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Effect of graphene oxide addition on the characteristics of 
nanocomposite films made of graphene oxide and nanocellulose 

obtained from recycled pulp

* Corresponding author

Abstract.  Films consisting of 6,6,2,2-tetramethylpiperidine-N-oxyl (TEMPO) oxidized cellulose nanofibers 
(TOCNFs) prepared from recycled pulp and graphene oxide (GO) were produced by the solution molding 
method. Electrical conductivity titration and FTIR spectra showed that recycled fibers and cellulose nanofibers 
were successfully oxidized and the number of carboxyl groups increased. Mechanical properties, thermal stability, 
crystallinity index, and morphological structure of the nanocomposite films of TOCNFs and GO were characterized 
by tensile strength tests, thermal gravimetric analysis (TGA), X-ray diffraction (XRD), and scanning electron 
microscopy (SEM). Tensile strength of films made of TOCNFs with 1.5% GO was 61% higher than those without 
GO, while tensile strength TOCNF films with 3% GO decreased by 2%. The values did not differ statistically 
from the non-amended TOCNF. Addition of up to 3% GO did not markedly affect thermal stability of nanocomposite 
films. Recycled pulp had 83% crystallinity, while the crystallinity index of TEMPO-oxidized cellulose nanofibers 
decreased to 65.5%. SEM observations showed that TOCNFs and small amounts of GO formed nanocomposite 
films with a homogeneous structure. This research provides an approach for effective utilization of recycled 
pulp as a feedstock for cellulose nanofibers and TOCNFs/GO nanocomposite films.
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Introduction
Nanocomposites based on biopolymers, and Nano-scale fill-
ers are of scientific and industrial interest in terms of their 
biological efficiency and potential for significant performance 
improvements (Sellinger et al. 1998). Biodegradable nanocom-
posites are made from biopolymers such as polysaccharides, 
proteins, and fats. As a renewable, biodegradable, and non-toxic 
material, cellulose is the most abundant natural polymer on 
earth. It is produced via photosynthesis at the rate of 1011 - 
1012 t/year (Klemm et al. 2002) and has been used to produce 

nanocellulose (Turbak et al. 1983). Cellulose nanofibers have 
attracted a lot of attention in Europe and their cost-effective 
production is a priority to address a number of environmental 
issues (Rol et al. 2019). Cellulose nanofibers have distinct 
features in comparison to cellulose fibers rendering them 
advantageous for a range of applications including packaging 
(Lavoine et al. 2012; Saini et al. 2016), printed electronics 
(Hoeng et al. 2016), papermaking (Bardet et al. 2014; Brodin 
et al. 2014), composites (Mariano et al. 2014; Oksman et al. 
2016), and medicines (Jorfi and Foster 2015).

Cellulose nanofibers have at least one dimension in the na-
noscale, have a high specific surface area, and behave like a 
gel in water. They are transparent and compatible with the 
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environment while retaining unique mechanical and barrier 
properties. Production of cellulose nanofibers on an industrial 
scale is possible due to the discovery of methods for reducing 
energy consumption during mechanical treatment. The energy 
consumption associated with the manufacturing of cellulose 
nanofibers utilizing homogenizers, microfluidizers, and grind-
ers is considerable, mostly attributable to the abundance of 
surface hydroxyl groups that facilitate substantial hydrogen 
bond interactions among nanofibrils. Over the last decade, 
several studies have been conducted to decrease energy con-
sumption and enhance the nanofibrillation process (Rol et al. 
2019). Two methods have been proposed: new mechanical 
processes and/or chemical modification of cellulosic fibers. 
The most common pretreatment method for preparing cel-
lulose microfibrils is TEMPO-oxidation. Oxidation using a 
6,6,2,2-tetramethylpiperidine-N-oxyl (TEMPO) mediator 
includes the conversion of hydroxyl groups into aldehyde 
and carboxyl functional groups in an aqueous environment at 
room temperature (Rol et al. 2019). 

