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ABSTRACT

The nano-ZIF-8@GO hybrids were synthesized and blended with poly(lactic

acid) (PLA) by solution method. The effect of nano-ZIF-8@GO hybrids on the

crystallization was investigated by DSC and POM. The results showed that low

addition amount of nano-ZIF-8@GO had a significant influence on the crystal-

lization behavior of PLA. The tensile strength and elongation at break of the

PLA/ZIF-8@GO nanocomposites with 0.5 wt% of ZIF-8@GO were increased to

49.63 MPa and 24.10% compared with 35.83 MPa and 17.66% of the pure PLA,

respectively. The addition of nano-ZIF-8@GO hybrids also enhanced the flame

retardancy of PLA, and the mechanism was proposed.

Introduction

Poly(lactic acid) (PLA), the best-known degradable

polyester from renewable sources such as corn starch,

potato starch and sugar beets, is expected to replace

the petroleum-based commodity polymers [1].

Although PLA is a very promising polymer in the

field of eco-friendly materials, it suffers from slow

crystallization rate and easy flammability, which

restricts its applications as engineering materials in

electronic and automotive industry [2, 3]. The addi-

tion of micro- and/or nano-fillers into PLA matrix is

considered as a powerful method to improve its

properties and obtain specific end-use characteristics

[4, 5].

As a two-dimensional carbon material with large

surface area and rich functional groups, graphene

(oxide) has been used to enhance crystallization rate,

mechanical properties, gas barrier, electrical

conductivity, flame retardancy of polymers [6–8]. Xu

[9] studied the isothermal crystallization of PLA

induced by graphene, and the results showed that

two-dimensional graphene sheets could serve as

nucleating agents in accelerating the crystallization

kinetics of PLA. Kim [10] prepared the polymer

nanocomposites of graphene oxide sheets with sur-

face porosity and the prepared nanocomposites

exhibited significantly improved Young’s modulus

and tensile strength. The Co3O4 functionalized gra-

phene has been prepared to reduce the fire hazards of

PLA recently, and it proved that the incorporation of

Co3O4/graphene into PLA slowed down the heat

release rate, which was reduced by 40% compared

with that of pure PLA [11, 12]. MOFs are porous

polymeric materials consisting of metal ions or clus-

ters linked together by organic bridging ligands [13].

Compared with traditional particles, nano-MOFs

particles are well crystalline crystals with high
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specific surface and cavity. Moreover, nano-MOFs

have a better affinity with polymer chains since the

organic linkers in MOFs can provide strong interac-

tions with polymer chains [14]. The wide-ranged

crystallinity, cavity and high specific surface of MOFs

are beneficial to the improvement of polymer crys-

tallization and other properties. Merely Elangovan

[15] mixed PLA with MOFs known as HKUST-1, and

the results showed an increase of 15% in Izod impact

strength and 170% in elongation at break.

The MOF@GO hybrids combine the unique

advantages of MOF and GO and have been the focus

of recent researches [14, 16]. The MOFs nanoparticles

anchored on GO sheets inhibit GO sheets to stack

together and make them disperse effectively in

polymer matrix. Furthermore, the presence of GO

sheets restricts agglomeration and improves the sta-

bility of nano-MOFs scattered on the surface. A

number of hybrids such as ZIF-67@GO, MOF-5@GO,

HKUST-1@GO have been reported by Bandosz group

[17, 18]. Most of the reported MOFs@GO hybrids

have been used in adsorption or catalysis, etc. [17],

and few studies have been made about their com-

posites with polymers.

Herein, we prepared nano-ZIF-8@GO hybrids and

incorporated them into PLA matrix to fabricate the

PLA nanocomposites. Nano-ZIF-8 consists of Zn–O–

Zn and imidazole units containing a lot of nitrogen

[19]. It is well known that the compounds containing

nitrogen or Zn can be applied as flame retardants or

synergistic flame retardants. GO has been used to

improve the properties of polymers. Inspired by this,

we used ZIF-8@GO hybrids to overcome the short-

comings of PLA, especially the slow crystallization

rate, low mechanical properties and flammability.

The related mechanisms were also discussed.

