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Abstract: Cellulose derivatives, such as cellulose acetate 
(CA), are commonly used due to their ease of processing. 
These polymers present interesting mechanical proper-
ties and biodegradability, but low thermal stability under 
melt processing conditions. Composites of carbon nano-
tubes (CNTs) and cellulose derivatives are expected to 
present enhanced properties, depending on the effect of 
nanotubes on polymer structure and thermal properties. 
This work aims to investigate the influence of melt mixing 
on the stability of CA and its CNT composites. Composites 
with 0 wt%, 0.1 wt% and 0.5 wt% CNTs, as received and 
functionalized with pyrrolidine groups, were prepared 
using a batch mixer and an extruder. Chain scission of CA 
occurred during processing, but the effect was consider-
ably reduced in the presence of CNTs. The incorporation 
of small amounts of CNTs (with or without functionaliza-
tion) decreased polymer degradation by thermomechani-
cal effects induced during polymer processing.

Keywords: carbon nanotubes; degradation; functionali-
zation; thermal properties.

1  Introduction
Carbon nanotubes (CNTs) have been extensively used as 
a reinforcement in recent years, mainly due to their high 
performance and excellent electrical properties [1, 2]. The 
integration of these nanometric particles with high area 
to volume ratio, in polymer matrix, has the potential to 
enhance the composite properties at small CNT loads [3]. 

Several polymers have been investigated as matrix for CNT 
composites [4]. Natural polymers are particularly interest-
ing, as they do not pose environmental problems at the 
end of their lifetime [4]. Amongst all biopolymers, cellu-
lose is the most abundant natural polymer on earth, pre-
senting excellent mechanical properties due to its highly 
crystalline structure. This characteristic turns out to be a 
major drawback for polymer processing, as it renders the 
polymer infusible and insoluble in common solvents and 
thus difficult to shape [5–7]. To overcome this problem, 
cellulose acetate (CA) is a commonly used derivative that 
is processable, biodegradable and a non-toxic polymer 
[5, 6, 8]. It can be employed as a matrix to develop mate-
rials with tailored properties by adding CNTs or others 
compounds. Due to industry demand for cost effective 
production, the bio-nanocomposites should be produced 
by industry-ready technologies such as those based on 
melt mixing [9]. Nowadays, most CA or cellulose/CNT 
novel composites are produced using solution-based tech-
niques [10–17]. Switching to melt mixing processing would 
bring the advantage of a low environmental impact due to 
the solvent-free nanocomposite preparation [9, 18]. Since 
cellulose-based polymers are prone to thermal degrada-
tion, it is important to investigate the effect of CNT addi-
tion on polymer structure and molecular weight during 
processing using conventional melt mixing techniques [19, 
20]. Also, CNTs are frequently covalently functionalized 
to improve the polymer/CNT interface in the composite. 
The functional groups bonded to the CNT may react with 
the polymer, inducing reactions that would not take place 
otherwise. In this work, the CNT surface was functional-
ized by the 1,3-dipolar cycloaddition of azomethine ylides 
using a one-pot solvent-free experimental procedure 
reported elsewhere [21]. The functionalized nanotubes, 
CNTNH, were characterized by thermogravimetric analy-
sis (TGA) showing a weight loss of approximately 15% at 
800°C, similar to the results obtained in previous studies 
[21]. According to those studies, the functional groups 
bonded to the CNTs under these conditions are mainly 
pyrrolidine (Figure 1). Also, and in comparison with the 
work of other authors such as Li et al. [22], who bonded 
carboxylic acid groups, this kind of functionalization is 
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both less aggressive for the CNTs and for the environment, 
since it does not use combinations of strong oxidizing 
acids (Figure 1). Thus, nanocomposites of CA/CNT were 
prepared by melt mixing using 0.1 wt% and 0.5 wt% CNTs, 
both in a batch mixer and a mini twin-screw extruder. The 
produced materials were characterized in terms of the CA 
molecular weight distribution and thermal properties.

2  Materials and methods

2.1  Materials

The CNTs were multiwall from Nanocyl (Nanocyl SA, 
Belgium), NC 7000, produced via a catalytic carbon vapor 
deposition process with an average diameter and length 
of 9.5  nm and 1.5  μm, respectively. All of the chemicals 
were purchased from Sigma-Aldrich (Sigma-Aldrich 
Quimica, S.L., Sintra, Portugal), including benzyloxy-
carbonylglycine (Z-Gly-OH 99%), paraformaldehyde 
(reagent grade), diethyl ether, ethanol and n-hexane, and 
were used without further purification. The CA with an 
acetylation degree of 39.8 wt% was also acquired from 
Sigma-Aldrich.

