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Poly(butylene succinate) (PBS), with similar physical properties to those of 
polyethylene, is degradable and can be used as a common material. However,
it is not adopted widely in industry and domestic applications due to its high cost.

In this work, to improve the performances and wide applicability of PBS, a new
biodegradable blend has been prepared by incorporating alkaline lignin (AL) filler into
PBS as a matrix. First, the AL and PBS, where the weight percentage of the former in
the blends varied between 5 and 30%, were mixed at a rotating speed of 78 rpm for 
10 min at 120°C; and then, the resultant mixture was compression-moulded into a
sheet at 120°C under 20 MPa pressure for 5 min. Moreover, methylenediphenyl 
diisocyanate (MDI) was used as coupling agent to further modify new PBS/AL blends,
and the weight percentage of MDI was regulated from 0.5 to 2%. The structure and
properties of the resultant blends were investigated by Fourier transform infrared 
spectroscopy, X-ray diffraction, differential scanning calorimetry, scanning electron
microscopy, swelling, tensile and water absorption tests. The results showed that the
addition of AL inhibited the crystallization of PBS matrix, and enhanced the Young's
modulus of the blends. In addition, it was found that the addition of MDI favoured 
further enhancements in tensile strength and Young's modulus, and reduced the water
absorption of the blends.

INTRODUCTION

Recently, biodegradable aliphatic
polyesters have received great 
interest due to their eco-friendly
properties towards environment [1].
Poly(butylene succinate) (PBS),
with similar physical properties to
those of polyethylene [2], can be
quickly biodegraded in soil and by
enzymes [3], and it is easy to be
processed into various products
based on polyolefin processing
machines, such as injection, extru-
sion and blowing systems [4].
Although the application of PBS is
encouraged by governments, it is a

key issue to lower its cost while
improving its performances. As a
result, many efforts have been made
to modify the PBS-based materials,
among which blending is an effi-
cient and easy way. Up to now,
bamboo fibre [5], cellulose acetate
[6], starch [7-9], chitosan [10], 
layered silicate [11], poly(ethylene
oxide) [12] and carbon nanotube
[13] have been introduced to
enhance the performances of PBS
and reduce the cost. Obviously, the
bamboo fibre, cellulose acetate and
starch could bring down the price of 
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PBS-based materials. Besides, layered silicate
decreases the gas permeability of PBS [11], and 
carbon nanotube enhances the rigidity of PBS/CNT
nanocomposites [13]. 

Lignin, a kind of renewable, degradable, non-toxic
and low-cost particle, shows filler-characteristic
potential of being utilized in preparation of
biodegradable materials [14]. The positive aspects of
lignin as the enhancing component in the polymer
matrix are as follows: (i) reducing the cost of the
composite materials; (ii) good compatibility with 
natural or synthetic polymers due to the interaction
between numerous functional groups of lignin and
polymer matrix; and (iii) environment-friendly filler
in the biodegradable "green" blends. Currently, lignin
has been incorporated into aliphatic polyesters as a
reinforcing filler [15,16] such as polycaprolactone
(PCL) [17] and poly(l-lactic acid) (PLLA) [18]. In
our previous work, the lignosulphonate calcium (LS)
[19] as a filler was successfully incorporated 
into the PBS as a matrix in the process of melt-
mixing and compression-moulding. The resultant
blends showed higher modulus, and the cost was
decreased as expected. 

As a result, we attempted to use another commer-
cially available lignin, alkaline lignin (AL), to
enhance the rigidity of the PBS materials. The AL
was cheaper than LS, and currently had no obvious
potential in the practical application. Not only did it
reduce the cost of PBS-based materials better than LS
that AL was adopted as a filler, but made full use of
this kind of bio-resource. Though AL was less active,
it was discovered that mechanical properties of a
blend could be improved by reducing the interfacial
tension between the filler and matrix. Methylene-
diphenyl diisocyanate (MDI), a kind of coupling
agent, was highly reactive with hydroxyl to form 
urethane linkages, which had been proved to be 
effective to enhance the properties of the blends of
PLA/starch [20] and soy protein isolate/kraft lignin
[21]. In addition, the small amount of urethane link-
ages in the blend could be attacked by some fungi
[22] and absorbed by soil [23]. 

