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Abstract With the increased concern over environ-
ment protection, cellulose acetate (CA) has drawn 
great interests as an alternative for packaging material 
due to its biodegradability and abundant resources; 
whereas, the poor antistatic property and thermal 
conductivity restrict its application in packaging. In 
this work, we proposed a simple but effective strat-
egy to produce high performance graphene nano-
platelet (GNP)/CA composite films via the consecu-
tive homogenization and solvent casting processes. 

Relying on the spontaneous absorption of CA dur-
ing homogenization, the GNP/CA produced shows 
an excellent dispersibility in the N,N-Dimethylfor-
mamide (DMF) solution and many fewer structural 
defects compared with GNPs alone. As a result, the 
composite films obtained exhibit simultaneously and 
significantly enhanced antistatic, heat dissipative and 
mechanical properties compared with CA. Specifi-
cally, the GNP/CA composite with the optimal for-
mula has promising overall performances (namely, 
surface resistivity of 3.33 ×  107 Ω/sq, in-plane thermal 
conductivity of 5.359 W(m ⋅ K) , out-of-plane thermal 
conductivity of 0.785 W(m ⋅ K) , and tensile strength 
of 37.1 MPa). Featured by its promising overall prop-
erties, simple production processes and biodegrada-
bility, the as-prepared GNP/CA composite film shows 
a great potential for application in packaging.
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Introduction

The wide spread of Covid-19 pandemic has boosted 
the rapid development of online purchasing, thus 
leading to the increased consumption on packaging 
materials in the last 3  years. Currently, the main-
stream material used for packaging is non-degradable 
plastics, such as polyethylene (PE), polypropylene 
(PP), polyvinyl chloride (PVC), polyethylene tereph-
thalate (PET) and other petroleum-based synthetic 
plastics, which brings about serious environmental 
contamination (Lazarevic et al. 2010; Mangaraj et al. 
2018; Shaikh et al. 2021; Wu et al. 2021). Although 
numerous academic research efforts have been paid to 
biodegradable polymers (Dong et al. 2015; Nagarajan 
et  al. 2016; Samantaray et  al. 2020), few bio-based/
biodegradable polymers have been successfully com-
mercialized for packaging so far due to high cost and 
complicated production processes. Featured by bio-
degradability and natural abundance, cellulose acetate 

(CA) has been widely used in industry and biomedi-
cine (Buchanan et al. 1993; Kaiser et al. 2017; Kon-
warh et  al. 2013; Seddiqi et  al. 2021; Taepaiboon 
et  al. 2007; van Someren et  al. 1974; Zugenmaier. 
2004). Additional advantages, such as excellent ther-
mal stability, low permissibility to methanol and 
enriched functional groups, etc., recognize CA as an 
ideal alternative for packaging material (Araujo et al. 
2020; Claro et al. 2016; Gemili et al. 2009; Muhmed 
et al. 2020; Rajeswari et al. 2020; Wondraczek et al. 
2013). However, CA has a poor antistatic property 
and thermal conductivity, of which the former causes 
the accumulation of static electricity and thereafter 
severe problems (e.g. attracting dust, intertwisting 
and electric shocks), and the latter delays the dissi-
pation of heat generated by high-voltage electronics, 
li-ion battery and other devices inside, thus hindering 
its application in the field of packaging (Basu et  al. 
2016; Iradukunda et al. 2020; Tan et al. 2020). In this 
regard, it is highly desirable to develop a CA-based 
packaging material with enhanced antistatic and heat 
dissipative properties.

