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ABSTRACT: Poly(butylene succinate-co-butylene adipate) (PBSA)/graphene oxide (GO) nanocomposites were synthesized via in situ

polymerization for the first time. Atomic force microscopy demonstrated the achievement of a single layer of GO, and transmission

electron microscopy proved the homogeneous distribution of GO in the PBSA matrix. Fourier transform infrared spectroscopy results

showed the successful grafting of PBSA chains onto GO. With the incorporation of 1 wt % GO, the tensile strength and flexural mod-

ulus of the PBSA were enhanced by 50 and 27%, respectively. The thermal properties characterized by differential scanning calorime-

try and thermogravimetric analysis showed increases in the melting temperatures, crystallization temperatures, and thermal stability.
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INTRODUCTION

In recent years, biodegradable plastics have attracted great atten-

tion because the environmental problems caused by plastics

have become more and more serious. Poly(butylene succinate-

co-butylene adipate) (PBSA; with 20 mol % butylene adipate),

with the trademark BIONOLLE, is a random copolyester of

1,4-butanediol, succinic acid, and adipic acid, has a greater

impact strength and is more susceptible to biodegradation than

other commercial biodegradable plastics, such as poly(lactic

acid) (PLA) and poly(butylene succinate) (PBS).1–3

However, the flexible chains of PBSA result in the deficiency of

other performances; for example, it has a low hardness, slow

crystallization rate, and low thermal stability, the values of

which are often not sufficient for a wide range of end-use appli-

cations.4,5 Therefore, methods for improving its intrinsic prop-

erties to achieve more requirements have attracted much

technological and commercial interest. Among these methods,

the introduction of inorganic nanofillers, such as montmorillon-

ite, organoclay, and carbon nanotubes, has been shown to

have a remarkable influence on the performance of the nano-

composites.6–10

As nanofillers, graphene nanosheets (GNSs) and graphene oxide

(GO) have drawn tremendous attention over the years.

Compared to the virgin biodegradable polymers, GNS- and

GO-based nanocomposites have significantly improved mechan-

ical performance and thermal stability.11–13 Wang et al.14

increased the tensile strength of PBS by 21% and the storage

modulus by 24% at a 2 wt % GNS loading, and the thermal

stability of the nanocomposite was also enhanced. Increases of

51% in Young’s modulus and 91% in the tensile strength of chi-

tosan incorporating 1 wt % GO were achieved by Pan et al.15

Cao et al.16 raised the Young’s modulus of PLA by 18% with

the addition of only 0.2 wt % reduced GO. Pinto et al.17 also

showed improvements in the mechanical properties of PLA

incorporated with very small loadings of GNSs or GO. Yoon

et al.’s18 results showed a two- to three-fold increase in the ten-

sile modulus of poly(lactic-co-glycolic acid)/GO composite films

compared to that of a poly(lactic-co-glycolic acid) film. Apart

from the improved properties arising from the addition of

GNSs or GO to biodegradable polymers, the corresponding

nanocomposites retained biodegradability. One of the other

advantages of GNS- or GO-based nanocomposite technology is

that there is generally a significant improvement in the biocom-

patibility of the nanocomposites.19,20 Some of the findings indi-

cate that biodegradable nanocomposites embedded with GNSs

or GO are attractive candidates for use in biomedical

applications.

Compared to GNSs, GO can be easily prepared, and it can pro-

mote the dispersion of GNSs in the polymer matrix. Addition-

ally, hydroxyl, epoxide, and carboxyl functional side groups on

the surface of GO can improve the interfacial bonding between
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the GO and the polymers. What is more, among the three main

techniques used for the preparation of GO-based biodegradable

nanocomposites, including solution-based processing, melt

intercalation, and in situ polymerization, the last technique is

attractive because it can guarantee both the dispersion and the

interfacial bonding. Hence, in this study, we synthesized nano-

composites of PBSA and GO via in situ polymerization. Such

nanocomposites have achieved a nanoscale homogeneous

dispersion of GO and strong interfacial interaction between GO

and PBSA matrix, nd we further characterized the morphology,

molecular weight, and mechanical and thermal properties the

nanocomposites.

EXPERIMENTAL

Materials

Graphite powder, with an average particle size of 1 mm and a

purity greater than 99%, was purchased from Alfa Aesar.