Experimental

Materials

Poly(lactic acid) (PLA 290) was purchased from

Zhejiang Haizheng Biological Materials Co., Ltd,

China. 2-Methyl imidazole (98%) was obtained from

Shanghai Aladdin Industrial Corporation, China.

Zn(NO3)2�6H2O was supplied by Xilong Chemical

Co., Ltd, China. Methanol (CH3OH), potassium per-

sulfate (K2S2O5), phosphorus pentoxide (P2O5) and

hydrogen peroxide (H2O2) were provided by

Sinopharm Chemical Reagent Co., Ltd, China. Chlo-

roform (CHCl3, 99%), concentrated sulfuric acid

(H2SO4, 95–98%), potassium permanganate (KMnO4)

and hydrochloric acid (HCl) were received from

Shanghai Lingfeng Chemical Reagent Co., Ltd,

China. Natural graphite powders (1–44 lm) were

purchased from Sinopharm Chemical Reagent Co.,

Ltd, China. Deionized water was produced in our

lab.

Preparation of the ZIF-8@GO hybrids

An improved Hummers method was used to prepare

graphite oxide (GO) [20, 21]. 1.602 g 2-Methyl imi-

dazole and 1.487 g Zn(NO3)2�6H2O were dissolved in

100 mL methanol. 0.163 g GO was dispersed in

methanol (100 mL) and then added to the above

solution with magnetic stirring. The mixture was

stirred for 1 h at room temperature. Finally, the ZIF-

8@GO hybrids were centrifuged, washed with CH3-

OH and dried at 80 �C for 48 h.

Preparation of the PLA/ZIF-8@GO
nanocomposites

The dried PLA was dissolved in 40 mL chloroform

with magnetic stirring for 2 h. A certain amount of

ZIF-8@GO was dispersed in chloroform by sonication

to form a homogeneous dispersion and then poured

into the PLA solution. The mixture was stirred for 4 h

and kept for 30 min to leave the bubbles in the

solution. The mixed solution was then cast into a film

using an automatic coater (MRXTMH250, Shenzhen

Mingruixiang Automation Equipment Co., Ltd.).

After the chloroform solvent was evaporated at room

temperature, the film was dried in an oven at 50 �C
for 48 h to further remove the residual solvent. The

PLA nanocomposites with 0, 0.05, 0.5 and 2 wt% ZIF-

8@GO were prepared and abbreviated as PLA-0,

PLA-1, PLA-2 and PLA-3, respectively. The PLA

composite with 0.5 wt% ZIF-8 was also prepared and

abbreviated as PLA/ZIF-8.

Measurement and characterization

Morphologies of ZIF-8@GO, ZIF-8 and GO were

observed using a JEM-2100 transmission electron

microscope (TEM, JEOL JEM-2100, Japan).

X-ray diffraction (XRD) measurements were car-

ried out by Bruker D8 Advance diffractometer
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(Germany) at 40 kV and 40 mA with Cu Ka radiation

(0.15418 nm). The nanoparticle sizes of both ZIF-8

alone and ZIF-8 on GO sheets were calculated by

Scherrer formula [22] as shown below:

D ¼ 0:89k=b cos h

where D is the nanoparticle size, k is the X-ray

wavelength (k = 0.15418 nm), b is the full width at

half maximum (FWHM) in radiance, and h is the

Bragg angle of diffraction line.

Scanning electron microscope (SEM, Hitachi

S-4800, Japan) with an energy dispersive spectrome-

ter (EDS) was employed to observe char residue and

fracture morphologies of the PLA nanocomposites.

Differential scanning calorimetry (DSC) measure-

ments were carried out by a Q80 DSC apparatus (TA

Corporation, America). Before all DSC tests, the

thermal history was removed by heating the samples

to 190 �C and maintaining at 190 �C for 5 min. The

non-isothermal test was carried out by cooling the

samples from 190 �C down to 35 �C by cooling rates

of 2 �C/min and then re-heating from 35 �C to 190 �C
at a heating rate of 20 �C/min in N2 atmosphere. The

crystallinity (Xc) is determined from the formula as

follows:

Xc ¼ DHc=DHomð1� uÞ

where DHc is the crystallization enthalpy (J/g), DHo

m is the melting enthalpy of the 100% crystallized

PLA (93.6 J/g) [23], and u is the mass fraction of the

ZIF-8@GO in PLA composites [24].