The main weakness of biopolymer films is their poor mechani-
cal properties and research has been conducted to improve the 
mechanical properties of polysaccharide-based films (Gontard 
et al. 1993; Hagenmaier and Shaw 1990; Maftoonazad et al. 
2008; Park et al. 1993; Yang and Paulson 2000). Modification 
of polymers with minerals has been shown to improve polymer 
properties, including their mechanical strength (Colemanet al. 
2006; Han et al. 2011a; Han et al. 2011b). On the other hand, the 
use of graphene and graphene oxide (GO) in materials research 
has attracted tremendous attention in various fields, including 
biomedicine (Feng et al. 2012; Li et al. 2008; Li et al. 2011). 

Graphene is an allotrope of carbon consisting of a two-dimen-
sional sheet with SP2 hybridization and a hexagonal lattice 
structure. Graphene has a variety of mechanical and electri-
cal characteristics that render it well-suited for enhancing the 
strength of polymer matrices. Several studies have used GO 
nanosheets or reduced GO to enhance the mechanical or elec-
trical properties of polymers (Salavagione et al. 2009; Steurer 
et al. 2009; Wu and Liu 2010; Xu et al. 2010). These studies 
showed that uniform distribution of graphene in the polymer 
matrix was necessary to obtain the best characteristics. 

The large specific surface area of GO has -OH, -COOH, -O- 
and -C=O functional groups that make it hydrophilic and easily 
dispersible in water and some organic solvents (Paredes et al. 
2008). This makes it simple to fabricate GO sheets using the 
solution molding technique. Research has shown that GO may 
be evenly disseminated in a chosen polymer matrix to create 

graphene oxide-based nanocomposites with superior mechani-
cal and thermal characteristics (Fang et al. 2009; Liang et al. 
2009; Villar-Rodil et al. 2009). 

Since GO is prepared from inexpensive graphite, it has a tre-
mendous cost advantage over carbon nanotubes, which has 
encouraged research on polymer/GO composites (He et al. 
2012; Rana et al. 2011; Yang et al. 2010). 

Feng et al. (2012) produced flexible nanocomposite films 
consisting of GO and bacterial cellulose and used scanning 
electron microscopy and X-ray diffraction to show that GO 
nanosheets were uniformly dispersed in the bacterial cellulose 
matrix. Furthermore, they found a 10% increase in Young’s 
modulus and a 20% increase in tensile strength in films contain-
ing bacterial cellulose, and 5% (wt/wt) gain of GO compared 
to bacterial cellulose film.

Han et al. (2011) showed that chitosan and GO composite 
films could be mixed uniformly and that mechanical properties 
of the composite films, especially in the wet state, increased 
significantly compared to the chitosan film. These composite 
films showed a high storage modulus of up to 200°C. 

The link between the dispersion state and the reinforcing effect 
of GO in composite films containing microcrystalline cellulose 
was examined by Wang et al. (2012) who found that mechani-
cal qualities of composite films were much better than those of 
the microcrystalline cellulose film and that the strengthening 
impact of GO and its state of dispersion were closely related. 

Yadav et al. (2013) showed that nanocomposite films consist-
ing of sodium carboxymethyl cellulose and 1% GO had had 
significantly higher tensile strength and Young’s modulus than 
sodium carboxymethylcellulose film alone. Nanocomposite 
films also showed storage moduli up to 250°C. 

Xu et al. (2015) studied the effect of GO on the properties 
of cellulose nanofibers extracted from banana petiole fibers. 
They showed that the tensile strength and thermal properties 
of nanocomposite films were improved when less than 4.4% 
GO was added. 