There has not been yet research report on PBS and
AL blends. In this case, we first attempted to prepare
the PBS/AL blends and adopt MDI to compatibilize
the blends, by forming the PBS-AL graft copolymer

or chemical cross-link including the components of
PBS and AL, to improve the properties of the blends
and reduce the cost of PBS-based materials. Fourier
transform infrared spectroscopy (FTIR), X-ray 
diffraction (XRD), differential scanning calorimetry
(DSC), scanning electron microscope (SEM),
swelling, tensile and water absorption tests were 
carried out to investigate the structure and properties
of the blends of PBS and AL. 

EXPERIMENTAL

Materials
The commercial poly(butylene succinate) (PBS) with
number average molecular weight (Mn) of 8.25 × 
104 Da (Mw/Mn = 1.6) was purchased from Anqing
Hexing Chemical Co., Ltd. (Anhui, China). Its 
relative density (d) was 1.26. The structure of PBS is
shown in Scheme I. Alkaline lignin (AL, powder) was
donated by the Key Laboratory of Cellulose and
Lignocellulosics Chemistry (Guangzhou Institute of
Chemistry, Chinese Academy of Sciences, China).
Methylenediphenyl diisocyanate (MDI) was supplied
by Wanhua Polyurethane Co. (Yantai, China). AL was
dehydrated under vacuum at 40°C for 12 h before
use. PBS and MDI were used as received.

Preparation of Neat PBS and PBS/AL Blend
Sheets
The blending of PBS and AL with various composi-
tions was carried out in the internal mixer
(Changzhou Suyan Science and Technology Co.,
Anhui, China). At first, two mixing rotors of the
machine were preheated to 120°C and started at the
rotating speed of 78 rpm. Then, the pre-mixture of
designed-ratio PBS and AL was added into the mixer
and mixed for 10 min to obtain a melted mixture. The
contents of AL in four mixtures were 5, 10, 20 and 30
wt%, respectively. Besides, MDI was mixed with

Scheme I. Chemical structure of poly(butylene succinate).
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PBS and AL before kneading to prepare the melted
mixture, in which the ratio of PBS and AL was kept at
4:1 by weight. The contents of MDI were 0.5, 1 and 
2 wt%, respectively. Finally, in comparison with the
properties and performances of the blends, neat PBS
was also melted under the same conditions stated
above.

The melted mixtures were compression-moulded
with 769YP-24B hot-press (Keqi High Technology
Co., Tianjin, China) as sheets at 120°C under the 
pressure of 20 MPa for 5 min, and then wind-cooled
to about 40°C for half an hour before releasing the
pressure of the mould. The dimension of the obtained
sheets with the thickness of ca. 0.20 mm was about 
70 mm × 70 mm. According to the different contents
of AL in the blends, the resultant sheets without MDI
were coded as PBS/AL-5, PBS/AL-10, PBS/AL-20
and PBS/AL-30, respectively, in which the Arabic
numerals represented the theoretical content of AL in
the PBS/AL blends. The sheets with MDI were coded
as PBS/AL-20-I, PBS/AL-20-II and PBS/AL-20-III,
where the Roman numerals represented the contents
of MDI of I (0.5), II (1) and III (2). Additionally, the
neat PBS sheet was prepared according to the above
process and coded as PBS-F.

Characterization
Fourier transform infrared spectroscopy (FTIR) of the
PBS/AL blends was recoded on a FTIR 5700 
spectrometer (Nicolet, USA). The sheets were
scanned in the range of 4000~800 cm-1 by using
Smart OMNT reflect accessories.

X-Ray diffraction (XRD) measurements were 
performed on a D/max-2500 X-ray diffractometer
(Rigaku Denki, Japan) with CuKα1 radiation (λ =
0.154 nm) in the range of 2θ = 10~50° using a fixed
time mode with a step interval of 0.02°. 

Scanning electron microscope (SEM) observation
was carried out on an X-650 scanning electron micro-
scope (Hitachi, Japan). The sheets were frozen in 
liquid nitrogen and snapped immediately. The fracture
surfaces of the sheets were sputtered with gold and
photographed.

Differential scanning calorimetry (DSC) analysis
was performed on a DSC-Q200 instrument (TA
Instruments, USA) under nitrogen atmosphere at a
heating or cooling rate of 20°C.min-1 or 10°C.min-1.

