
1. Introduction
The world plastics consumption has consistently
grown for decades and was about 268 million tonnes
in 2007 [1]. Production of polymers has long relied
on fossil resources to provide raw materials. Usage
of fossil oil is directly associated with environmen-
tal issue. In addition, the ever declining fossil reserves
and increasing demand have caused the skyrocket-
ing of the price of petroleum product [2]. Therefore
biomass becomes a promising resource that can
replace fossil oil for sustainable production of
chemicals [3]. Lignin, as one of the most abundant
aromatic biopolymers [4–5], constitutes about 15–
30% of the wood and 12–20% of the annual plants
[6]. Due to the renewable and biodegradable nature,

wide availability, non-agricultural based economy
and reactivity, the utilization of lignin as a source of
polymeric materials attracts more and more atten-
tion, albeit in different molecular weights and spe-
cific structures caused by the chemical processes
associated with the production of cellulose pulp for
papermaking [7].
Organosolv methods are recognized as viable sulfur-
free alternatives to traditional pulping techniques.
Oxoacid-based method has been demonstrated to be
among the most successful method which allows
efficient delignification of both woody [8–9] and
non-woody materials [10]. Two oxoacids have
achieved particularly good delignification result:
formic acid [11–14], and acetic acid [10, 15]. Acetic
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acid acidolysis method is shown to be an efficient
method to extract lignin with better yield and much
lower content in impurities than for conventional
acidolysis [16]. Pulp yields for the acetic acid treat-
ment are also demonstrated to be higher than for
formic acid [10]. In addition, conventional hydroly-
sis modifies the lignin polymer, causing the cleav-
age of some aryl-ether linkages. While acetic acid
method is less damaging [16], the resulting partial
acetylation of primary alcoholic groups has to be
regarded as a non-negative point when considering
further analytical characterization.
The use of lignin fragments as such, or after suit-
able chemical modifications, as macromonomers
has been extensively investigated through the impli-
cation of both their phenolic and aliphatic hydroxyl
groups to prepare polyurethanes [7]. A wide range
of lignin-based polyurethane materials, such as rigid
foams [17], hydrogels [18] and elastomers, have
been synthesized and the corresponding mechanical
and thermal properties have been evaluated. With
respect to lignin-derived polyurethane plastics,
most researches focused on Alcell lignin [19], kraft
lignin [20]. Ciobanu et al. [21] prepared a series of
flax soda lignin/polyurethane blends by solvent
casting technique from dimethylformamide solu-
tions. Better thermo-mechanical properties were
found for the 4.2 wt% lignin-containing blend. Films
containing more than 9.3 wt% lignin were hetero-
geneous. Ni et al. [19] synthesized Alcell lignin-
based polyurethane with and without a polymeriza-
tion catalyst. Hatakeyama et al. [22] obtained poly -
urethane from alcoholysis and kraft lignin-based
polycaprolactones. Zhang and Huang [23] found that
polyurethane-nitrolignin (NL) film with 2.8% nitro -
lignin which was prepared by tetrahydrofuran solu-
tion casting was most miscible, and its tensile
strength was 2 times higher than that of PU films. A
suitable content of NL plays an important role in the
promotion of PU network formation, resulting in
the enhancement of crosslinking density, whose con-
tribution effectively enhances strength and hard-
ness. Heretofore there are only few reports related
to acetic acid lignin-containing polyurethane films,
which have potential application in plastics [24–25].
Effects of acetic acid lignin content and annealing
on mechanical and thermal properties were simply
investigated, it was demonstrated PU containing