To improve the antistatic and heat dissipative prop-
erties of polymers, the most facile strategy is to intro-
duce electrically and thermally conductive fillers, 
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such as carbon, metal and metal oxide materials (de 
Moraes et  al. 2015; El-Din et  al. 2015; Elmaghraby 
et  al. 2022; Liu et  al. 2013; Rajeswari et  al. 2017). 
In comparison, graphene, a two-dimensional (2D) 
monolayer of carbon atoms, is taken to be an excel-
lent candidate to improve the antistatic and thermal 
properties of polymers owing to its superior electron 
mobility (2.5 ×  105 cm2∕(V ⋅ s) ) and thermal con-
ductivity (5300  W∕(m ⋅ K) ) (Balandin et  al. 2008; 
Novoselov et  al. 2012). Meanwhile, the ultra-high 
mechanical properties of graphene could spontane-
ously endow the composite improved mechanical 
properties. However, the dispersion of graphene in 
polymer matrix remains a big challenge because of 
its high aspect ratio and surface energy (Biswas & 
Drzal. 2009). To overcome this difficulty, one may 
use surfactant to assist the dispersion of graphene, but 
it would sacrifice the electrical and mechanical prop-
erties of the composite produced (Tkalya et al. 2012). 
By contrast, introducing the targeted polymer during 
graphene exfoliation enables the well-dispersion of 
graphene and thereafter improves the properties of 
the composite produced, hence being distinguished 
as one of the most promising approaches to fabricate 
graphene-based composites. For instance, the use of 
melt-blending to assist the dispersion of graphene 
in polypropylene provides the obtained composite 
an increase of 43% in Young’s modulus (Lee et  al. 
2020). The liquid exfoliation of graphite in the pres-
ence of sodium carboxymethyl cellulose gives a bet-
ter dispersion of graphene as well as a higher capacity 
of the composite produced than that of the commer-
cial graphite in Li-ion (Naboka et al. 2016). Since a 
similar structure to cellulose or cellulose derivatives 
would provide CA a good compatibility with gra-
phene, it is plausibly expected to improve the disper-
sion of graphene nanoplatelets (GNPs) and hence the 
antistatic, heat dissipative and mechanical property of 
CA composite via the simultaneous homogenization 
of CA and expanded graphite (EG).

Herein, the liquid exfoliation of EG in CA solution 
and the subsequent solvent casting are adopted 
to produce GNP/CA composite films. Relying on 
the excellent compatibility between GNPs and 
CA, the spontaneous absorption of CA provides 
GNPs an excellent dispersibility in DMF and fewer 
structural defects as well. As a result, the GNP/
CA composite film obtained has a greatly decreased 
surface resistivity and significantly increased thermal 

conductivity at both the in-plane and out-of-plane 
directions, therefore allowing the rapid dissipation 
of static electricity and heat. Moreover, the GNP/
CA composite film produced shows an improved 
mechanical strength. In view of the improved 
antistatic, heat dissipative and mechanical properties 
as well as simple production, the GNP/CA composite 
film shows a great promise in packaging.

Experimental section

Materials

EG (99.9%) was received from Qingdao Hengrunda 
Graphite Co., Ltd. Ethanol (99.5%) and DMF (99.7%) 
were supplied by Chengdu Kelong Chemical Rea-
gents Co., Ltd. CA with acetyl content of 55% was 
purchased from Shanghai Zhanyun Chemical Co., 
Ltd. All chemical reagents were used as received.

Fabrication of GNP/CA composite film

Firstly, 3 g EG was added into 600 mL DMF solution 
of CA, and then subjected to a homogenizer (JRJ300, 
Shanghai Hu Xi Industrial Co., Ltd.) at 6000 rpm for 
90  min. Secondly, the supernatant of GNP/CA dis-
persion obtained was left to stand for 24 h. Followed 
by oven-dry at 90  °C, the GNP/CA composite film 
was obtained. For convenience, the GNP/CA com-
posite film was labeled as ExCy, where x and y are 
the initial weight ratio of EG and CA in their mix-
ture, respectively. When no CA is added during the 
homogenization process, the product obtained was 
named as GNPs.

Characterizations

Morphologies of EG, GNPs, CA and GNP/CA com-
posite films were characterized by a scanning electron 
microscope (SEM, Thermal Scientific, Quattro S, US) 
operated at 20 kV. Prior to be sputtered with gold, the 
SEM samples for GNPs were produced by depositing 
a droplet of diluted DMF suspension of pure GNPs 
or GNP/CA onto the Si wafer while EG, CA film 
and GNP/CA composite films were directly attached 
to the stage by the conductive adhesive. Thermal 
gravimetric analysis (TGA) was performed on a 
NETZSCH TG209F3 Tarsus under air atmosphere 
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at the heating rate of 10 °C/min from 100 to 950 °C. 
X-ray photoelectron spectroscopy (XPS) characteri-
zations of EG and GNP powders were recorded by an 
ESCALAB 250Xi (Thermo Electron). Raman spec-
tra of GNP/CA composite films were obtained by a 
LabRAM HR Evolution with a 532 nm laser source. 
The atomic force microscope (AFM) images of GNPs 
and GNP/CA were taken by a Multimode 8 (cantile-
ver data: T: 650 nm, L: 115 μm, W: 25 μm,  f0: 70 Hz, 
k: 0.4  N/m) via the tapping mode. The samples for 
AFM were prepared by depositing a droplet of diluted 
DMF suspension of GNPs or GNP/CA onto the Si 
wafer. The tensile strength of the composite films 
was measured by a Shimadzu EZ-LX at a displace-
ment rate of 1 mm/min. The specimens were cut into 
a rectangular shape with 5 mm in width and 20 mm in 
length, and 10 specimens were tested for each compo-
sition. Sheet resistance was measured by a Keithley 
6517B Electrometer/High Resistance Meter follow-
ing the standard of ASTM D257. The in-plane and 
out-of-plane thermal diffusivity was measured by a 
LFA-467 NanoFlash via flash diffusivity technique 
in horizontal and vertical conduction mode, respec-
tively. The specific heat capacity was obtained by a 
differential scanning calorimeter (Netzsch STA449 
F3) at 25 °C. Therefore, the thermal conductivity ( K ) 
of the composite was calculated by using the follow-
ing equation.