A polarizing microscope (POM, Jiangnan

BM2100PO, China) was used to observe crystal ima-

ges of the isothermal crystallization. The samples

were heated from room temperature to 190 �C and

held 5 min to remove the thermal history. Then, the

samples were rapidly cooled to 130 �C and then

maintained at 130 �C for 8 min.

Tensile testing measurement was measured by

ASTM D638 on a CMT tensile tester (Sans, China) at

the rate of 10 mm/min at room temperature accord-

ing to ASTM D638. The values were averaged over

five measurements.

Limiting oxygen index (LOI) test was measured

five times according to ASTM Standard D2863-97.

Vertical burning (UL-94) test was performed

according to ASTM D3801 using a vertical burning

tester (CZF-3, Jiangning Analytical Instrument Co.,

China). The values were averaged over five

measurements.

Fourier transform infrared spectroscopy (FTIR)

spectra were recorded on FTIR-8400S spectrometer

(Shimadzu, Japan) at a range of 400–4000 cm-1 with a

resolution of 4 cm-1.

Raman spectra was tested on a Renishaw Invia

laser Raman spectrometer (England) with the

wavenumber range from 500 to 3000 cm-1 by using

He laser beam excitation.

Results and discussion

Characterization of ZIF-8@GO

Figure 1a shows the TEM image of GO, and it can be

seen that the GO sheets present a crumpled surface

and are overlapped in a few layers. Figure 1b shows

TEM of nano-ZIF-8@GO, and a large amount of

uniform ZIF-8 nanoparticles have grown evenly on

the surface of the GO sheets, where the red arrows

indicate the GO edge. It demonstrates that GO sheets

provide platforms for the nucleation and growth of

nano-ZIF-8 crystals, and prohibit the agglomeration

of ZIF-8 nanoparticles, which may be attributed to the

strong interactions between nano-ZIF-8 and GO

sheets [25]. The particle size of the ZIF-8 on GO sheets

is about 32–45 nm compared with 62–76 nm of that

without GO sheets as shown in Fig. 1c. Figure 1d

shows the FTIR spectra of GO, ZIF-8 and ZIF-8@GO.

The peaks at 1720 and at 1616 cm-1 are assigned to

the stretching vibrations of C=O and C=C in GO. The

peaks at 1588 cm-1 and at 1422 cm-1 are attributed to

the stretching vibrations of C=N and the imidazole

ring of ZIF-8. These four characteristic peaks appear

in the FTIR of ZIF-8@GO. The TEM and FTIR results

confirm the formation of the ZIF-8@GO hybrid

material [26].

Figure 2a shows the X-ray diffraction (XRD) pat-

terns of GO, ZIF-8 and ZIF-8@GO. There is a strong

peak at 2h = 10.85� in GO pattern, which corre-

sponds to (002) reflections of GO [27]. The charac-

teristic peaks of ZIF-8 marked in the figure are

consistent with the literature as reported [28]. The

peaks between 5� and 40� of ZIF-8 could be found in

the pattern of ZIF-8@GO, but the (002) reflection of

GO is absent, which may be ascribed to the damage

of the regular stack of GO [29, 30]. The XRD analysis

indicates the formation of ZIF-8@GO further. More-

over, the nanoparticle sizes of both ZIF-8 alone and

ZIF-8 on GO sheets were calculated and are shown in
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Fig. 2b. It can be seen that the ZIF-8 particles loaded

on GO sheets are smaller than those unloaded as

shown in Fig. 1c. It may be attributed to that the ZIF-

8 sizes are probably controlled by –OH and –COOH

groups of GO through coordination modulation

which inhibits the growth of large crystals [25].

FTIR of the PLA nanocomposites

The formation of the PLA nanocomposites is con-

firmed by digital photos and FTIR as shown in Fig. 3.

The photos show that the nanocomposites are light

brown with good transparency. It can be seen that all

the characteristic peaks of the composites are in

agreement with pure PLA in Fig. 3b, c, which

Figure 1 TEM of GO (a),

nano-ZIF-8@GO (b), ZIF-8

(c) and the FTIR spectra of

GO, ZIF-8 and ZIF-8@GO

(d).