20% acetic acid lignin possesses better tensile
strength. While at higher lignin content, the corre-
sponding PU became hard and brittle.
Preparation of polyurethane films from lignin is not
an easy process because of the structure of lignin,
which on direct reaction with isocyanate gives brit-
tle polyurethane [26]. In order to improve the lignin
content in PU formulation for a product with suitable
performance and extensive application, oxypropy-
lation of lignin has been recognized as a promising
method [20]. However, the high cost associated to
the implementation of such chemical modification
processes makes difficult to endow lignin with a high
added value, delaying the industrial exploration of
this renewable polymer [6]. In addition, linear poly-
ols with high molecular weight are often incorpo-
rated into PU backbone to overcome the above
shortcomings. For polyol with very high molecular
weight, the efficiency decreases again as a result of
increasing dilution factor of hydroxyl groups [4,
27]. Under such circumstances, how to make the
network formation more efficient and increasing
lignin content in PU become critical in increasing
the mechanical properties of lignin-containing PU.
In our previous studies, a maximum acetic acid
lignin (AL) content of 43.3% can be reached for the
continuous polyurethane film formation [28]. The
incorporation of trimethylol propane (TMP) and 3-
aminopropyltriethoxysilane (APTS) is demonstrated
to be beneficial to the thermal property of AL-con-
taining polyurethane (LPU) films. Based on the infor-
mation mentioned above, we used the acetic acid
lignin on an ‘as received’ basis with no pretreatment
or modification. The objective was to gain funda-
mental knowledge of chemistry and physics of the
network formation of LPU films, and compare the
properties of AL-containing polyurethanes coupled
with APTS and TMP of different contents. To our
best knowledge, APTS and TMP haven’t been simul-
taneously introduced into LPU system to improve
the corresponding properties. In this study, effects of
APTS content and TMP on the crosslinking density,
morphology, hydrogen bonding, phase behavior,
water resistance and mechanical properties of AL-
containing polyurethane films were systematically
investigated. These results can provide fundamental
information for optimization of acetic acid lignin-
containing polyurethane films.
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2. Experimental section
2.1. Materials
Methylene diphenyl diisocyanate (MDI), polyethyl-
ene glycol (PEG, the number average molecular
weight was 1000 g mol–1), 3-aminopropyltriethoxy-
silane (APTS), trimethylolpropane (TMP) and N,
N-dimethylacetamide (DMAc) were purchased from
Aldrich Chemicals Co. Inc. (Canada). The above-
mentioned materials were of analytical grade and
were directly used without further purification.
Acetic acid, HCl, dioxane and diethyl ether were
also purchased from Aldrich Chemicals Co. Inc.
(Canada).

2.2. Preparation and characterization of
acetic acid lignin

Spruce wood chips were submitted to a treatment
with 90% acetic-acid solutions (500 mL) catalyzed
by small amount (0.6%) of HCl (8.3 g). Experiments
were performed at boiling temperature using a
liquor/wood ratio equal to 5 g/g for 3 h. Subse-
quently they were cooled to room temperature [28].
The spent liquor obtained by filtration was concen-
trated through rotary vacuum evaporator at 60ºC,
and approximately 100 mL concentrated sample was
obtained, thereafter, 900 mL deionized water was
added to precipitate the dissolved lignin. After 24 h,
brown acetic acid lignin (AL) was obtained by fil-
tration.
The lignin samples were acetylated before gel per-
meation chromatography (PL-GPC 50, England). The
average number molecular weight (Mn) of AL was
3515 g mol–1; the average weight molecular weight
was 6215 g mol–1 and the polydispersity index
(PDI) was 1.768. Carboxylic, phenolic and aliphatic
hydroxyl group contents were determined by non-
aqueous potentiometric titration and 1H NMR spec-
trometry (Bruker Advanced 400 MHz spectrometer,
Germany) of the acetylated lignin [10]. The content
of phenolic and aliphatic hydroxyl group was 4.96
and 4.57 wt%, respectively; and the content of car-
boxylic group was 5.76 wt%.

2.3. Preparation of AL-containing
polyurethane

AL, TMP and PEG were dissolved in DMAc. MDI
was added dropwise into the system. The mixture
was kept stirring in a water bath at 60ºC for 2 h.
Then the temperature was increased to 70ºC. After
1.5 h, different contents of APTS were added and

the reaction was continued for another 0.5 h. The
experimental conditions for preparing AL-contain-
ing polyurethane are given in Table 1. The experi-
ment schemes and model of AL-containing polyure -
thane were illustrated in Figure 1 and 2, respectively.