The sheets were scanned in the range of -70~150°C
after a pretreatment (heating from 20 to 100°C and
then cooling down to -70°C) to eliminate thermal 
history. 

Swelling test was used to investigate the degree of
cross-linking of the blends containing MDI. The 
specimens used were rectangular with dimensions of
about 30 mm × 10 mm × ca. 0.20 mm. First, they were
weighed to obtain the initial weight of M0. Then, the
specimens were immersed into toluene and placed
into oven which was kept at 35°C. After an interval,
the sheets were taken out, blotted with tissue paper to
remove excess surface water, and then reweighed.
Finally, the invariant weights were marked as M∞,tol.
The degree of swelling (Q) was calculated as the 
following equation:

An average value of three replicates of each 
sample was recorded.

The mechanical parameters, including tensile
strength (σb), elongation-at-break (εb), and Young's
modulus (E), of all the sheets were measured on a
CMT6503 universal testing machine (SANS,
Shenzhen, China) with a tensile rate of 10 mm.min-1

according to ISO527-3:1995(E). The sheets were cut
as the quadrate strips with a width of 10 mm, and the
distance between testing marks was 30 mm. The strips
were kept in the humidity of 0% for 7 days before
measurement. A mean value of three replicates of
each sheet was recorded.

The water absorption of the blend sheets under the
relative humidity (RH) of 98% was also studied. The
specimens used were rectangular shapes with dimen-
sions of about 30 mm × 10 mm × ca. 0.20 mm. First,
the specimens were kept in a desiccator containing
P2O5 (RH of 0) to eliminate the absorbent water. After
an interval, the sheets were taken out and weighed.
Seven days later, the invariant weights were marked
as M0. Then, the sheets were conditioned at room
temperature in another desiccator containing saturated
CuSO4 aqueous solution (RH of 98%). After an 
interval, the specimens were taken out and reweighed.
Seven days later, the invariant weights were marked
as M∞,wat. The water absorption value was calculated
by dividing the weight gain (M∞,wat-M0) by the initial
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weight (M0) [24]. An average value of three repli-
cates of each sample was recorded.

RESULTS AND DISCUSSION

Crystalline Character of the PBS/AL Blends
The XRD patterns of all the sheets and the AL
powder are shown in Figure 1. The semi-crystalline
character of neat PBS i.e., two spiculate diffraction
peaks located at 19.64° and 22.72° of 2θ, was
observed in the XRD patterns of the PBS-F as well as
in the PBS/AL blends. It could also be seen that there
were only peaks with quite low intensity at 31.68°
and 45.45° of the powder of AL, which appeared in
the blends with high AL (above 10%) content as well.
The XRD patterns showed that AL existed in an
amorphous state. The peaks assigned to AL in the
blends indicated that AL aggregated. Meanwhile, the
intensities of these peaks assigned to PBS attenuate
with higher AL content. On the one hand, it was due
to the lowering of PBS content. On the other hand, it
was caused by the existence of AL that inhibited the 

Figure 1. XRD Patterns of PBS/AL sheets with various AL
and MDI contents. 

crystallization of PBS matrix in accordance with the
result of IR, which could be further confirmed by the
results of DSC. Besides, the peaks of the blends with
MDI were similar to those of the blend of PBS/AL-
20, even no obvious change in intensity was
observed. 

As shown in Figure 2, the characteristic absorp-
tions of PBS were found at 2958 cm-1 belonged to 
C-H absorption of CH2 groups, and 1712.51 cm-1

assigned to ester carbonyl groups. It was worth 
noting that there was a weak absorption near 
3500 cm-1 assigned to chain-end hydroxyl groups of
PBS. It could also be found that all the blends showed
comparable absorption of ester carbonyl groups in
spite of different contents of AL. As it is already
known, the transformations of crystalline domain and
amorphous region were a kind of essential change in 

Figure 2. ATR-FTIR Spectra of PBS/AL sheets with various
AL and MDI contents as well as curve-fitted spectra of 
neat PBS-F in the range of 1600-1800 cm-1 as reference 
(experimental curve; ..... -C=O in crystalline domain; -.-.

