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a b s t r a c t

The high values of recycled acrylonitrile-butadiene-styrene plastics (rABS) have drawn wide attentions
and research interests. Herein, the renovation of molecular chains and phase interface of rABS was
successfully achieved through simple melt-blending modification, in which the in-situ chain extension
reaction was conducted between rABS and pyromellitic dianhydride (PMDA). PMDA acted as a chain
extender with hydroxyl units. The modified rABS were characterized by Fourier transform infrared
spectroscopy (FTIR), gel permeation chromatography (GPC), mechanical properties testing, scanning
electron microscopy (SEM), and dynamic mechanical analysis (DMA). The results indicated that
compared with rABS, the molecular weight, impact strength, tensile strength, storage modulus and loss
modulus of modified rABS were apparently improved. Especially, when PMDA content was 0.9 wt%, the
notch impact strength reached 15.9 kJ/m2, which was 140% higher than that of rABS. Besides, the
interface between polybutadiene (PB) phase and styrene-acrylonitril copolymer (SAN) phase was blurred
and the compatibility between two phases became better. The aforementioned results revealed that rABS
has been achieved with high-value recycling usage.

© 2017 Published by Elsevier Ltd.
1. Introduction

Acrylonitrile-butadiene-styrene (ABS) is a thermoplastic poly-
mer formed by reaction among the acrylonitrile (A), butadiene (B)
and styrene (S) [1]. Over the past few decades, ABS resin has been
widely used in various fields such as electronics, automobiles,
building materials and other industries [2] because of its excellent
comprehensive performance, convenient processing and molding
[3]. However, the aforementioned usages increasingly produced a
large number of wasted ABS plastics [4]. Some traditional waste
plastics processing methods, such as incineration and landfill, can
o10@utk.edu (Z. Guo).
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cause serious environmental pollution and waste of resources
[5e9]. Therefore, high value recycling of waste plastics is becoming
urgently important [10,11].

During the processing and using processes, certain degradation
of ABS resins decreased both molecular weight and mechanical
properties because the carbon-carbon double bonds in the buta-
diene (B) phase were broken and produced oxygen containing
groups such as carbonyl and hydroxyl, which could cause two-
phase separation and poor compatibility in the polymer matrix
[12e17]. In the conventional regeneration method, the recycled
ABS resins achieved high-value recycling usage through adding a
large number of polymer additives such as styrene-ethylene/
butylenes-styrene (SEBS) and polyamide (PA) with high strength
or high toughness [18e20]. These modifiers could only improve
certain performances such as toughness, while led to the loss of
material strength [19]. Meanwhile, a lower dosage of modifier had
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Table 1
Compounding formulations of various rABS/PMDA ratios.

Ingredient Blends

No.1 No.2 No.3 No.4 No.5 No.6

rABS 100 100 100 100 100 100
PMDA(wt%) 0 0.3 0.6 0.9 1.2 1.5
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difficulty to give a significant improvement on the mechanical
properties of ABS resins, however, a higher loading would cause
high cost. More importantly, the physical blending could not ach-
ieve the renovation of molecular chains of rABS. Therefore, covalent
modification of rABS resin is meaningful for the improvement of
both molecular weight and mechanical properties.

Previous studies on the chain extension of rABS were focused on
the carboxyl groups produced by the degradation of ABS, and the
carboxyl type chain extenders such as epoxy resin [12] and oxa-
zoline [21] were added. Pyromellitic dianhydride (PMDA) as a
repair agent is a new type of chain extender. Up to now, PMDAwas
mainly used in the research of polyethylene terephthalate (PET)
chain extension modification. The reaction between anhydride
groups in PMDA and hydroxyl groups in PET resulted in the for-
mation of ester groups, therefore, the PET molecular chains were
connected by PMDA [22]. The research results showed that PMDA
had some good effects on the chain extension of PET, for example,
the length of molecular chains was increased, however, the vis-
cosity was also increased [23,24]. Besides, Meng et al. found that
the thermal degradation temperature of polylactide/clay nano-
composites was increased with the addition of PMDA since the
polylactide in the clay nanocomposites was chain extended by
PMDA, and themolecular chains of polylactide were increased with
the addition of PMDA [25]. Although the hydroxyl groups can be
produced in the degradation process of ABS and have potential to
be usedwith PMDA for chain extension, themodification of rABS by
PMDA has not been reported yet.

In this work, pyromellitic dianhydride (PMDA) was used as a
chain extender with hydroxyl units to covalently modify rABS resin
through a simple melt-blending process. The reparation effects of
PMDA on rABS were studied in terms of chemical structure, mo-
lecular weight, mechanical properties, morphology and dynamic
mechanical properties via Fourier transform infrared spectroscopy
(FTIR), gel permeation chromatography (GPC), mechanical proper-
ties testing, scanning electron microscopy (SEM), and dynamic
mechanical analysis (DMA). The renovation of molecular chains and
phase interface of rABS was achieved and the renovation mecha-
nisms were proposed as well.