2.4. Preparation of AL-containing
polyurethane films

After the polymerization, the solution was immedi-
ately transferred to a polytetrafluoroethylene (PTFE)
plate, which was allowed to dry at room tempera-
ture for 2 days and then at 100ºC for 6 h. After
demolding, the film was submitted to vacuum dry-
ing over phosphorous pentoxide for 5 days.

2.5. Swelling test
Samples of approximately 3 mm!"!3 mm were
immersed in glass flasks containing dimethyl for-
mamide (DMF) and allowed them to stand at ambi-
ent temperature. After 5 days equilibrium, samples
were removed from DMF and patted with lint-free
tissue paper to remove excess solvent, and the dimen-
sions were measured again. The crosslink density
[mol/cm3] of the NCO–OH bonds for each speci-
men was estimated using Equation (1) which was
proposed by Flory and Rehner [19, 29]:

        (1)

where !c is the effective number of moles of
crosslinked chains, V1 is molar volume of solvent, "
is the polymer-solvent interaction parameter, ! is
the volume fraction of polymer in swollen gel (! =
V0/V), V0 is volume of dry polymer, and V is vol-
ume of swollen gel at equilibrium.
In order to determine " for our polyurethane-DMF
system, swelling tests were carried out at 25, 30 and

nc

V0

cmol
cm3 d 5 2 2 3n 1 xn2 1 ln11 2 n 2 4

V112n1>3 2 n 2
nc

V0

cmol
cm3 d 5 2 2 3n 1 xn2 1 ln11 2 n 2 4

V112n1>3 2 n 2
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Table 1. Chemical composition of AL-containing polyure -
thanes

awith respect to PEG.
bwith respect to total monomer mass.

Sample n(NCO)/n(OH) Lignin
[%]a

APTS
[%]b

TMP
[%]b

LPU 1.7:1 43.3 0 0
LPUSi1 1.7:1 43.3 1 0
LPUSi2 1.7:1 43.3 2 0
LPUSi3 1.7:1 43.3 4 0
LPUSi4 1.7:1 43.3 5 0
LPUSiT 1.7:1 43.3 2 1



35ºC. From the temperature dependency of the
swelling volume, " value was obtained according to
Equation (2). In the present study, the polymer-sol-
vent interaction parameter (") was determined to be
0.49:

                                       (2)

2.6. Characterization
Fourier transform infrared (FT-IR) spectra of all
samples were recorded on an American Perkin-Elmer
spectrum 100 FT-IR spectrometer in the range of
4000–500 cm–1.
Dynamic mechanical analysis (DMA) was per-
formed on an American TA DMA Q800 dynamic

mechanical analyzer with a clamp type of tension
film. The heating rate was maintained at 3°C/min
from –110 to 200°C. The strain and frequency were
0.04% and 1 Hz respectively.
The tensile strength (#) was measured on a CMT6503
universal testing machine (Shenzhen SANS Test
Machine Co. Ltd., Shenzhen, P.R. China) with a
crosshead rate of 200 mm/min according to
GB13022-91. An average of five replicates of each
sample was taken.
Environmental scanning electron microscope
(ESEM), coupled with an EDAX energy dispersive
X-ray (EDX) system, was carried out on a Hitachi
SU-70 SEM (Japan). The surface of polyurethane
films was coated by carbon to remove the side
effect of charge.

dlnn
dlnT

5
2 3x11 2 n 2

511 2 x 2
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5
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Figure 1. Experimental scheme and model for AL-containing polyurethane modified with APTS



Angular dependent X-ray photoelectron spectroscopy
(XPS) was performed on a Perkin-Elmer physical
Electronic Model 5400 (America) with a hemi-
sphere analyzer and a position sensitive detector.
The spectrometer was equipped with an Mg/Ka
(1253.6 eV) achromatic X-ray source operated at a
power of 400 W and angles 45° were used with the
X-ray source. Pass energy of 89.45 eV was chosen
for all angle-dependent acquisitions. The spectrom-
eter was typically run at the 6.7·10–7 Torr vacuum
range. A wide scan (0–1000 eV) was recorded for
each sample.
Contact angles were measured with a JJC-I contact
angle goniometer (Chengde Tester factory, P.R.
China) at 25°C with water as medium.
The AL-containing polyurethane films were cut
into circular disks by using a sharp-edged stainless
steel die with inner diameter of 20 mm. The sam-
ples were dried in vacuum oven for 24 h to deter-
mine their dry weight (W). Absorption of films was
determined by immersing the films in a beaker of
water for 24 h. After wiping off the surface water

with a piece of filter paper, its weight (W1) was
determined. The water absorption (WS) of the films
was calculated by Equation (3):