Succinic acid (�99%), adipic acid (�99%), 1,4-butanediol

(99%), and titanium butoxide (�98%) were obtained from

Aladdin Reagent Co., Ltd. (Shanghai, China). Nitric acid

(HNO3, 65%), sulfuric acid (H2SO4, 98%), potassium perman-

ganate (KMnO4), hydrogen peroxide (H2O2, 30%), and other

chemical reagents were purchased from Sinopharm Chemical

Reagent Beijing Co. (Beijing, China). All materials were used

without further purification.

Preparation of GO and Poly(butylene succinate-co-butylene

adipate)/Graphene Oxide (PG) Nanocomposites

Graphite oxide was prepared from graphite powder according

to the method described by Hummers and Richard.21 First, 5 g

of graphite powder was put into a 500-mL flask containing

33 mL of HNO3 and 200 mL of H2SO4. Then it was stirred for

30 min in an ice bath, and we added 30 g of KMnO4. The solu-

tion temperature was raised gradually to 40�C and maintained

there for 30 min. After that, the excess KMnO4 was removed by

treatment with H2O2 and washed several times with distilled

water until a pH of 6 or greater was reached. Last, the graphite

oxide was obtained by centrifugation at 10,000 rpm for 20 min

and dried in vacuo at 50�C for 3 days.

A typical procedure for preparing PG nanocomposites with a

0.2 wt % GO content is depicted as follows: 0.2 g of graphite

oxide, 50 mL of water, and 54 g (0.6 mol) of 1,4-butanediol

were loaded into a 500-mL, four-necked, round-bottom flask,

and the mixture was sonicated at 60�C for 2 h to obtain a

homogeneous solution of GO; this was followed by the addition

of 47.2 g (0.4 mol) of succinic acid, 14.6 g (0.1 mol) of adipic

acid, and 0.034 g (0.0001 mol) of titanium butoxide. After the

flask was equipped with a mechanical stirrer and an N2 inlet,

the mixture was heated to 180�C and maintained there for 3 h.

Then polycondensation was done at 220�C under a reduced

pressure of 10 Torr for 4 h. Finally, the polymerization led to

the in situ formation of the PBSA matrix, which was accompa-

nied by the nanoscale exfoliation of GO and its gradual disper-

sion. Before the final products were cooled down in the flask,

they were directly pulled out and stored in a vacuum oven.

According to their weight percentage of GO, the PG nanocom-

posites were labeled PG-0.2, PG-0.5, and PG-1, respectively.

Pure PBSA without GO was prepared with the same procedures

and used as a control.

To investigate the interactions between PBSA and the GO

surface, successive centrifugation/redissolution cycles were used

to separate the GO from the physically absorbed PBSA.22,23

Briefly, we dispersed a portion of PG-1 in chloroform, and the

solution was centrifuged at 10,000 rpm for 30 min. The opera-

tion was performed five more times to ensure that the physically

absorbed free polymers were completely removed. Then, the

PBSA grafted on GO was dried in a vacuum oven at 80�C for

24 h. The isolated filler from the polymer matrix was labeled

P-g-G.

Measurements

The weight-average molecular weight (Mw) was determined by

gel permeation chromatography. Each sample was dissolved in

chloroform, and the solution was filtered with a 0.2-lm Teflon

filter before measurement. For atomic force microscopy (AFM),

the aqueous GO suspension was spin-coated onto freshly

cleaved mica surfaces. For transmission electron microscopy

(TEM), sliced thin sections of the PG nanocomposites with a

thickness of about 50–70 nm, prepared by ultramicrotomy, were

used to take the TEM images of the nanocomposites. X-ray dif-

fraction (XRD) patterns were recorded on a Bruker D8 focus.

The scans ranged from 5 to 60� with a scanning rate of 6�/min.

Fourier transform infrared (FTIR) spectra were collected in the

region 4000–600 cm21 with a spectral resolution of 4 cm21 and

32 scans co-added. Test specimens for the tensile and flexural

measurements were done with an Instron tester. The dumbbell-

shaped samples (25 3 4 3 2 mm3) were stretched at 25�C at a

50 mm/min stretching rate. The samples for flexural modulus

were 80 3 10 3 2 mm3 in dimension with a crosshead speed

of 0.4 mm/min. The thermal transitions were measured with a

Setaram differential scanning calorimetry (DSC) instrument.

About 6 mg of each sample was heated from room temperature

to 150�C at a rate of 10�C/min and kept there for 5 min to

erase any thermal history. Then, the sample was cooled to

250�C at 10�C/min, maintained there for 5 min, and heated

again to 150�C at the same rate. The decomposition characteris-

tics of the samples were determined with a Pyris1 thermogravi-

metric analysis (TGA) instrument. About 5 mg of each sample

was placed in the pan and heated from 25 to 600�C at a rate of

10�C/min under a nitrogen atmosphere.