2. Experimental

2.1. Materials

rABS was provided by Shundexin Environmental Protection
Resources Utilization (Foshan, China). The chain extender PMDA
(yellowish solid powder, melting point: 286 �C) was purchased
from Hubei Kangbaotai Chemical Product Co. Ltd (Hubei, China).
Tetrahydrofuran (THF) was provided by Tianjin kwangfu Fine
Chemical Industry Research Institute. All the chemicals were used
as received without any further treatments.

2.2. Preparation of PMDA/rABS composites

The samples were dried in a vacuum oven at 80 �C for rABS and
40 �C for PMDA for a period of 8 h before extrusion. And then rABS/
PMDA was blended in an internal mixer (model XSM-1/70,
Shanghai KCCK Co. Ltd., China) with a rotor speed of 60 rpm and
at 180 �C. The reactive extrusion of the blends was carried out
through a co-rotating twin-screw extruder containing gas bents
and a vacuum system (SHJ-36, Chengmeng Equipment Co. Ltd,
Nanjing, China). The accurate formulations are summarized in
Table 1. The working temperature of extruder was kept in the range
of 210e230 �C with a rotating speed of 75 rpm. Then the blends
were injection molded through an injection-molding machine
(JH600, Weidaliyuan Machinery Co. Ltd, Zhangjiagang, China). The
temperature of injection-molding machine was kept in the range of
220e230 �C. The specimen with different shapes (dumbbell for
tensile test; and rectangle for DMA test and notched rectangle for
impact test) were obtained from the injection-molding. The notch
for the injected molded rectangular sample was prepared by Notch
Sampling Machine (Model: JC-3004, Jiangdu Jingcheng Testing In-
strument Co., Ltd.).

2.3. Characterizations

2.3.1. Fourier transform infrared spectroscopy (FT-IR)
The spectra of the rABS and rABS/PMDA samples were recorded

on a Bruker Tensor 27 spectrometer (Bruker Optik GmbH, Madrid,
Spain) in the range from 500 to 4000 cm�1 with a resolution of
4 cm�1. All the samples were vacuum dried at 80 �C for 8 h before
testing. Then, dry KBr was used to press the sample. The quantity
ratio of KBr and sample was about 100:1.

2.3.2. Gel permeation chromatography (GPC)
The rABS and chain-extended rABS were grounded to powders

(about 1.5 mg), and then dissolved in 1 mL THF, respectively. The
solutions obtained were injected at a flow rate of 1 mL/min into a
gel permeation chromatography instrument (Waters 515, Waters
Corporation, Milford, USA) for test after 12 h at 25 �C.

2.3.3. Mechanical properties
Dumbbell shaped specimens of the rABS and chain-extended

rABS were prepared for tensile testing. The tensile testing was
performed at room temperature according to GB/T1040-92 using a
universal testing machine (SANS CMT6104, Xinsansi Material
Detection Co. Ltd, Shenzhen, China). The crosshead speed was
50 mm/min. The notch impact strength was tested by Izod impact
tester (XJU-22, Chengde Precision Tester Co. Ltd, Chengde, China)
according to GB/T184-89. The range of impact strength of rABS
plastic used in this experiment was approximate between 5 and
20 kJ/m2. The cross-section area of the specimen used in this
experiment was 32 mm [2]. Thus, the absorbed energy was at
0.16e0.64 J. Finally, the test hammer with an energy of 1 J was
selected for the test. The ultimate tensile strength, elongation at
break and impact strength were averaged over at least five
specimens.

2.3.4. Scanning electron microscopy (SEM)
The morphologies of the fracture surface of rABS and chain-

extended rABS were examined by a Focused Ion Beam Scanning
Electron Microscope (DB235, FEI Co. Ltd, Hillsboro, USA). The
scanning voltage was 5 kV. The cross-section of dumbbell shaped
specimens was gold-coated prior to the observations for better
imaging.