where �, � and Cp represent the thermal diffusivity, 
density and specific heat capacity of the composite, 
respectively.

Results and discussions

Fabrication of GNP/CA composite film

As shown in Fig.  1a, the GNP/CA composite film 
was produced by the consecutive liquid exfolia-
tion and solvent casting processes. In brief, EG and 
CA were simultaneously homogenized in DMF at 
6000  rpm for 90  min. Afterwards, the suspension 
obtained was left to stand for 24 h. Finally, the super-
natant was collected and oven-dried at 90 °C for 4 h, 
thus obtaining a GNP/CA composite film (Fig.  1b). 
Although both the GNPs and GNP/CA produced 

(1)K = � ⋅ � ⋅ Cp

show similar morphologies (ca. 4 nm in thickness and 
several micros in lateral dimension, see Fig. 1c-g and 
S1), their dispersibility in DMF exhibit a great differ-
ence. As shown in Fig. 1h, pure GNPs gradually pre-
cipitate, and the supernatant transforms to transparent 
solution after 24 h. In comparison, the GNP/CA pro-
duced shows a much higher stability in DMF, as no 
detectable sediment was formed after 24 & 48 h and 
the occurrence of Tyndall effect was observed when a 
laser passes through (Figs. 1i and S2).

In addition to the improved dispersibility, the 
GNPs in GNP/CA system exhibit much fewer struc-
tural defects. As shown in Fig. 2a, all GNP/CA com-
posites present characteristic D-peak (1350  cm−1) and 
G-peak (1580  cm−1), which are assigned to the disor-
der-induced  A1g zone-phonon and crystalline graphite 
arising from the zone-center  E2g mode, respectively. 
The  ID/IG value is shifted from 0.06 for EG to 0.26 
for GNPs, suggesting the increased number of struc-
tural defect due to the high-speed homogenization 
and presence of oxygen in the solvent. However, the 
GNPs in E5C1 have a decreased  ID/IG value of 0.23. 
Further increasing the CA content leads to the con-
tinuous decrease of  ID/IG. To be specific, E1C5 has 
an  ID/IG value of 0.1, close to that of EG. Similar 
results were obtained from XPS analysis. As pre-
sented in Table S1 and Fig. 2b, the C/O ratio of EG is 
decreased from 26.8 to 10.8 after mechanical exfolia-
tion. Despite CA has a low C/O ratio of 1.6, the GNPs 
(labeled as G-C) obtained from 3 cycles of centrifu-
gation of GNP/CA at 10,000 rpm for 20 min have a 
C/O ratio of 14.2, higher than that of pure GNPs, sug-
gesting less structural deformation occurs to GNPs in 
the presence of CA. The reason for the improved dis-
persibility and structural integrity is that the sponta-
neous absorption of CA via CH-π interaction endows 
the GNPs an steric hindrance to DMF as well as oxy-
gen (Alqus et al. 2015; Han et al. 2019). The surface 
existence of CA was confirmed by FT-IR analysis. As 
shown in Fig. 2c, the peak at 1750  cm−1, assigned to 
C = O vibration in acetyl group, is observed in CA 
and G-C, but not in EG and GNPs (Fei et  al. 2017; 
Zhang et  al. 2011). Since free CA was removed by 
centrifugation, the CA detected by FT-IR is located 
on the surfaces of GNPs via physical absorption.