RESULTS AND DISCUSSION

Morphology

To illustrate the complete exfoliation of GO and its characteris-

tics, AFM was used in this work. Figure 1(a) shows the GO

synthesized by the previous method. We can see that the GO

sheets were about 1 nm thick; this suggested a full exfoliation

of GO by the ultrasonic treatment. To further reveal the disper-

sion state of GO in the PBSA matrix, TEM was used to observe

the section of PG-1. As shown in Figure 1(b), the GO layers

were homogeneously distributed in the PBSA matrix polymer to

form continuous networks. In combination with the AFM and

TEM images, this confirmed that the GO nanosheets were exfo-

liated well into single layers and homogeneously dispersed in

the matrix.
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Molecular Weight

The molecular weight of PBSA and the nanocomposites are

shown in Table I. The presence of GO during the polymeriza-

tion of PBSA influenced the growth of chains so that Mw

decreased from 62,400 g/mol for neat PBSA to 45,500 g/mol for

PG-1. The excessive carboxylic acid and hydroxyl groups on GO

probably inevitably disrupted the stoichiometric balance in the

reaction system and simultaneously terminated the potential

propagation of active chains ends. On the other hand, the GO

might have represented a physical obstruction for the organiza-

tion of the polymer segments during the polymerization.

Chemical and Crystal Structure

To certify the reaction between the end groups of PBSA and the

groups on GO, we measured the infrared spectra of the GO, P-g-G,

PBSA, and PG-1. As shown in Figure 2, for the GO sample, the

characteristic vibrations included the OAH stretching vibrations at

3430 cm21, the weak C@O peak in carboxylic acid and carbonyl

moieties at 1725 cm21, CAOH peak at 1380 cm21, CAOAC

peak at 1240 cm21, and CAO stretching peak at 1065 cm21. The

differences between the spectra of P-g-G and GO were obvious at

the peaks of 1725, 1653, and 1152 cm21, which were the character-

istic absorption bands of C@O, C@C, and CAO, respectively. So,

we concluded that GO was successfully grafted by the PBSA chains

because the peaks of C@O and CAO on P-g-G were obviously

strengthened. In addition, Figure 2 shows the negligible effect of

the GO on the spectra of the PBSA; this indicated that it was diffi-

cult to directly identify the formation of ester bonds between the

PBSA and GO because the PBSA backbones had the same ester

bonds. However, it was clear that the band at 3430 cm21 for OAH

groups in the GO decreased in the spectra of P-g-G, and it disap-

peared in the spectra of PG. In summary, these results verify that

some PBSA chains were successfully grafted on the GO sheets dur-

ing in situ polymerization. The functional groups of AOH and

ACOOH could have provided active sites to form chemical bonds

and acted as an ideal interface between the GO and PBSA, which

could form ester bonds by reaction between the end of the PBSA

Table I. Molecular Weights of the PBSA and PG Nanocomposites

Sample Mn Mw PDI

PBSA 36,100 62,400 1.7

PG-0.2 31,700 59,800 1.9

PG-0.5 28,300 47,300 1.7

PG-1 26,900 45,500 1.7

Mn, number-average molecular weight; PDI, polydispersity index.

Figure 2. FTIR spectra of the GO, P-g-G, neat PBSA, and PG-1

nanocomposites.

Figure 1. (a) AFM of GO and (b) TEM image of the PG-1 nanocomposites. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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chains and groups on the GO. Similar grafting reactions between

polyesters and GO have been also demonstrated for other nano-

composites, including PLA and PBS.19,24–26

XRD was an important tool for determining whether graphite

oxide is exfoliated to individual GO sheets in the nanocompo-

sites; we used it to study the influence of GO on the crystal

structure of the polymer in the nanocomposites. Figure 3

shows the XRD patterns of graphite oxide, neat PBSA, and the

PG nanocomposites. First, the reflection of graphite oxide was

present around a 2h value of 10.8�, whereas it was absent in

the PG nanocomposites; this suggested that the layered graph-

ite oxide was exfoliated in the nanocomposites without

obvious stacking. Although this did not necessarily mean that

all of the stacking was lost, it did indicate the disordered

stacking structure of the GO. Then, PBSA showed three strong

diffraction peaks located at 2h values of 19.5, 21.8, and 22.4�.
The three diffraction peaks from small to high angles were

assignable to the (020), (021) and (110) planes, respectively.