2.3.5. Dynamic mechanical analysis (DMA)
The dynamic mechanical properties of rABS and chain-extended

rABS were measured using dynamic mechanical analyzer
(DMA800, Perkin Elmer Corporation, Waltham Massachusetts,
USA) at a strain of 0.01% and a frequency of 1 Hz. Small tension-
molded samples with dimensions of 9 � 4 � 2 mm were used for



Fig. 1. The FT-IR spectra of rABS and PMDA/rABS, inset is the amplified part of the peak
at 1735 cm�1.
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testing in a temperature range from�100 to 120 �C and at a heating
rate of 3 �C/min.
3. Results and discussion

3.1. FTIR spectroscopy analysis

Fig. 1 shows the FT-IR spectrum of rABS. The observed strong
peak at 3450 cm�1 was ascribed to the vibrational absorption of
hydroxyl groups [26]. However, the hydroxyl peak in the
PMDA(0.9 wt%)/rABS composites was weakened obviously, indi-
cating that the hydroxyl groups were consumed by the anhydride
functional groups during the chain-extension reaction. Similarly,
the peak at 1735 cm�1 arising from the vibrational absorption of
Scheme 1. Mechanism of the chain extension reactio

Scheme 2. Mechanism of the chain extension reactio
carbonyl ester groups [27] in the PMDA(0.9 wt%)/rABS composites
was apparently stronger than that of the rABS resin. The resultant
increased content of ester carbonyl indicated that the chain reac-
tion between PMDA and rABS occurred. The reaction mechanisms
of the ester formation are shown in Scheme 1 to Scheme 4 (The
working temperature was kept in the range of 210e230 �C).
Scheme 1 and Scheme 2 are coupled reactions. Scheme 3 and
Scheme 4 are branching reaction. All of the possible reactions
involve the ester formation, consistent with the results of infrared
analysis. Similar reactions have been observed in the recently re-
ported polymer composites [28e30].

3.2. Molecular weight

The molecular weight and molecular weight distribution of
rABS, PMDA (0.9 wt%)/rABS and new ABS are showed in Table 2.
Compared with rABS, the number-average molecular weight (Mn)
and weight-average molecular weight (Mw) of PMDA (0.9 wt
%)/rABS are increased by 134% and 33%, respectively, while poly-
dispersity decreases from 5.35 to 3.03, which are closer to the
values of new ABS (2.79, Table 2). The aforementioned results
sufficiently indicate that the chain extension reaction between
PMDA and rABS occurred, thus more brokenmolecular chains were
connected and then effectively increased the molecular weight.

3.3. Mechanical properties

Fig. 2 shows the influence of PMDA content on the impact
strength and tensile strength of rABS. Clearly, with the increase of
PMDA, the impact strength and tensile strength of ABS are signif-
icantly increased. Especially, when the content of PMDA is 0.9 wt%,
the impact strength of chain-extended rABS reaches the maximum
of 15.9 kJ/m2, which is 140% higher than that of rABS (6.7 kJ/m2,
Fig. 2). This is probably because the increased PMDA content pro-
moted more chain extension reaction and improved the molecular
weight of rABS. During the chain-extended reparation, the increase
n between rABS and PMDA (coupled reaction).

n between rABS and PMDA (coupled reaction).



Scheme 3. Mechanism of the chain extension reaction between rABS and PMDA (branching reaction).

Scheme 4. Mechanism of the chain extension reaction between rABS and PMDA (branching reaction).

Table 2
Molecular weight and molecular weight distribution of polymer.

Specimen Mn (g/mol) Mw (g/mol) Mw/Mn

rABS 8937 47830 5.35
PMDA(0.9 wt%)/rABS 20885 63268 3.03
ABS 22578 63042 2.79

Fig. 2. Notch impact strengths and tensile strengths of the PMDA/rABS.
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of entanglements between the molecular chains will enhance the
elastic contraction of the molecular chains and prohibit the mole-
cules to slip. Therefore, with the impact of high speed load, the
stress can be transmitted quickly, the ability to absorb the impact
energy can be improved, so that the impact strength is increased
and reaches the maximum [31]. Meanwhile, under the action of
static load, the yield capacity of molecular chains in the load di-
rection is increased. It is not easy to deform when the static load is
applied, leading to an increased tensile strength.

Fig. 3 shows the influence of PMDA content on the elongation at
break of rABS. The elongation at break is increasing with increasing
the PMDA, illustrating that the increase of molecular chains brings
more flexibility to the resin matrix. The elongation at break reflects
the ability of large deformation of a material and is related to the
strength of entire molecular chains and the ability of the molecular
chain to move [32]. The impact strength and the elongation at
break together characterize the toughness [33]. When the content
of PMDA is 0.9 wt%, both the strength and elongation at break reach
the maximum, its toughness is the highest.
3.4. Morphology of the fracture surface