                                      (3)

3. Results and discussion
3.1. Crosslinking density and mechanical

properties
The crosslinking density and tensile strength of
LPU films modified with different APTS and TMP
contents are shown in Table 2. It is reported that
crosslinking density has important effects on
mechanical property, thermal behavior and water
resistance of lignin-containing polyurethane films
[19, 23], all of which are important characteristic
parameters for polymeric materials. The crosslink-
ing density is determined from swelling tests in
DMF as described previously. Since DMF is a very
strong solvent for lignin, lignin that is not incorpo-
rated into the polymer network will be dissolved to

WS 5
W1 2 W

W ~
100,WS 5

W1 2 W
W ~

100,
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Figure 2. Experimental scheme and model for AL-containing polyurethane modified with APTS and TMP



produce a dark colored solution [19]. In this study,
the absence of a colored solution suggests that
acetic acid lignin is an active ingredient in the
polyurethane system. At a given lignin content, the
crosslinking density increases from 3.10·10–4 to
3.88·10–3 mol cm–3 when APTS content increases
from 0 to 2%. As the APTS content increases, more
reactive groups (–SiOH) are generated by the hydrol-
ysis of trialkoxy groups in APTS, which are available
to crosslink with isocyanate groups and hydroxyl
groups, resulting in dramatic increase in the
crosslinking density (as shown in Figure 1). The
increased crosslinking density is generally respon-
sible for increasing strength, therefore the tensile
strength of corresponding films increases from 16.2
to 22.9 MPa.
Further increase in the APTS content from 2 to 5%
does not strengthen, but even lead to inferior tensile
strength. It is also found that the crosslinking den-
sity decreases from 3.88·10–3 to 1.64·10–3 mol cm–3.
This is probably due to over-crosslinking of LPU
network and the lack of uniformity distribution of
APTS in AL-containing polyurethane. APTS is
likely to self-aggregate instead interact with AL-
containing polyurethane chains at higher APTS
content. This behavior is also confirmed by FT-IR
and ESEM studies (as shown in Figure 3 and 4),
and suggests a phase-separated morphology for
LPUSi when the APTS content is greater than 4%.
At given APTS content, the crosslinking density of
LPUSiT increases from  3.88·10–3 to
5.01·10–3 mol cm–3 with TMP addition, resulting in
highest tensile strength of 25.6 MPa. This might be
explained by the fact that the number of available
sites for crosslinking in AL-containing polyure -
thane is insufficient when APTS content is 2%, only
a partial network is established. The addition of
TMP at the first step is beneficial for the formation
of more uniform network, and more reactive groups
are thereby participated in the crosslinking to make
the network well formed, as shown in Figure 2. The
attempt to increase the crosslinking density and ten-
sile strength merely through increasing APTS con-
tent is infeasible, which might be attributed to self-
aggregative characteristic of APTS. The above-
mentioned information indicates that there is good
synergistic effect between APTS and TMP.

3.2. Hydrogen-bonding interactions in LPU,
LPUSi and LPUSiT films

The hydrogen bonding interactions in AL-contain-
ing polyurethane were investigated based on the
FT-IR technique. It has been extensively reported by
many researchers that FT-IR technique is an effec-
tive method to characterize the hydrogen bonding
in polyurethane [30–31]. The FT-IR spectra of LPU,
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Figure 3. FT-IR spectra of LPU, LPUSi1, LPUSi2, LPUSi3,
LPUSi4 and LPUSiT