C=O in amorphous region).
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the blends, which more or less affected the structure
and properties of materials. In this case, the compara-
ble spectra from 1600 cm-1 to 1800 cm-1 of all the
PBS-F and PBS/AL sheets without or with MDI were
divided into two peaks by curve-fitting (Figure 2), i.e.
peak I located at 1715-1717 cm-1 and peak II located
at 1733-1736 cm-1 [25,26]. The former was due to the
absorption of ester carbonyl groups stretching in crys-
talline domain for PBS matrix, while the latter was
due to the amorphous region, involving the 
interface layer between PBS chains and the AL
particles. Table 1 summarizes the exact location and
fraction of peaks I and II for all the PBS/AL blends
and neat PBS-F. Compared with the neat PBS-F
(65.1%), with the increase of AL content, the 
percentage of the absorption of ester carbonyl groups
in crystalline domain of the blends without 
MDI decreased from 60.8 to 53.9%, while that in
amorphous region increased evenly. Apparently, it
indicated that the introduction of AL inhibited the
crystallization of PBS matrix. Compared with the
blend of PBS/AL-20 (57.8%), the percentage of peak
I in the blends with MDI decreased. This might be
caused by the cross-linking of PBS and AL, which
inhibited the crystallization of PBS matrix [5].

Thermal Properties of the PBS/AL Blends
Differential scanning calorimetry (DSC) was used to
further understand the differences of interactions and

crystallization in the PBS/AL blends by observing the
variances of domain-scale glass transition, and 
melting transition of crystalline domains assigned to
the PBS component, respectively. Figure 3 shows the
DSC thermograms of the neat PBS-F and PBS/AL
sheets and Table 2 summarizes the glass transition
temperature at midpoint (Tg,mid), the melting 
temperature (Tm) and heat enthalpy of the blends
(ΔHm) as well as the degree of crystallinity of PBS
component (XC). The crystallinity of the PBS 
component was calculated by knowing the theoretical
value of ΔHm for 100% crystalline PBS, which was
taken as 110.3 J/g [27] on the basis of the group 
contribution method proposed by Van Krevelen [28].
The interactions between the AL and PBS matrix
would affect the free motion of the PBS chains, which
itself affects the Tg and Tm values of the blends.
Following the increases in AL content, it appeared
that overall, Tg,mid increased from -35.4 to -33.2°C
while Tm decreased from 113.9 to 110.2°C.
Furthermore, compared with the XC of neat PBS-F
with 63.3%, all the blends show lower XC values,
decreasing from 53.4 to 48.7% with increased AL
content from 5 to 30 wt%, which suggest that the AL
has destroyed the crystallization process of PBS. The
higher Tg indicated that the motion of PBS chains was
hindered by AL. The change in structure of the mate-
rials would affect their mechanical performances.
Additionally, both the blends of PBS/AL-20-I and 
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Table 1. Location and fraction of curve-fitting peaks for the absorption of ester carbonyl groups in the FTIR
spectra of the PBS/AL blends containing various AL and MDI contents. 

Sample

Ester carbonyl groups

Peak I Peak II

Location (cm-1) Fraction (%) Location (cm-1) Fraction (%)

PBS-F
PBS/AL-5
PBS/AL-10
PBS/AL-20
PBS/AL-30
PBS/AL-20-I
PBS/AL-20-II
PBS/AL-20-III

1715.7
1715.9
1716.4
1715.7
1715.9
1715.7
1715.7
1715.9

65.1
60.8
59.2
57.8
53.9
55.8
55.3
54.4

1735.7
1735.2
1734.8
1734.4
1733.5
1734.4
1734.6
1734.4

34.9
39.2
40.8
42.2
46.1
44.3
44.7
45.6

Peak I: -C=O in crystalline domain; peak II: -C=O in amorphous region.



Figure 3. DSC Thermograms of PBS/AL sheets with vari-
ous AL and MDI contents.

PBS/AL-20-III show higher Tg and lower XC than
those of PBS/AL-20. It is worth noting that the blend
of PBS/AL-20-II shows lower Tg than that of
PBS/AL-20 in spite of lower XC. The change in XC is

in accordance with FTIR analysis, indicating that the
crystallization of PBS is weakened. Besides, it could
be inferred, from the change in Tg, that moderate
amount of MDI (1 wt%) must result in good disper-
sion of AL in PBS matrix by forming moderate cross-
linking between PBS and AL which lowers  Tg. An
amount of 0.5 wt% is insufficient and 2 wt% might
cause higher cross-linking including PBS-AL copoly-
mer and the component of PBS and AL themselves as
shown in Scheme II, both of which can restrict the
motion of PBS chains. 