Zhang et al. (2019) studied the effect of GO and black phos-
phorus on the physical properties of regenerated cellulose 
films synthesized from agricultural corn stalk waste. They 
demonstrated that parenchyma cells derived from maize stem 
pith could be used to produce regenerated cellulose. Addition 
of small quantities of GO and black phosphorus to the regen-
erated cellulose base material improved the performance of 
regenerated cellulose composite films.
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Wang et al. (2018) prepared a composite of GO, chitosan, and 
cellulose by the phase transfer method. They showed that GO 
improved the thermal stability of films containing chitosan 
and cellulose while tensile strength and elongation at break 
increased in films with low loading levels of GO. 

GO has been used as a reinforcement in polysaccharide base 
materials such as sodium carboxymethyl cellulose (Yadav 
et al. 2013), bacterial cellulose (Feng et al. 2012), chitosan 
(Wang et al. 2018), microcrystalline cellulose (Wang et al. 
2012) and cellulose nanofibers extracted from banana petiole 
fibers (Xu et al. 2015). Although a number of studies have been 
performed on production of cellulose nanofibers from paper 
pulp, few reports are available on the production of cellulose 
nanofibers from recycled pulp. The use of TEMPO-oxidized 
cellulose nanofibers obtained from recycled pulp and their use 
in the production of nanocomposite films reinforced with GO 
has not been fully researched.

The objective of this study was to examine the effects of 0.5, 
1.5 or 3.0% GO addition on the properties of TOCNFs as the 
base material to produce nanocomposite films. The mechanical 
properties and thermal stability of the nanocomposite films of 
TOCNFs and GO were studied by tensile strength tests and 
thermogravimetric analysis (TGA). 

Materials and methods

Greenfield94 recycled pulp was obtained from the Polytechnic 
Institute of Grenoble, France, with the specifications listed in 
Table 1 as cellulose raw material. 6,6,2,2-tetramethylpiperidine-
N-oxyl (TEMPO), sodium bromide, sodium hypochlorite 
solution (15%), hydrochloric acid, and sodium hydroxide 
were purchased from Sigma-Aldrich and used without fur-
ther purification. Graphene oxide dry sheets (particle size: 
0.2-2 microns) were purchased from Graphene Laboratories 
(Ronkonkoma, NY, USA). Deionized water was used in all 
experiments.

TEMPO oxidation of cellulose fibers

Saito’s method was used for TEMPO oxidation of cellulose 
fibers (Saito et al. 2007). Two hundred g of recycled pulp (based 
on dry weight) was soaked in 10 L of water for 4 hours and 
then stirred for 5 minutes with an electric stirrer (suspension 
concentration 0.02 g/mL). TEMPO (1.6 g, with 98% purity) 
was added and softened with a mortar; 10.3 g sodium bromide 
(99.5% purity) was added. A 10-15% solution of sodium 
hypochlorite adjusted to pH 10 with hydrochloric acid and 
286.3 g of it was added to the mixture. The suspension was 

placed in a flask at 25°C with stirring at 200 revolutions per 
minute for 5 minutes after TEMPO and sodium bromide were 
added. Sodium hypochlorite was added to the mixture, and 10 
L of deionized water were added to produce a concentration to 
0.01 g of cellulose/mL. The suspension pH was maintained at 
10 by dropwise addition of sodium hydroxide until no reduc-
tion was observed, indicating that carboxyl groups were no 
longer formed and the sodium hypochlorite was completely 
consumed. The reaction was quenched by lowering the pH 
to 7 using hydrochloric acid. The suspension was washed 
with deionized water on a Büchner funnel and a nylon mesh 
with a hole diameter of 0.65 μm. Figure 1 shows the general 
pathway of the TEMPO oxidation reaction. The material was 
resuspended and diluted to 0.02 g/mL using deionized water 
to produce cellulose nanofibers. The suspension was passed 
through a grinding machine several times and at certain angles 
among the disc plates. 