LPUSi and LPUSiT are shown in Figure 3. The
band at about ~3310 cm–1 corresponds to stretching
vibration of hydrogen-bonded –NH [32]. The band
around ~3446 cm–1 is assigned to free –NH [33–34].
The intensity of hydrogen-bonded –NH increases
with increasing APTS addition from 0 to 2%. Inten-
sity decay in free N–H band is apparent for LPUSi2,
indicating that most of –NH groups are involved in
the hydrogen bonding. As the APTS content is
greater than 4%, the intensity of hydrogen-bonded

–NH decreases, while the intensity of free –NH
increases.
The stretching bands at ~1721, ~1709 and
~1642 cm–1 are attributed to the absorption of free 
–C=O in urethane, hydrogen-bonded –C=O in ure-
thane and hydrogen- bonded –C=O in urea, respec-
tively [35–36]. The characteristic absorption of 
–C=O in urea at 1642 cm–1 becomes more pro-
nounced with APTS addition, confirming the reac-
tions between –NCO and APTS [36]. It can be also
observed that the intensity increases with increasing
APTS content from 1 to 2%, but decreases when
APTS content is greater than 4%.
In contrast to hydrogen-bonded –C=O, the intensity
of free –C=O is enhanced as to LPUSi1 and
LPUSi2, whereas the intensity of hydrogen-bonded
–NH increases. It indicates that APTS addition
results in the damage of hydrogen bonds between 
–NH and –C=O that are existed in LPU, and new
hydrogen bonds between APTS and LPU are formed.
The increased intensity of hydrogen-bonded –NH
might result from the hydrogen bonding between 
–NH and –Si–O–Si- (and/or –C=O in urea). For the
LPUSi3 and LPUSi4 samples, the intensity of
hydrogen-bonded –NH decreases, as well as the
intensity of –C=O in urea. It suggests that the hydro-
gen bonds between APTS and LPU are damaged,
due to the phase aggregation between LPU and
APTS.
Furthermore, with simultaneous addition of APTS
and TMP, the intensity of hydrogen-bonded –C=O
and hydrogen-bonded –NH is further enhanced, so
is the –C=O in urea. This indicates a more uniform
network is formed. The results are in good agree-
ment with those of strength and crosslinking den-
sity.

3.3. Morphology analysis
The morphology of polyurethane (PU) depends on
the state of the compatibility and phase behavior
between hard and soft segments [37]. The ESEM
morphology of LPU, LPUSi and LPUSiT films is
shown in Figure 4. As the APTS content increases
from 0 to 2%, a transition is evident from rough sur-
face of granular shape to a smooth and more homo-
geneous surface. It can be attributed to the increased
crosslinking density (Table 2), and the more uni-
form network [38]. As the APTS content increases
further to 5% (LPUSi3 and LPUSi4), the phase
aggregation becomes more apparent, resulting in
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Figure 4. ESEM morphology of LPU, LPUSi and LPUSiT
films at different magnification



inhomogenous surface, as shown in Figure 4. It is
found that more precipitated particles are generated
on the surface of LPUSi3 and LPUSi4 films. In
order to identify the components of the precipitated
particles at the higher APTS addition, the EDX
spectroscopy is conducted to observe the elemental
composition of the precipitated particles, as shown
in Figure 5. In addition, the chemical model for
LPUSi3 and LPUSi4 are illustrated in Figure 6,
respectively. As shown in Figure 5, the main com-
ponents of the precipitated particles on the surface
of LPUSi4 are Si and O elements. It has also been
reported by Xia et al. that silica nanoparticles were

formed by hydrolysis of the silicon ethoxy groups
in water and silanol polycondensation [39]. There-
fore, it can be concluded that the precipitated parti-
cles on the surface of LPUSi4 are SiO2 particles,
which are generated by the hydrolysis of APTS. It
also suggests the phase aggregation of excessive
APTS on the surface of LPUSi3 and LPUSi4, which
may be responsible for the decreased strength and
water resistance.
With the addition of both APTS and TMP, the
LPUSiT film again shows a smooth and homoge-
nous surface, which is again attributed to the
increased crosslinking density and the formation of
more uniform network. Increased crosslinking den-
sity indicates more hard domains with smaller inter-
domain spacing, which tends to strengthen the elas-
ticity of network and therefore results in enhance-
ment in mechanical properties. On the other hand,
the interaction between domains gets enhanced and
phase separation behavior is weakened, therefore
more homogeneous films can be obtained [36].