Fractured Morphologies of the PBS/AL Blends
SEM Images of the fracture surfaces of neat PBS-F
and PBS/AL sheets are shown in Figure 4. Compared
with the fractured morphologies of the PBS-F that
was smooth, the fractured surfaces of the PBS/AL
blends became rough. Meanwhile, it could be seen
that the fractured morphologies of PBS/AL blends
added with MDI were more similar with that of neat
PBS-F than those of PBS/AL blends without MDI,
which indicated that the addition of MDI improved
the interfacial adhesion between AL and PBS matrix.
The improved adhesion might be due to the compati-
ble effect of graft copolymer with MDI, which could
be produced through chemical reactions between the
hydroxyl groups of polymer and AL under kneading
conditions of 120°C [20,29]. On the one hand, MDI
could react with the hydroxyl groups on both PBS and
AL. On the other hand, PBS would undergo depoly-
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Sample Tg,mid

(°C)
Tm

(°C)
ΔHm

(J.g-1)
Xc

(%)

PBS-F
PBS/AL-5
PBS/AL-10
PBS/AL-20
PBS/AL-30
PBS/AL-20-I
PBS/AL-20-II
PBS/AL-20-III

-35.4
-33.7
-33.1
-32.8
-33.2
-32.4
-36.0
-32.3

113.9
113.5
113.6
112.7
110.8
113.2
112.2
113.3

69.9
55.9
49.0
42.8
37.6
40.7
39.8
38.5

63.3
53.4
49.4
48.5
48.7
46.2
45.1
43.6

Table 2. Glass transition temperature at midpoint (Tg,mid), melting temperature (Tm) and
heat enthalpy (ΔHm) of the PBS/AL blends and the crystallinity degree of PBS compo-
nent (XC) from DSC thermograms.

XC = ΔHm/(ΔHm,100% × wt); XC: crystallinity; ΔHm: enthalpy of the blend of PBS/AL; ΔHm,100%:
enthalpy of 100% crystalline PBS; wt: weight content of PBS in the blend. 



merization during the mixing process at 120°C for 10
min at 78 rpm, which would produce more hydroxyl
groups [29], and thus promoted the cross-linking
process. This suggested that the properties of the
PBS/AL blends with MDI were different from the
PBS/AL blends without MDI [20,21].

Swelling Test of the PBS/AL Blends Containing
MDI
When MDI was added into the blend of PBS/AL,
cross-linking reaction would take place during the
kneading process at 120°C. The values of the degree
of swelling (Q) of PBS/AL-20-I, PBS/AL-20-II and
PBS/AL-20-III by swelling test were 4.2±0.2%,
3.8±0.1% and 3.5±0.1%, in the given order. It was
found that the value of Q decreased with the increase
of MDI content, which indicated that the degree of
cross-linking was boosted when more MDI was
added. The change in degree of cross-linking would
affect the properties of the blend.

Mechanical Properties of the PBS/AL Blends
The effect of various AL contents on the mechanical
properties of PBS/AL sheets was depicted in Figure
5a. With the increase of AL content, the Young's 
modulus (E) increased much from 518.33 to 
801.41 MPa while the tensile strength (εb) and the
elongation-at-break (σb) decreased from 43.64 to
21.17 MPa and from 18.17 to 4.07%, respectively. As
it is clearly known, AL particles possess high rigidity.
Therefore, the rigidity of the blends added with AL
was enhanced. However, the interfacial adhesion
between the AL and PBS is weak, therefore the 
elongation-at-break and tensile strength are
decreased. This is a general phenomenon in 
incompatible composites with different characteris-
tics, such as hydrophobicity of the polymer matrix
and hydrophilicity of the filler [5,7,17,18].
Additionally, the lower crystallinity of PBS in the
blends would contribute to the lowering of tensile
strength.

Structure and Properties of Alkaline Lignin-filled ...Fan D et al.