Fig. 4 shows the morphology of the fractured surfaces of rABS
and PMDA (0.9 wt%)/rABS. Many bare PB particles and holes left by
PB particles [34] are obviously observed in the fractured surfaces of
rABS (Fig. 4a), indicating that the interface separation between PB
phase and SAN phase is obvious. When subjected to external forces,
the flaws of rABS will be extended along the phase interface and
break the materials, thus the impact strength is reduced. Compared
with rABS, the fractured interfaces of PMDA (0.9 wt%)/rABS with
fibrillar structure [35] become more blurred (Fig. 4b), indicating
that the renovation of molecular chains obviously improves the
interface binding force between PB phase and SAN phase and
achieves the phase interface reparation. This is probably because
the broken PB was effectively repaired by PMDA and the PB-g-SAN
grafting was also successfully repaired through the chain-extended
reaction between PMDA and rABS. The results of SEM show that the
fracture mode of rABS changes from brittle fracture (Fig. 4a) to
ductile fracture [36], (Fig. 4b) which is consistent with the test re-
sults of impact strength (Fig. 2).

3.5. Dynamic mechanical analysis

With the change of temperature and time, polymers will show
both viscosity and elasticity. The storage modulus, loss modulus
and glass transition temperature (Tg) of the material can be



Fig. 3. Elongation at break of the PMDA/rABS with different PMA loadings.
Fig. 5. Storage modulus (E0) curves of rABS and PMDA (0.9 wt%)/rABS.
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obtained byDMA test. The storagemodulus indicates the ability of a
material to store elastic deformation energy. The loss modulus
describes the energy dissipation of a material when it is deformed
and it is a measure of energy loss [37]. The storage modulus curves
of rABS and PMDA(0.9 wt%)/rABS vs temperature are plotted in
Fig. 5. Owing to the energy dissipation, the storage modulus for the
rABS and PMDA(0.9 wt%)/rABS is decreased with increasing the
temperature. Compared with rABS, the storage modulus of PMDA/
rABS is increased. From the point of molecular structure, the
chemical bonding force of polymer molecules and the hydrogen
bonds gives the polymer the ability to resist external forces [38].
After the chain-extended reaction, the molecular chains of rABS
fracture are repaired and more chemical bonds are formed, there-
fore, the storage modulus increases.

Fig. 6 shows the curves of loss modulus of rABS and PMDA
(0.9 wt%)/rABS vs the temperature. The peak in the low-
temperature area (a) corresponds to the Tg of PB and the peak in
the high-temperature area (b) corresponds to the Tg of SAN. Table 3
lists the Tg obtained from two peaks of loss modulus curve.
Compared with rABS, the Tg of PB phase after chain extension was
obviously increased, while the Tg of SAN phase almost kept con-
stant. This is ascribed to the fact that the chain extender PMDA
connects the broken PB, causing the molecular weight increased,
and thus the molecular chain motion is more difficult and requires
more energy, which causes the increased Tg [39]. Since there is no
Fig. 4. SEM images of rABS and PMDA/rABS:
hydroxyl groups on SAN, it does not react with PMDA, and the Tg is
almost unchanged. Besides, after extension with only 0.9 wt%
PMDA, the Tg (�72.60 �C) of PB phase and the Tg (99.84 �C) of SAN
phase are much closer than that (�76.73 �C) of PB phase and
(100.09 �C) of SAN phase of rABS, this proves that the compatibility
between PB and SAN is better [40]. And this is consistent with the
observations of SEM (Fig. 4).
4. Conclusions

The renovation of molecular chain and phase interface of rABS
was achieved through in situ chain extension reaction between
rABS and PMDA. Compared with rABS, the mechanical properties of
PMDA/rABS were obviously improved. Notably, when the PMDA
content was 0.9 wt%, the notch impact strength reached 15.9 kJ/m2,
which was 140% higher than that of rABS. FT-IR and GPC test
indicated that PMDA had an obvious chain extension effect on rABS,
the molecular weight of PMDA/rABS was increased obviously and
the molecular chainwas repaired. The DMA test results proved that
the storage modulus and loss modulus of PMDA/rABS blends were
significantly higher than those of rABS, and the compatibility be-
tween PB and SAN was improved. The morphology of the fractured
surface showed that the interface between PB phase and SAN phase
was blurred and the fibrillar structure was observed, which indi-
cated that the phase interface was repaired. This study provides a
(a) rABS; and (b) PMDA(0.9 wt%)/rABS.



Fig. 6. Loss modulus (E00) curves of rABS and PMDA (0.9 wt%)/rABS (a) low-
temperature zone (PB); (b) high-temperature zone (SAN).

Table 3
Glass transition temperatures of R- ABS and PMDA/rABS via DMA.

Specimen Tg(�C)

PB SAN

rABS �76.73 100.09
PMDA(0.9 wt%)/rABS �72.60 99.84
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way to expand the usage of recycled plastics for multifunctional
nanocomposites preparation with various fillers and different
hosting polymer matrix [41e49].
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