3.4. Dynamic mechanical analysis
The temperature dependence of storage modulus
(G´) and loss factor (tan #) for LPU, LPUSi and
LPUSiT films is shown in Figure 7. The storage
moduli of the glassy state for LPU, LPUSi and
LPUSiT films are in the order of 103.5 MPa, typical
for polymer glasses [40]. Highest storage modulus is
detected for LPUSiT, since the increased crosslink-
ing density is simultaneously responsible for the
increase of rubbery modulus [41].
DMA is also a powerful technique to study initial
motion of frozen polymer segments through $-
relaxation at molecular-level. It is found that T$, max
increases with the increase of APTS content from 0
to 2%. It suggests that the motion freedom of some
chain segments is weakened. The addition of APTS
restricts the motion of AL-containing polyurethane
chains by virtue of entanglement and newly formed
hydrogen bonds between APTS and urethane –NH,
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Table 2. Effects of APTS and TMP content on crosslinking density and tensile strength

Sample V0 V ! =V0/V !2 !1/3 Crosslinking density
[·10–3 mol cm–3]

Tensile strength
[MPa]

LPU 21.949 73.359 0.29920 0.08952 0.66884 0.3102 16.2
LPUSi1 15.122 28.889 0.52346 0.27401 0.80593 1.9819 18.9
LPUSi2 24.179 38.770 0.62365 0.38894 0.85437 3.8818 22.9
LPUSi3 11.966 21.694 0.55159 0.30425 0.82011 2.4349 12.3
LPUSi4 23.194 46.671 0.49696 0.24697 0.79209 1.6426 –
LPUSiT 32.740 49.357 0.66333 0.44000 0.87212 5.0133 25.6

Figure 5. The energy-dispersive spectrum of LPUSi4



also supported by the FT-IR results. The above ten-
dency can also be explained by the increased
crosslinking density. The higher the crosslinking
density, the more restricted is the main chain motion
and thus the higher is T$, max [41].
However, T$, max decreases with further increase in
APTS content, suggesting that the mobility of soft
segment is enhanced. Combined with the increased
intensity of free –NH and free –C=O in FT-IR spec-
tra, it can be concluded that hydrogen bonds between
–NH in hard segment and ether oxygen in soft seg-
ment are depressed.

It is also found that the height of loss peak increases
when APTS content increases from 0 to 2%, show-
ing a tendency of changes similar to T$, max. The loss-
peak height represents the loss energy required by
the motion of frozen segments [31]. It is consistent
with the enhanced elongation and decreased Young’s
modulus, that is, higher toughness [42]. As a result,
LPUSi2 and LPUSiT films are endowed with better
toughness. However, the phase aggregation of APTS
on the surface of films provided the higher motion
freedom for soft segments in LPUSi3 and LPUSi4,
resulting in lower T$, max and loss-peak height.

3.5. XPS analysis
XPS has been extensively utilized to study the sur-
face functionalization and phase mixing for polyur -
ethane materials [43–44]. The elemental composi-
tions from the XPS survey spectra (Figure 8) and
the peak area ratio from the de-convoluted spectra
are presented in Table 3. The high resolution C1s
XPS spectra of LPU, LPUSi and LPUSiT films are
shown in Figure 9. The peaks at binding energies of
96–116, 280–305, 396–416, and 528–548 eV are
ascribed to Si2p, C1s, N1s and O1s, respectively
[45]. As the APTS content increases, the C–O/
(C–C/C–H) ratio decreases from 0.919 to 0.510. It
is reported that low surface energy soft segment
resides towards the top surface and high surface