Figure 2 XRD of GO, ZIF-8

and ZIF-8@GO (a) and the

nanoparticle size of ZIF-8 (b).
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confirms the incorporation of ZIF-8@GO does not

affect the molecular structure of PLA. The peak at

2944 cm-1 is attributed to the asymmetric stretching

vibration of C-H. The peaks at 1750 and 1080 cm-1

are corresponded to the stretching vibration of C=O

and C–O–C, respectively [31]. It is noteworthy that

the peaks at ca. 1361–870 cm-1 are slightly shifted

toward lower wavenumber, which could be due to

the strong interaction between PLA and ZIF-8@GO.

There is an additional characteristics peak at

421 cm-1 in the nanocomposites which is assigned to

Zn-N, indicating the presence of ZIF-8@GO in the

composites [26]. However, the characteristic peaks of

GO are overlapped with that of PLA.

SEM of the PLA nanocomposites

The fractured surface morphology of pure PLA is

shown in Fig. 4a, which shows a smooth and clean

surface. The image of PLA-2 with 0.5 wt% ZIF-8@GO

is shown in Fig. 4b, and the EDS in Fig. 4c proves the

presence of ZIF-8@GO in the nanocomposites further.

From Fig. 4b, it can be seen that the ZIF-8@GO par-

ticles are well-dispersed in the nanocomposites and

no large agglomerates are observed, which indicates

that the ZIF-8@GO particles have excellent interface

compatibility with PLA [32]. The strong interactions

between the organic linkers in ZIF-8 and PLA chains

provide good affinity for ZIF-8@GO with PLA.

Moreover, the ZIF-8 nanoparticles anchored on the

GO sheets prevent GO from stacking together and

make them to disperse well in the PLA matrix.

Non-isothermal DSC of the PLA
nanocomposites

The non-isothermal DSC tests were carried out at a

cooling rate of 2 �C/min. Figure 5a, b presents the

cooling and subsequent re-heating traces of the PLA

nanocomposites, respectively. We can get some

information such as glass transition, melting and

crystallization from the curves. The PLA nanocom-

posites show slightly higher glass transition temper-

atures (Tg) than that of pure PLA. The increase of Tg

may be explained that the presence of ZIF-8@GO

crystals destroys the integrity of the PLA structure,

impeding the movement of the PLA chains [33]. The

crystallization temperature (Tc) of pure PLA is about

122 �C. By contrast, the Tcs of PLA nanocomposites

are higher as the ZIF-8@GO concentration increased,

which shows that PLA nanocomposites start to

crystallize earlier than pure PLA under non-isother-

mal conditions, manifesting the nucleating effect of

ZIF-8@GO on the crystallization of PLA. The pres-

ence of ZIF-8@GO particles in the PLA matrix can

locally multiply the number of crystal nucleus, and it

will be easier for the PLA chains to reach one nucleus,

reducing the displacement and enhancing the local

mobility [34]. From Fig. 5b, it can be seen that the

melting temperature (Tm) of the PLA nanocomposites

is also decreased and double melting peaks appear

for all samples. The reduction in Tm may be due to

the lower perfect crystal brought about by the fast

crystallization rate [35]. The appearance of double

Figure 3 Digital photos

(a) and FTIR spectra (b) of the

PLA composites.
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melting peak is attributed to the presence of different

crystal forms and re-melting process [36].

The crystallinities of the nanocomposites are

shown in Fig. 6a. The crystallinity of PLA-1 is

increased to about 69.5% in comparison with 36.3% of

Figure 4 SEM of PLA-0 (a),

PLA-2 (b) and EDS (c) of

PLA-2.

Figure 5 DSC of the

nanocomposites at cooling

rates of 2 �C/min.

