
perature, 308C; membrane thickness, 140 mm; Mn of HTPB,
2500).
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increasing EA in feed from 0.62 to 3.10 wt %, the EA
flux also increased up to 190 g/m2 h with increasing
EA in feed, but the increasing of the water flux was
slight. The increasing of the separation factor with EA
in feed, here, is mainly due to diffusion selectivity-
controlled in the solution–diffusion mechanism of PV
process.

In general, the separation and permeation charac-
teristics for organic liquid mixtures through polymer
membranes by PV are based on the solubility of the
permeants into the polymer membrane (sorption pro-
cess), and the diffusivity of the permeants in the poly-
mer membrane (diffusion process). It is very impor-
tant to determine the sorption selectivity and diffu-
sion selectivity to estimate the separation mechanism
of an aqueous EA solution through the HTPB-PU
membranes. The separation factor for mixtures of EA
and water in PV can be defined by eq. (7)28

EA=W ¼ asorp;EA=Wadiff;EA=W (7)

the separation factor, EA/W, are determined from eq.
(6) and the sorption selectivity, asorp,EA/W, from eq.
(4). Thus the diffusion selectivity, adiff,EA/W, could be
drawn from eq. (7).

Figure 7 shows the effect of EA in feed on aEA/W,
adiff,EA/W, and asorp,EA/W for HTPB-PU membrane at
308C. As can be seen that adiff,EA/W was much greater
than asorp,EA/W. The results suggest that the separa-
tion of the HTPB-PU membrane for EA/water mix-
ture is mainly governed by diffusion process at the
EA concentration range of the feed studied. In other
words, the increasing of EA concentration is in favor
of the permeation of EA because of the more increas-
ing of adiff,EA/W compared with asorp,EA/W. Thus, the
EA flux increases dramatically and the water flux
increased a little with increasing EA concentration in
feed as shown in Figure 6(b), and the separation fac-
tor, aEA/W, increased with increasing EA concentra-
tion as shown in Figure 6(a), ultimately. These results

are in accordance with the HTPB-PU membrane struc-
ture mentioned earlier. Uragami proved that organic
molecules mainly permeated through the hydropho-
bic phase of a membrane that has microphase struc-
ture, while water molecules mainly permeated
through hard segments.29 The PB segment is very
hydrophobic and long that formed the main matrix of
the whole membrane. It is also a soft segment, which
is in favor of the diffusion of EA. But the diffusion of
water is much harder because the low content of hard
and polar segments in the membrane. In addition, the
low degree of swelling of the HTPB-PU membranes,
which was only 13.4% in feed with 3.10 wt % EA con-
centration, will be resistant to water permeation.

Effect of temperature on PV performance

Figure 8 shows temperature effect on the PV perform-
ance of HTPB-PU membrane with the air-side surface
facing the feed. Both EA content in permeate and sep-
aration factor decrease and flux increases with in-
creasing temperature from 30 to 608C. This is a normal
PV performance. It is interesting that a high separa-
tion factor with more than 300 is kept even at 608C,

Figure 7 Effect of the EA in feed on aEA/W, adiff,EA/W,
and asorp,EA/W for HTPB-PU membrane at 308C (Mn of
HTPB, 2500).

Figure 8 Temperature effect on the PV performance of
HTPB-PU membrane with air-side facing the feed (Mem-
brane thickness, 100 mm; Mn of HTPB, 2500; feed concen-
tration, 3.1 wt %).
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and the increasing of the water flux is still lower than
that of the EA flux though the water molecular vol-
ume is much smaller than EA molecular volume.

Figure 9 shows Arrhenius plots of PV of EA and
water mixture. Two linear lines for EA and water
were obtained at the range of the temperature studied,
and the permeation activation energies of EA and
water through the membrane are 21.41 and 44.03 mol
K�1, respectively. The high permeation activation
energy of water could be used to account for its lower
flux than EA.

Effect of membrane thickness on
PV performance

Figure 10 shows the effect of the thickness of HTPB-
PU membrane on the separation of EA/water mixture
with two sides of the membranes facing the feed. Both
EA flux and the separation factor of HTPB-PU mem-
brane decrease with increasing the thickness of the
dry membrane. The variation of EA flux with thick-
ness is in consistent with literatures’ results studied
on VOC removal from water.30

The variation of the separation factor of PV mem-
branes for removal of volatile organic compounds
with the membrane thickness exhibits two different
trends in literatures. One was that the separation fac-
tor increased as the membrane thickness increases.31

While Yeom et al.’s research32 showed opposite.
The separation factor in this study was inversely

proportional to the thickness of the membrane be-
cause HTPB-PU membrane is very hydrophobic. In
other words, the decrease of membrane thickness re-
sulted in the smaller resistance of EA permeation, but
the high hydrophobicity still makes water diffuse
harder.

CONCLUSIONS

From the present study the following conclusions can
be drawn:

1. Hydroxyterminated polybutadiene (HTPB) based
polyurethaneurea (HTPB-PU) was synthesized
and HTPB-PU membranes were first used for re-
covery of EA from aqueous solution. The HTPB-
PU showed the microphase separation structure,
good film-forming property, excellent thermal
stability and high EA selectivity.

2. The separation factor increased and the EA flux
decreased with increasing the Mn of HTPB used
for making the HTPB-PU membrane. In addition,
both separation factor and EA flux are higher
with air-side surfaces facing the feed than with
glass-side surfaces facing the feed.

3. Both EA flux and the separation factor of the
HTPB-PU membrane increase with increasing
the EA in feed from 0.62 to 3.10 wt % at 308C due
to the diffusivity controlled the PV process.

4. With increasing operating temperature the EA
flux increases and the separation factor decreases,
but more than 300 is still kept even at 608C for the

Figure 10 Effect of membrane thickness on the PV per-
formance of HTPB-PU membrane (Mn of HTPB, 2500; feed
concentration, 3.1 wt %; temperature, 308C).

Figure 9 Arrhenius plots of the HTPB-PU membrane
with Mn of HTPB, 2500.
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feed with 3.10 wt % due to the high permeation
activation energy of water.

5. Both EA flux and the separation factor decrease
with increasing the HTPB-PU membrane thick-
ness.
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