Considering most of the original EG fails to be 
exfoliated, the thermal gravimetric analysis of GNP/
CA composites was thus performed to reveal their 
GNP content. As shown in Fig. 3a, CA is completely 
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decomposed at 550  °C where GNPs have negligi-
ble weight loss under air atmosphere. Therefore, the 
weight percentage at 550  °C is determined as the 
GNP content of the GNP/CA composite. It is wor-
thy to mention that the decomposition temperature 

of pure GNPs is higher than that of GNPs in GNP/
CA composites. This is due to the fact that, with the 
increase of temperature, the gradual decomposition 
of CA initially transforms the GNP/CA composite 
to a porous GNPs sponge, which has a much larger 

Fig. 1  (a) Schematics for the production of GNP/CA com-
posite film; (b) optical image of the GNP/CA composite film; 
(c–e) SEM images of (c) EG, (d) GNPs and (e) GNP/CA; (f–g) 
AFM images of (f) GNPs and (g) GNP/CA; (h) optical images 

of GNP and GNP/CA suspension after standing for various 
times; (i) optical image of the DMF suspension of GNP/CA 
when a laser passes through

Fig. 2  (a) Raman spectra of EG, GNPs and GNP/CA composite films, (b) FTIR and (c) XPS spectra of EG, CA, GNPs and G-C
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specific surface area and therefore higher reactiv-
ity than pure GNPs (Farivar et  al. 2021; Jiang et  al. 
2000). For the case of EG/CA ratio of 1:5, the com-
posite produced has a GNP content of 3.59%, which 
is much lower than the original EG content. Further 
rising the EG/CA ratio to 1:1 slightly increases the 
GNP content to 5.17%. Notably, the GNP content 
sharply increases to 22.81% and 32.82% as the EG/
CA ratio increases to 3:1 and 5:1. Due to the fact 
of no free-standing composite film can be obtained 
when EG/CA ratio is higher than 5:1, a maximum 
EG/CA ratio of 5:1 was hence used in the following 
studies.

Antistatic property of GNP/CA composite film

According to ASTMD257-78, the surface resistiv-
ity of antistatic materials needs to fall in the range 
of 1.0 ×  105 to 1.0 ×  1012 Ω/sq (Groop et al. 2003; Ho 
Shin et al. 2006). Due to the high surface resistivity 
of 1.09 ×  1012 Ω/sq. (Fig. 4), CA is unable to dissipate 
static electricity spontaneously. In comparison, the 
GNP/CA composites have a significantly decreased 
surface resistivity. For instance, E1C5 has a surface 
resistivity of 1.51 ×  109  Ω/sq, comparable to that of 
the composites with similar GNP loading (Table S2). 
However, increasing the EG/CA ratio from 1:3 to 1:1 
leads to a slight increase of surface resistivity from 
1.14 ×  107 to 3.33 ×  107 Ω/sq. The reason for this is, 
although E1C1 has a slightly higher GNP content 
than E1C3 (Fig. 3b), the cracks and holes observed on 

E1C1 surface (while no observable cracks and holes 
on E1C3 surface, see Fig. S3) would have a negative 
influence on static dissipation by disrupting the dis-
sipative pathway (Wang et  al. 2018). Owing to the 
similar element composition between CA and GNPs, 
EDS fails to evaluate the distribution of GNPs on the 
surface of composite (see Fig. S3). The surface resis-
tivity of composite is further decreased as the EG/CA 
ratio increases up to 3:1 and 5:1 owing to the sharply 
increased GNP content. But the ratio of surface resis-
tivity decrease is decreased because of the increased 
surface defects. Nevertheless, all the GNP/CA com-
posites fall within the range of antistatic materials. By 
contrast, other composites of such a high graphene 
or GNP content have a much lower resistivity (Wang 

Fig. 3  (a) TGA curves of GNPs, CA and GNP/CA composites under air atmosphere; (b) GNP content of GNP/CA composites

Fig. 4  Surface resistivity of CA and GNP/CA composite films
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et al. 2017). This discrepancy might be due to the fact 
that the surface absorption of CA leads to the electri-
cal insulation between neighboring GNPs (Morishita 
& Matsushita. 2021; Vu et al. 2018).

Thermal conductivity of GNP/CA composite film

Figure  5a shows the thermal conductivity ( ∥ ) of 
GNP/CA composite films in the in-plane direction. 
Pure CA film has a poor thermal conductivity ( ∥ ) 
of 0.170 W∕(m ⋅ K) , consistent with the previous 
report (Suthabanditpong et  al. 2019). Notably, the 
thermal conductivity ( ∥ ) of the GNP/CA compos-
ites is significantly increased. For the case of E1C5 
and E1C3, their corresponding thermal conductiv-
ity ( ∥ ) is 2.703 and 5.701 W∕(m ⋅ K) , achieving an 
increase of 1490% and 3253%, respectively. Increas-
ing the EG/CA ratio up to 5:1 gives rise to a slight 
increase of thermal conductivity ( ∥ ) up to 6.61 
W∕(m ⋅ K) , agreeing well with the tendency of anti-
static property. Regarding the out-of-plane direction, 
the thermal conductivity ( ⟂ ) of composite maintains 
at a lower level due to the low thermal conductivity 
(∼10–20 W∕(m ⋅ K) ) of graphene in the out-of-plane 
direction (Balandin. 2011). It should be noted that 
the thermal conductivity of CA in the out-of-plane 
direction differs from that in the in-plane direction 
because of the different characterization methods 
applied. Even though, the results indicate the ther-
mal conductivity ( ⟂ ) of the GNP/CA composites is 
greatly improved. As shown in Fig.  5b, E1C5 has a 