Figure 6 The crystallinity Xc

(a) and t1/2 (b) of the

nanocomposites.
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pure PLA at 2 �C/min cooling rate, which indicates

that the ZIF-8@GO particles may play a nucleating

role in crystallization of PLA. However, the crys-

tallinity of PLA-3 is decreased owing to the agglom-

eration of the large amount of ZIF-8@GO existing in

the PLA matrix. The crystallization rate can be judged

by the semicrystallization time t1/2, and the t1/2 of the

nanocomposites is shown in Fig. 6b. Figure 6b shows

that the t1/2 presents a ‘‘u’’ shape and t1/2 decreases as

the addition of ZIF-8@GO. We could associate the

crystallization rate to two collaborative processes: the

crystal growth rate and the production rate of nuclei

[37]. When adding ZIF-8@GO particles in PLA

matrix, on the one hand, the PLA nanocomposites

will mostly experience heterogeneous nucleation

induced by ZIF-8@GO particles. On the other hand,

the ZIF-8@GO particles may have an enhanced effect

on both the crystal growth rate and the production

rate of nuclei, resulting in the increase in the crys-

tallization rate.

POM of the nanocomposites

Figure 7 presents the polarizing microscope (POM)

crystal images of the PLA nanocomposites. With

reference to the semicrystallization time exhibited in

Fig. 6b, we adopt 8 min (about double semicrystal-

lization time) as the isothermal crystallization time.

After isothermal crystallization for 8 min, the emer-

gence of crystals for pure PLA and the nanocom-

posites can be observed. The crystal gradually grows

perfect, and the spherulites with a relatively complete

morphology can be seen. The phenomenon reveals

that the presence of ZIF-8@GO nanoparticles does not

change the three-dimensional growth of PLA crystals

[23]. Meanwhile, it is evident that the number of the

crystals in the PLA-1 is more than that of pure PLA.

However, the crystal density of PLA-3 is decreased

compared with pure PLA.

As shown in DSC and POM, the addition of ZIF-

8@GO affects the crystallization of PLA obviously.

The ZIF-8@GO nanoparticles in a good dispersion in

PLA matrix act as crystallization centers. Not only the

nano-ZIF-8 with high porosity, well crystalline

property and high specific surface influences the

crystallization behavior, the presence of GO with

high specific surface and the interactions between

PLA molecules and ZIF-8@GO also promote the

crystallization [38–40]. This can be proved from the

comparison with the sample containing nano-ZIF-8

alone. The crystallinity and t1/2 of the sample PLA/

ZIF-8 with 0.5 wt% ZIF-8 are calculated from its DSC

at cooling rates of 2 �C/min and exhibited in Fig. 6.

The crystallinity and the t1/2 of PLA/ZIF-8 are 39.8%

and 3.5 min, while the values for PLA-2 are 43.6%

and 2.8 min, respectively. About the crystallization

mechanism, during the crystallization process the

ZIF-8@GO crystals first absorb the PLA chains to the

surface of ZIF-8@GO to increase crystalline regions

and limit the movement of PLA chains, and then the

absorbed PLA chains start to orient [41], which

induces the crystallization.

Figure 7 The isothermal

crystallization POM of the

nanocomposites at 130 �C for

8 min.
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Mechanical properties of the PLA
nanocomposites

The mechanical properties of the PLA nanocompos-

ites are tested, and the results are presented in Fig. 8.

The tensile strength of pure PLA is around 35.83 MPa

with 17.66% elongation at break, which is coincided

with the fact that PLA is a rigid polymer [42]. The

addition of ZIF-8@GO induces a growing trend for

tensile strength. For example, the PLA-2, with the

content of 0.5 wt% ZIF-8@GO, exhibits the tensile

strength of 49.63 MPa and 24.1% elongation at break,

respectively. The enhancement of mechanical prop-

erties can be explained by the well-dispersion of ZIF-

8@GO crystals in PLA matrix. Apart from this, the

high aspect ratio of nano-ZIF-8 and GO can entrap

large number of PLA chains on their surfaces, which

leads to the strong filler/matrix interactions and

good reinforcement effects [43]. In the case of elon-

gation at break, the interparticle distance also makes

some contribution to the increase [44]. The role of GO

on the reinforcement can be explained by comparing

the tensile strength of PLA/ZIF-8 with that of PLA-2

in Fig. 8. The tensile strength of PLA/ZIF-8 is

42.92 MPa which is lower than that of PLA-2. With

the loading of ZIF-8@GO to 2 wt%, the values of

tensile strength and elongation have an abrupt

reduction, which is due to the filler agglomeration

that causes the formation of cracks and the decrease

in mechanical properties [45].