2.2  Preparation of the nanocomposites

The functionalization of the CNT surface was accom-
plished via 1,3-dipolar cycloaddition reaction of the 
azomethine ylide formed by the reaction of Z-Gly-OH with 

Figure 1: (A) Carbon nanotube functionalization with acidic groups; 
(B) less aggressive functionalization with pyrrolidine groups.

paraformaldehyde, according to a procedure reported else-
where [21]. Cellulose-based nanocomposites were prepared 
by melt compounding using two pieces of equipment: an 
intensive batch mixer (Haake Rheomix 600 OS, v = 60 cm3) 
and a MicroLab co-rotating twin-screw extruder Rondol 
(L/D = 20/1, nominal screw diameter = 10  mm, die = 2 mm). 
Nanocomposites with 0.1 wt% and 0.5 wt% of function-
alized and non-functionalized CNTs were prepared in 
the batch mixer at 230°C with a rotor speed of 100  rpm 
during 8 min. In the extruder, the samples were produced 
under constant processing conditions, at a screw speed of 
100 rpm and a temperature profile along the extruder barrel 
between 130°C and 250°C using a throughput of 1.4 g/min. 
In both cases, CA and CNTs were previously dried in an 
oven at 80°C overnight and pre-mixed before processing.

2.3  Characterization

The molecular weight of CA and respective nanocompos-
ites was determined by gel permeation chromatography 
using a GPC Waters Alliance 2695. The samples were dis-
solved in tetrahydrofuran (1.5 mg/ml), and the homo-
geneous solution was filtered through a syringe filter 
(hydrophobic polytetrafluoroethylene) with a pore size 
of 0.45 μm before injection. The measurements were per-
formed at a flow rate of 1 ml/min and 80 μl of each solution 
were injected in a system containing three PLgel MIXED-B 
columns (7.5 mm × 300 mm, particle size 10 μm) at 25°C and 
a refractive index-detector at 35°C.

Differential scanning calorimetry measurements 
(Table 1) were performed on Perkin Elmer Diamond 
equipment under flowing argon atmosphere between 

Table 1: Thermal properties of the cellulose acetate and 
nanocomposites.

Samples   Tg (±1°C)   Tm (±1°C)   χc (%)

CA   208.0   –   –
CA(HK)   190.6   206.2   3.9
CA(ME)   188.7   215.3   2.9
CA+0.1%   CNT   HK   187.2   208.0   3.8

    ME  190.9   216.6   3.6
  CNTNH  HK   190.8   209.4   4.3
    ME  189.5   216.0   4.3

CA+0.5%   CNT   HK   190.7   209.2   6.3
    ME  189.1   217.0   5.6
  CNTNH  HK   190.7   213.1   6.3
    ME  193.1   217.7   5.5

CA, Cellulose acetate; CNT, carbon nanotube; CNTNH, functionalized 
nanotubes; HK, batch mixer; ME, mini-extruder; Tg, glass transition 
temperature; Tm, melting temperature; χc, crystallization degree.
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30°C and 270°C at a heating rate of 10°C/min. The 
melting temperature (Tm) was determined as the peak 
onset temperature and the crystallinity degree was cal-
culated using Eq. (1), where ΔH was determined for each 
sample, Φ corresponds to the mass fraction of the CNTs 
for the nanocomposites, and the value of ∆ 0

fH  of CA was 
58.8 J/mol [23]:

	

∆
χ
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= ×

− 0
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TGA measurements were performed on a TGA Q500 
from TA Instruments under a nitrogen constant flow. 
CNT functionalization was confirmed by a temperature 
sweep between 100°C and 800°C at 10°C/min, starting 
with an isothermal plateau at 100°C during 2 min. The 
analysis of the nanocomposites was performed by a tem-
perature sweep between 30°C and 600°C at a heating 

rate of 10°C/min to evaluate the thermal stability of the 
material.

3  Results and discussion

3.1  �Gel permeation chromatography 
analysis

Gel permeation chromatography chromatograms of the 
polymer matrix before and after processing are presented 
in Figure 2. Before processing, CA presents a lower reten-
tion time, which is associated with higher molecular 
weight. After processing in a batch mixer, HK, and twin-
screw extruder, ME, the chromatogram curves shifted to 
higher retention times, indicating a molecular weight 
decrease. This may be enhanced by hydrolysis of the 

Figure 2: (A) Gel permeation chromatography (GPC) chromatograms of cellulose acetate before and after processing; (B) and (C) GPC chro-
matograms of cellulose acetate (CA) from the composites prepared in the batch mixer, HK and mini-extruder, ME, respectively, compared 
with pure CA processed by the same process; (D) % variation of retention time of CA and nanocomposites.
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glycosidic bonds, due to residual moisture, accelerated 
by temperature and catalyzed by the acetic acid product 
of deacetylation [24–26]. Also, the CA processed in the 
ME systematically showed higher molecular weight 
compared to the CA processed in the HK. In spite of the 
higher shear forces developed in the ME, the longer resi-
dence time in the HK (8 min in HK vs. 4 min in ME) seems 
to have a strong effect on polymer chain scission. These 
samples also show broader peaks when compared to CA 
before processing, which can be associated to a higher 
polydispersity. In order to understand the effect of the 
processing method on CA molecular weight, the percent 
variation of the retention time [RT(%)] at the curve 
maximum, (RTx), was measured for each material, rela-
tive to as received CA (RTCA) using:

	

−
= ×RT(%) 100x CA

CA

RT RT
RT

�
(2)

RT(%) is proportional to the polymer average molecu-
lar weight, the greater RT corresponding to the lower 
polymer average molecular weight (Figure 2). Therefore, 
it is evident that the presence of CNTs, either pristine or 

functionalized, decreased the polymer degradation, and 
this effect is independent of their concentration, at least 
from 0.1 wt% to 0.5 wt% of CNTs. The presence of the CNTs 
in this case could act as a physical barrier for the acetic 
acid produced during the deacetylation of CA, delaying 
the chain-scission of the nanocomposite, since the pro-
duced acetic acid promotes the rupture of the glycosidic 
bonds. All of the nanocomposites processed in the HK 
showed greater CA degradation compared to the extruded 
ones.

3.2  Thermal stability of the nanocomposites

The thermograms of CA before processing (CA), after pro-
cessing in a batch mixer (CA[HK]) and in the mini-extruder, 
(CA[ME]) (Figure 3) present an onset of thermal degrada-
tion, under nitrogen at 323°C, 342°C and 349°C, respec-
tively. Moreover, the polymer is completely degraded 
at approximately 360°C, 385°C and 392°C, respectively. 
According to Zavastin et al. [27] the weight loss of CA corre-
sponds to the pyrolysis of the polymer backbone followed 
by deacetylation. Pure CA exhibits lower thermal stability 

Figure 3: Thermal stability of (A) pure cellulose acetate (CA) and processed CA; (B) pure CA with carbon nanotube (CNT) and functionalized 
nanotubes CNTNH processed in the Haake mixer; and (C) in the mini-extruder.
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before processing compared to CA after processing, in 
spite of its higher molecular weight. Li et al. [22] observed 
that the incorporation of CNTs functionalized with carbox-
ylic groups on the CA polymer improved the thermal sta-
bility of the nanocomposite. In the present study, a similar 
trend is noticed for nanocomposites prepared using CNTs 
or functionalized CNTNH (Figure 3). Although, CA/CNT 
nanocomposites showed a lower molecular weight com-
paring to the as-received CA polymer, this result indicates 
that the incorporation of CNTs could lead to the stabiliza-
tion of the CA polymer matrix, resulting in the improve-
ment of the thermal stability of CA/CNTs nanocomposites. 
In this case, the CNTs may be increasing the thermal con-
ductivity, homogenizing the composite temperature and 
reducing thermal gradients generated across the insu-
lating material, thus reducing thermal degradation, and 
enhancing its thermal stability. The CNT may also provide 
a physical barrier against the diffusion of the volatile 
products generated during thermal decomposition, such 
as, acetic acid for the CA polymer matrix, which may cata-
lyze polymer degradation. This physical barrier effect was 
already observed on poly(terephthalate of ethylene)/CNT 
and on poly(ethylene 2,6-naphthalate)/CNT nanocompos-
ites [28, 29]. The samples prepared in the ME show higher 
thermal stability, probably due to the higher molecular 
weight of these materials compared to those prepared in 
the HK (Figure 3). Table 1 presents the differential scan-
ning calorimetry results obtained for the glass transition, 
onset Tm and the crystallinity degree of pure CA and 
nanocomposites. The onset Tm and the degree of crystal-
linity of CA show a similar trend, as the results obtained 
by TGA (Figure 3). CA nanocomposites prepared in the 
ME exhibit higher Tm than the materials prepared in the 
HK, which can be associated with the larger degradation 
during sample preparation in the latter. The crystalliza-
tion degree calculated is also in agreement with the previ-
ous analyses showing a measurable crystallinity, although 
incipient, for the samples processed in the HK and the ME. 
The crystalline domains could originate on the organiza-
tion of the shorter macromolecular chains formed due to 
chain-scission during processing. Furthermore, the pres-
ence of the functionalization in the CNTs did not signifi-
cantly affect the glass transition and Tm, as well as the 
crystallinity degree.

4  Conclusion
The effect of CNTs and functionalized CNTs with pyr-
rolidine groups on the polymer structure and thermal 

properties of cellulose nanocomposites during prepara-
tion by melt mixing was successfully investigated. The 
incorporation of small amounts of CNT (with or without 
functionalization) enhanced the composite stability by 
delaying the polymer degradation by thermomechani-
cal effects induced during polymer processing. Despite 
polymer degradation, the processed CA and respective 
nanocomposites presented higher thermal stability com-
pared to the as-received CA. The functionalized CNTs 
could withstand the processing conditions, since the 
composites thermal properties were similar to those of the 
composites with non-functionalized CNT. The samples 
prepared in the mini-extruder experienced less degrada-
tion during processing, emphasizing the relevance of the 
processing conditions on the final composite properties.
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