Iranian Polymer Journal / Volume 20 Number 1 (2011) 9

Scheme II. Possible molecular structures in the compatibilized system added with MDI.
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Figure 4. SEM Images of fractured surface of the sheets of neat PBS-F (a), PBS/AL-5 (b), PBS/AL-10
(c), PBS/AL-20 (d), PBS/AL-30 (e), PBS/AL-I (f), PBS/AL-II (g) and PBS/AL-III (h).



Figure 5. Effects of AL (a) and MDI (b) contents on tensile
strength (σb), elongation-at-break (εb) and Young's modulus
(E) of the PBS/AL sheets.

When the MDI was added into the blends with the
4:1 ratio of PBS and AL, both the Young's modulus
and tensile strength were improved while the 
elongation-at-break showed almost no change, which
is depicted in Figure 5b. As MDI was added into the

blends of PBS and AL, the interfacial adhesion
between the AL and PBS matrix was improved,
resulting in simultaneous increase of Young's 
modulus and tensile strength and almost no decrease
of elongation-at-break despite of lower crystalliza-
tion. This result could also be found in other 
composites, such as PBS/bamboo fibre [5],
PLA/starch [20] and soy protein isolate/kraft lignin
[21]. The blends containing 1 wt% MDI also showed
best performance, 1.23 times of tensile strength and
1.38 times of Young's modulus of the blend without
MDI. The above result could be explained by the fact
that 1 wt% MDI led to moderate cross-linking
between PBS and AL. A very low loading of 1 wt%
was not enough; a too high loading of 2 wt% caused
higher cross-linking, verified by the swelling test,
including PBS-AL copolymer and PBS and AL
themselves, which did harm the tensile strength. The
best loading level was 1 wt% for PBS/AL-20 blend.
This result was in accordance with that of DSC. 

Water Absorption of the PBS/AL Blends
The diffusion of water was strongly influenced by
microstructures of the blends, which affected gas,
water and solute permeability [9]. The equilibrium
water absorption of sheets without MDI and the neat
PBS-F under the relative humidity (RH) of 98% is
plotted in Figure 6a. When the test sheets were perme-
ated by the evaporation of water, the low 
freedom of motion of PBS chains and the crystalline
region could restrict the swelling of the material and
hence reject further permeation of water vapour,
which showed much lower water absorption of about
1.1%. In contrast to neat PBS-F, the water absorption
of blends increased as the AL content increased from
1.9 to 6.8%, which was the result of hydrophilic 
particles [20,29]. The increase in water absorption
would accelerate the degradable velocity of the blends
and shorten the rate of decomposition of the materials 
[20]. Furthermore, the sheets added with MDI showed
lower water absorption than that without MDI as
shown in Figure 6b. That could be caused by the
improved interfacial adhesion between PBS and AL
due to the coupling effect of MDI [20,29]. The 
reaction of MDI with the hydroxyl groups of PBS 
and AL resulted in less hydrophilicity, making the
absorption of water difficult. Additionally, the blend
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Figure 6. Effects of AL (a) and MDI (b) contents on water
absorption of the PBS/AL sheets under a relatively humidity
(RH) of 98%.

containing 1 wt% MDI possessed the lowest water
absorption (4.6%), which was the same trend with the
tensile strength and Young's modulus. A very low
level of 1 wt% loading was not enough; and too high

loading of 2 wt% introduced excess MDI with 
N-H bond which in the contrary improved the water
absorption.

CONCLUSION

Alkaline lignin, a kind of cheap natural polymer 
particle, was incorporated into the poly(butylene 
succinate) (PBS) as a matrix to produce new blended
materials with high performances and low cost. FTIR,
XRD and DSC measurements showed that the 
addition of AL inhibited the crystallization of PBS.
The images of SEM showed that the interfacial 
adhesion between PBS and AL was improved by the
addition of methylenediphenyl diisocyanate (MDI).
Swelling test verified that more MDI caused higher
degree of cross-linking. The rigidity of the blends of
PBS/AL was gradually enhanced with increases in AL
content, while tensile strength and the elongation-at-
break decreased. Meanwhile, it was the same trend
about the water absorption of the blends. Furthermore,
MDI was proved effective to improve the tensile
strength and Young's modulus and reduced the water
absorption.
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