Electrical conductivity titration

The number of carboxyl groups in TEMPO-oxidized cellulose 
fibers was determined via electrical conductivity titration. 
Fifteen mg of TEMPO oxidized cellulose fibers were mixed in 
200 mL of deionized water in a 500 mL beaker in an ultrasonic 
bath for 5 minutes. The pH of the suspension was adjusted to 
3 using 0.1 M hydrochloric acid (replacing sodium ions with 
protons). The suspension was titrated by adding 0.2 mL of 
0.01 M sodium hydroxide solution. The amount of grafting 
was calculated in µmol/g with the following formula (da Silva 
Perez et al. 2003):

Table 1. Specifications of recycled pulp

Mean length-weighted fiber length 859 µm

Mean fiber width 23.7 µm

Macro fibrillation index 0.603%

Fine content, % in length 30.88%

(1)
𝑋𝑋 =  𝐶𝐶 × (𝑉𝑉2 − 𝑉𝑉1)

𝑤𝑤    

Where X was the amount of carboxyl groups (µmol/g), C was 
the concentration of sodium hydroxide solution (µmol/L), V1 
corresponded to the presence of an excess amount of strong 
hydrochloric acid (L), V2 corresponded to the amount of weak 
carboxylic acid (L), and was the dry weight of the sample (g).

Production of cellulose nanofibers

After TEMPO-oxidized pre-treatment, the 2% suspension of 
TEMPO fibers in water was ground in a Matsuko Ultra-fine 
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Works, Wilmington, NC, USA) for 3 minutes at 7200 rpm, 
then stirred for 10 minutes while the pH was adjusted to 7 
using 0.1 M hydrochloric acid. The mixture was stirred for 1 
hr then placed in an ultrasonic bath for 3 minutes to remove 
the bubbles. The suspension was poured into a Petri dish and 
oven-dried at 40°C for 24 hr. The thin films of nanocomposite 
of TOCNFs and GO with an average thickness of 40 µm were 
characterized (Figure 2b).

Fourier transform infrared spectroscopy (FTIR)

Functional groups of recycled pulp, TEMPO-oxidized cellulose 
nanofibers, TOCNF/GO nanocomposite films, and graphene 
oxide were examined using a Bruker Model Vertex 80 FTIR 
spectrometer (Bruker Inc, Bellerica, MA, USA) equipped with 
an attenuated total reflection system was used. All sample 
spectra were collected by accumulating 32 scans from 500 
to 4000 cm-1. The background spectrum was collected and 
subtracted from the original spectrum for each sample.

X-ray diffraction (XRD)

The effects of TEMPO-oxidation pretreatment and mechanical 
grinding treatment on the crystallinity index of cellulose fibers 
were investigated by XRD. Recycled pulp, TEMPO-oxidized 
cellulose nanofibers, TOCNF-GO films and graphene oxide 
were separately oven-dried at 40°C for 24 hours and powder 
was prepared from them. Recycled pulp was used as a refer-
ence sample. X-ray diffraction spectra were prepared using an 
XPERT-MDP diffractometer (Malvern Panalytical, Malvern, 

friction grinder (Matsuko Sangyo, Honcho, Japan) at 1500 
rpm and 32 passes through the grinder (10, 10, 10 and 2 
passes, respectively, with the distance between the two discs 
set between “0”, “-5”, “-10” and “-20”). This device uses a 
vertically stacked pair of stone discs. The bottom disk rotates 
while the top disk remains stationary. The distance between 
the two discs was modified to a value of -100 μm relative to 
the initial location of zero displacement prior to the application 
of the dough. The zero-movement position was determined 
as the contact position between the two grinder discs before 
loading the dough. There was no direct contact between two 
grinding stones, even in the negative setting of the disc posi-
tion. The resulting suspension of cellulose nanofibers is shown 
in Figure 2a.