Flame retardancy and mechanism
consideration of the PLA nanocomposites

The flammability properties of the PLA nanocom-

posites were analyzed by LOI and UL-94 vertical

burning test, and the results are summarized in

Fig. 9. It is generally believed that pure PLA is a

flammable polymer with a LOI value of 21.0% and

not classified in the UL-94 rating [46]. For the PLA

nanocomposites, the LOI increases and reaches the

maximum when the ZIF-8@GO content is 0.5 wt%.

Meanwhile, the self-extinguishing time in UL-94

vertical burning test is getting shorter and shorter,

and the UL-94 test of the nanocomposites reaches V-2

rating. These show that ZIF-8@GO can play as an

effective flame retardant for PLA. There is a slight

reduction in both LOI and self-extinguishing time for

PLA-3 due to the agglomeration of ZIF-8@GO.

In order to study the effect of ZIF-8@GO on the

flame retardancy of PLA further, we investigate its

residual char in detail with PLA-2 as a typical rep-

resentative. Figure 10a shows the SEM image of the

char residue, and a continuous dense char layer is

observed. The FTIR of the char residue is shown in

Fig. 10b. The peaks at around 3852 and 3783 cm-1 are

attributed to O–H or N–H. The peak at 1702 cm-1 is

attributed to the C=O bonding stretching vibration.

The peaks at 1640 and 1520 cm-1 are corresponded to

the stretching modes of the residual aromatic ring

structure. In addition, the char residues also show

absorptions at approximately 506 and 433 cm-1

ascribed to the asymmetric stretching vibration of

ZnO. Figure 10c shows the XRD pattern of the char

residue. There is a strong and broad peak at

2h = 26.38� which belongs to (002) of graphite. Fig-

ure 10d presents the Raman spectra, and it can be

observed that the curve presents two peaks at 1340

and 1575 cm-1 corresponding to D and G band,

respectively. The D band is attributed to the disorder

graphitic structure, while the G band is assigned to

oriented graphitic structure [47]. The curves of

Raman and XRD manifest no perfect graphite in the

char residue of PLA-2 nanocomposites, which means

that the char residue is only composed of partly
Figure 8 The tensile strength and elongation at break of the PLA

nanocomposites.

Figure 9 LOI and UL-94 results of the nanocomposites.
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graphitized or amorphous carbonaceous materials.

The above-mentioned results suggest that the resid-

ual char is of partly graphitized structure containing

ZnO, aromatic ring structure and other compounds,

which effectively limits the heat and mass transfer

from the PLA nanocomposites to the heat source.

The intention of using ZIF-8@GO as a flame retar-

dant may be to benefit from chemical and physical

barrier mechanisms. With respect to the chemical

mechanism, the nitrogen-containing ZIF-8 could give

off N2 and NH3 that dilutes the ignitable gases during

the burning of the composites. The release of water

and expansion of GO can also suffocate the flames,

which is certified by the reduction in self-extin-

guishing time of PLA-2 in contrast to that of PLA/

ZIF-8 as shown in Fig. 9. On the physical barrier

mechanism, the residual char from GO as well as

from the partial decomposition of PLA catalyzed by

ZIF-8 or the decomposition products of ZIF-8 such as

ZnO cuts off the transmission in heat and oxygen,

and prevents burning of the nanocomposites [48].

Conclusion

The PLA/ZIF-8@GO nanocomposites with content of

0.05, 0.5 and 2 wt% of ZIF-8@GO were prepared. The

ZIF-8@GO particles were well-dispersed in the PLA

composites owing to the unique structure of ZIF-

8@GO. The crystallinity and crystallization rate of the

nanocomposites were increased because of the

heterogeneous nucleation effects of ZIF-8@GO. The

nanocomposites had improved mechanical proper-

ties compared with pure PLA. The LOI of the

nanocomposites with 0.5 wt% of ZIF-8@GO was

increased to 24.0% compared to 21.0% of pure PLA,

and meanwhile, the self-extinguishing time in UL-94

vertical burning test was getting shorter. The ZIF-

Figure 10 SEM (a), FTIR

(b), XRD (c) and Raman

(d) of the residual char for

PLA-2.
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8@GO hybrids act as the flame retardants through

both chemical and physical barrier mechanisms.
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