                                                 Wang et al. – eXPRESS Polymer Letters Vol.7, No.5 (2013) 443–455

                                                                                                    451

Figure 6. The chemical model for LPUSi3 and LPUSi4

Figure 7. Temperature dependence of storage modulus and
tan# for LPU, LPUSi and LPUSiT



energy urethane/urea component resides inside the
bulk of the polymer [44–45]. Therefore, it can be
concluded that the addition of APTS promotes the
phase mixing of polyurethane.
It can be also observed that the Si/C ratio increases
with the increase of APTS content. At the same
time, the highest C=O/(C–C/C–H) and N/C ratios
are found for LPUSi2 sample. These results suggest
the increased interactions between APTS and ure-
thane on the surface of LPUSi2. However, the
C=O/(C–C/C–H) and N/C ratios decrease with fur-
ther increase in APTS content (LPUSi3 and LPUSi4).
Increased Si/C ratio, together with lower C=O/
(C–C/C–H) and N/C ratios, indicates weaker inter-
actions between APTS and urethane and thus,
enhanced phase aggregation.
Upon the addition of TMP at 2% APTS (LPUSi2
versus LPUSiT), it is worth noting that the C–O/
(C–C/C–H), C=O/(C–C/C–H) and N/C ratios
decrease, accompanied with the decrease in Si/C, all
of which support the enhanced phase mixing with
the simultaneous addition of APTS and TMP. It
may be also postulated that the APTS surface aggre-
gation may be decreased with TMP addition, as sup-
ported by the ESEM and FT-IR results.

3.6. Water resistance analysis
As shown in Figure 10, the water absorption
decreases from 35.1 to 9.03% and contact angle
increases from 38.1 to 69.7° when APTS content
increases from 0 to 2%, and LPUSi2 with higher
crosslinking density is endowed with lower water
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Figure 8. XPS survey spectra of LPU, LPUSi and LPUSiT
films

Table 3. Qualitative and quantitative XPS analysis for the
surface of LPU, LPUSi and LPUSiT films

Sample C–O/(C–C/C–H)
(area ratio)

C=O/(C–C/C–H)
(area ratio) Si/C N/C

LPU 0.919 0.0442 – 0.0179
LPUSi1 0.865 0.0585 0.0137 0.0293
LPUSi2 0.776 0.0760 0.0292 0.0339
LPUSi3 0.531 0.0404 0.0327 0.0179
LPUSi4 0.510 0.0343 0.0560 0.0148
LPUSiT 0.621 0.0292 0.0251 0.0156

Figure 9. High resolution C1s XPS spectra of LPU, LPUSi
and LPUSiT films

Figure 10. Water absorption and contact angles for LPU,
LPUSi and LPUSiT films



absorption and higher contact angle. It suggests that
the increase in the crosslinking density is beneficial
for the improvement of water resistance. However,
the water absorption increases to 20.8% and the
contact angle decreases to 56.5° as the APTS con-
tent increases to 5%, which can be due to the phase
aggregation and decrease in crosslinking density.
The addition of TMP (LPUSiT versus LPUSi2 sam-
ples) leads to the decrease of water absorption to
7.92% and increase of contact angle to 81.5°, which
are explained by the increased crosslinking density
and more homogeneous surface morphology together
with enhanced phase mixing, as discussed in the
previous sections.

4. Conclusions
Novel acetic acid lignin-containing polyurethane
(LPU) films have been synthesized by a simple
method without oxyalkylation of lignin. APTS and
TMP were utilized instead to form three-dimen-
sional bridge between MDI, PEG and acetic acid
lignin. With 2% APTS addition, the crosslinking
density increased from 3.10·10–4 to
3.88·10–3 mol cm–3. The hydrogen bonds that were
existed in LPU were damaged, and new hydrogen
bonds between APTS and LPU were formed. In
addition, smooth and homogenous surface mor-
phology were obtained, which can be attributed to
higher crosslinking density and phase mixing degree,
the resultant films were endowed with good mechan-
ical property and water resistance. However, further
increase in APTS content was not effective to
improve the film performance, and decreases in
crosslinking density and phase aggregation were
detected when APTS content were higher than 4%,
resulting in performance attenuation. It was also
worth to mention that the crosslinking density of
LPUSiT increased from 3.88·10–3 to
5.01·10–3 mol cm–3 with TMP addition at 2% APTS,
resulting in enhanced tensile strength and water
resistance. Further systematic study will be made
on the synergistic effect of APTS and TMP on the
properties of acetic acid-containing polyurethanes.
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