Preparation of TOCNFs/GO nanocomposite films

Nanocomposite films based on TOCNFs containing 0.5, 1.5, 
and 3 wt% of GO were produced by the solution molding 
method (Wang et al. 2005). The appropriate amount of suspen-
sion of cellulose nanofibers needed to obtain 0.25 g of cellulose 
nanofibers (based on dry weight) was diluted in deionized water 
then, 0.000125, 0.00375, and 0.0075 g of GO were mixed in 
deionized water to prepare films containing 0.5, 1.5, and 3 wt% 
of GO. The mixtures were subjected to ultrasonic waves in 
an ultrasonic bath for 15 minutes. Subsequently, the cellulose 
nanofiber solution was combined with the GO suspension, 
and 50 ml of deionized water was added. The mixture was 
blended in an IKA ULTRA-TURRAX homogenizer (IKA 

Figure 1. General schematic of TEMPO oxidation (Paquin, Loranger, Hannaux, Chabot, & Daneault, 2013) 
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United Kingdom) with Cu-Kα radiation at 40 kV and 30 mA 
at a scan rate of 0.02° s-1 over a 2θ scan in the range 10-60°. 
The crystallinity indices (C.I.) for recycled pulp and TEMPO-
oxidized cellulose nanofibers were calculated based on Segal’s 
experimental method (Segal et al. 1959):

used to examine graphene oxide nanosheets. GO nanosheets 
were deposited on a nickel/SiO2/Si wafer via CVD.

Tensile test

The tensile strength of TOCNF/GO nanocomposite films (5 by 
15 mm by nominal thickness of 40 µm) was determined using 
a SANTAM STM-50 tensile tester (Santam, Teheran, Iran) at a 
speed of 1 mm/min and a force of 100 N. All the samples were 
conditioned for 24 hours at 23 ± 5°C and a relative humidity 
of 50% ± 1% prior to testing. Three samples were evaluated 
for each film type and values were averaged. The data were 
subjected to an analysis of variance and means were compared 
using Duncan’s modified least significance test at α = 0.05.

Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis (TGA) was performed using a 
NETSCZH STA 449 C Jupiter simultaneous TG-DSC analyzer 
(Selb, German). The temperature was increased from room 
temperature to about 900°C in a nitrogen atmosphere at a rate 
of 10°C/min. A 10 mg sample was used for each run and the 
resulting curves were analysed.

Results and discussion
Electrical conductivity titration curves for recycled pulp, 
TEMPO-oxidized recycled pulp, and TEMPO-oxidized 
cellulose nanofibers

Electrical conductivity titration curves for recycled pulp, 
TEMPO-oxidized recycled pulp and TEMPO-oxidized cel-
lulose nanofibers exhibited three separate phases (Figure 3). In 
the first phase, electrical conductivity decreased in terms of the 
neutralization of protons (H+) by hydroxyl ions (OH-), and the 
increase of ions (Na+) which have little mobility. The second 
phase involved neutralization of carboxylic groups, during 
which electrical conductivity remained basically unchanged. 
Sodium ions (Na+) are absorbed by carboxylic acid groups, 

b

Figure 2. Examples of (a) TOCNFs and TOCNFs/GO suspensions where beaker on the left is TOCNF alone and those to the right containing increasing amounts 
of GO and (b) TOCNFs/GO nanocomposite films containing 0, 0.5, 1.5 and 3 wt% GO (from left to right, respectively). 

a

𝐶𝐶𝐶𝐶 =  𝐼𝐼002 − 𝐼𝐼𝐴𝐴𝐴𝐴
𝐼𝐼002

  ×  100  2

Where I002 was the intensity of 002 reflection (2θ between 
22° and 23°) and IAM was the minimum value at 2θ between 
18° and 19°, which represented the reflection intensity of the 
amorphous phase.

Scanning electron microscopy (SEM)

Scanning electron microscopic images of oxidized TEMPO 
nanofibers, and fracture sections of TOCNF/GO nanocomposite 
films were taken using Field Emission Gun (FEG) SEM, and 
FEI ESEM QUANTA 200 (Hillsboro, OR USA), respectively. 
The fracture surface of the films was sputter-coated with 
gold for better viewing. A drop of a suspension of oxidized 
TEMPO cellulose nanofibers with a very low solid content, 
about 10-5 %, was placed on a carbon-coated grid and sputter-
coated with gold.