The XRD patterns of the PG nanocomposites had three similar

strong diffraction peaks to PBSA; this indicated that the incor-

poration of GO did not modify the crystal structure of PBSA

in the nanocomposites.

Mechanical Properties

Figure 4(a) shows the stress (r)–strain (e) curves of the PBSA

and the PG nanocomposites with different GO contents. All of

them showed the typical r–e curve for a conventional polymer

with yielding. The tensile strengths of the PG nanocomposites

were gradually enhanced with the addition of GO. However, the

elongation at break decreased with increasing GO content. As

shown in Figure 4(b), the flexural modulus of each of the PG

nanocomposites was significantly enhanced. Compared to those

of the neat PBSA, the tensile strength and flexural modulus of

PG-1 were increased by 50% from 28 to 42 MPa and by 27%

from 434 to 551 MPa, respectively. We concluded that the high

degree of dispersion of the intercalated GO layers inside the

PBSA matrix by in situ polymerization was the key responsible

factor for the remarkable increase in the mechanical properties.

Undoubtedly, the excellent reinforcement of GO could also have

been attributed to the strong interaction between the GO and

PBSA matrix. On the other hand, the reactions between PBSA

and GO reduced the flexibility of the molecular chains and

inhibited their activities; this led to increases in the tensile

strength and flexural modulus and decreases in the elongation

at break. These results were consistent with the studies of other

researchers.27

Thermal Properties

DSC experiments on pure PBSA and the nanocomposites were

carried out to understand the effect of GO incorporation on the

thermal properties of PBSA. According to Figure 5(a), the melt-

ing curves of PG were similar to those of neat PBSA, but the

melting temperature (Tm) of each of the nanocomposites tended

to increase roughly, from 92.3�C in neat PBSA to 95.0�C in

Figure 3. XRD patterns of the graphite oxide, neat PBSA, and PG

nanocomposites.

Figure 4. (a) r–e curves and (b) flexural modulus of the neat PBSA and

PG nanocomposites.
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PG-1. We suggest that the strong bonding interactions between

GO and PBSA affected the mobility of the PBSA polymer

chains, which led to the increase in Tm.

Figure 5(b) illustrates the DSC cooling traces for neat PBSA and

its three nanocomposites during the melt crystallization. As

shown, the crystallization temperature (Tc) of neat PBSA was

36.8�C; however, the value shifted up to 49.5, 51.5, and 54.1�C
in PG-0.2, PG-0.5 and PG-1, respectively. We confirmed that

the presence of GO greatly enhanced the melt crystallization of

PBSA in the nanocomposites. In our opinion, depending on

their size and distribution, both GO and P-g-G acted as nucleat-

ing agents and strongly affected the crystallization kinetics of

the PBSA matrix; this contributed favorably to the faster rate of

crystallization. Similar results have also been found recently in

PBS/GO nanocomposites and PLA/GO nanocomposites.

In addition, the thermal stability of these materials was also

mildly improved. Figure 6 shows typical TGA traces of weight

loss as a function of temperature for the pure PBSA and PG

nanocomposites. It was clear that PG nanocomposites exhibited

a higher thermal stability compared to the neat PBSA, where

the peak decomposition temperatures were 378.8, 382.4, 387.2,

and 387.7�C for pure PBSA, PG-0.2, PG-0.5, and PG-1, respec-

tively. The amount of GO played an important role in the ther-

mal stabilization of PBSA; the GO stabilized the decomposition

of PBSA, which corresponded well with recent reports.28 This

could have been the reason that the GO acted as a superior

insulator and mass transport barrier to the volatile products

generated during decomposition, and the creation of a tortuous

path, resulting from the dispersion of GO in the PBSA matrix,

slowed the diffusion of the produced substances in the material.

CONCLUSIONS

In this study, we successfully synthesized PG nanocomposites

with well-dispersed GO sheets by in situ polymerization. The

GO was prepared well by the ultrasonic treatment of graphite

oxide. The mechanical properties of the nanocomposites were

greatly elevated as a result of the single layer of GO, the homo-

geneous distribution, and the grafting structure of the PBSA

chains onto GO. Specifically, the tensile strength and flexural

modulus of the PG-1 were enhanced by 50 and 27%, respec-

tively. Moreover, improvements in the thermal properties,

including Tm, Tc, and the thermal stability, were also achieved.

In the future, GO-based nanocomposites will have more poten-

tial applications as biodegradable materials because of these

improved properties.
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