thermal conductivity ( ⟂ ) of 0.318 W∕(m ⋅ K) , close 
to that of pure CA (0.336 W∕(m ⋅ K) ). The increment 
of EG/CA ratio to 1:3 gives rise to the steady increase 
of thermal conductivity to 0.391 W∕(m ⋅ K) . As the 
EG/CA ratio increases to 1:1, 3:1 and further to 5:1, 
the thermal conductivity ( ⟂ ) is sharply increased to 
0.785, 1.112 and further to 1.961 W∕(m ⋅ K) , achiev-
ing an increase of 133%, 231% and 483%, respec-
tively. Such a high thermal conductivity in both the 
in-plane and out-of-plane direction enables the GNP/
CA composite film dissipate heat rapidly, thus provid-
ing protection to the item packed inside.

Tensile strength of GNP/CA composite film

Besides the antistatic and heat dissipative properties, 
the tensile strength of composite is also improved. 

Fig. 5  (a) In-plane thermal conductivity K(∥) and (b) out-of-plane thermal conductivity K(⟂) of GNP/CA composite films

Fig. 6  Tensile strength of CA and GNP/CA composite films
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As shown in Fig.  6, E1C5 has a tensile strength of 
27.17  MPa, higher than that of CA (25.77  MPa). 
With the increase of EG/CA ratio, the tensile 
strength of composite is increased accordingly, and 
obtains a peak value of 37.1  MPa at EG/CA ratio 
of 1:1, achieving a significant increase of 44%. This 
enhancement in tensile strength is due to the reason 
that the excellent compatibility between GNPs and 
CA facilitates the load transfer from CA to GNPs 
which has an ultra-high Young’s modulus of 1 TPa 
and tensile strength of 130  GPa (Kabiri & Namazi. 
2014; Lee et  al. 2008; Malho et  al. 2012; McAllis-
ter et  al. 2007). However, further increasing EG/CA 
ratio up to 5:1 leads to the decline of tensile strength 
down to 13.77 MPa. The reason for this deterioration 
in tensile strength will be discussed in the following 
section.

Morphology of GNP/CA composite films

Figure  7 shows the cross-section of GNP/CA com-
posite films. Pure CA adopts a uniform structure 
(Fig.  7a) while GNP/CA composites have a rougher 
morphology. Moreover, layered-structure is observed 
in GNP/CA composites, which might originate from 
the self-assembly of GNPs during the solvent casting 
process. With the increase of the EG/CA ratio to 1/1, 

the cross-section of the composite becomes denser, 
and the number and size of hole & pore is reduced 
(yellow circles in Fig.  7b, c, d). Together with the 
increase of GNP content (Fig.  3b), the composite 
thus has an increased tensile strength, K(∥) , K(⟂) and 
improved antistatic property. However, as the EG/CA 
ratio further increases to 3/1 and 5/1, layered-struc-
ture gradually disappears and GNPs start to be ran-
domly distributed due to the sharp increase of GNP 
content from 5.17% (for E1C1) to 22.81% (for E3C1) 
and further to 32.81% (for E5C1). Together with the 
increased defect on surfaces (Fig. S3), the as-prepared 
composites show decreased tensile strength, slightly 
changed K(∥) and surface resistivity but continuously 
increased K(⟂).

Conclusions

In this work, we have produced GNP/CA composite 
films by the simple liquid exfoliation and solvent 
casting processes. Due to the spontaneous absorption 
of CA during liquid exfoliation, the GNPs with CA 
produced have an excellent dispersibility in DMF 
and much fewer structural defects compared to 
GNPs alone. Consequently, the as-prepared GNP/
CA composite films show simultaneously and 

Fig. 7  SEM images of the cross-section of composite films. (a) pure CA, (b) E1C5, (c) E1C3, (d) E1C1, (e) E3C1 and (f) E5C1
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significantly enhanced antistatic property, thermal 
conductivity and tensile strength, hence capable 
of rapid dissipation of static electricity and heat. 
Together with its biodegrability, promising overall 
performances and easy production etc., the GNP/CA 
composite film is promising to be commercialized for 
packaging.
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