Atomic force microscopy (AFM)

A VEECO Nanoscope MultiMode IIIA atomic force micro-
scope (AFM) was used to examine graphene oxide nanosheets. 
The samples were prepared by depositing a dilute mixture 
of graphene oxide on the surface of mica and examining the 
resulting surface.

Transmission electron microscope (TEM)

A Philips Tecnai G2 F20 Transmission electron microscope 
(TEM) (Philips, Grenoble, France) operating at 200 kV was 
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and protons (H+) are neutralized by hydroxyl ions (OH-). In the 
third stage, there was an overabundance of sodium hydroxide 
which increased electrical conductivity. A carboxyl group 
concentration of around 300 µmol/g is required to create a cel-
lulose nanofiber gel, which may greatly minimize the number 
of mechanical treatment procedures (Besbes et al. 2011a; Wang 
et al. 2005). The amounts of carboxylic groups for recycled 
pulp, TEMPO-oxidized recycled pulp, and TEMPO-oxidized 
cellulose nanofibers, respectively, were calculated as 117, 975, 
and 890 μmol/g. The increase in the number of carboxyl groups 
of TEMPO-oxidized recycled pulp compared to recycled pulp 
without oxidation confirmed the oxidation of cellulose fibers.

FTIR spectra for recycled pulp, TOCNFs/GO0% film, 
TOCNFs/GO3% film and graphene oxide

FTIR measurements were used to qualitatively confirm the 
oxidation level of TEMPO-oxidized cellulose nanofibers. 
Figure 4 shows the FTIR spectra for recycled pulp, TOCNF/
GO0% film, TOCNF/GO3% film, and GO. The absorption 
peak near 1600 cm-1 is related to the C=O stretching vibration 
of COO⁻ group. As expected, since the amount of COO⁻ group 
in recycled pulp was very low, the absorption peak of 1600 
cm-1 was more obvious for oxidized cellulose nanofibers than 
recycled pulp and confirmed the oxidation of cellulose fibers 
(Benhamou et al. 2014).

Oxygen atoms in GO exist in the form of −COOH, −CO = O, 
−OH, and −C − O − C groups on the surface or edge of GO 
sheets and play an important role for improving compatibil-
ity between GO and cellulose nanofibers (Wang et al. 2012). 
Peaks at 1059, 1374.3, 1719.3, 3383.9 and 1621.1 cm-1, re-
spectively, in the GO spectra were attributed to C − O (epoxy 
or alkoxy functional group), O − H (from carboxyl functional 
group), C=O (carboxyl and carbonyl functional group), O-H 
(hydroxyl functional group) and −C = C − functional group 
(Wang et al. 2012). The absorption peak resulting from the 
stretching vibration of O − H at 3348 cm-1 in nanocomposite 
films containing 0% or 3% GO decreased compared to re-
cycled pulp. Absorption peaks were also observed at 1600 and 
1719 cm-1 and are related to stretching vibration of C=O for 
both TOCNF/GO0%, and TOCNF/GO3%. The reduction of 
hydroxyl groups appeared to be related to their replacement 
with carboxyl groups as a result of TEMPO-oxidation. Many 
oxygen-containing functional groups make GO sheets highly 
hydrophilic and improve their miscibility in water. 

Mechanical properties of TOCNFs/GO nanocomposite films

The mechanical properties of TOCNFs/GO nanocomposite 
films depend on the uniform distribution of GO in the base 

Figure 3. Electrical conductivity titration curves for (a) the recycled pulp, (b) 
TEMPO-oxidized recycled pulp and (c) TEMPO-oxidized CNF.

a

b

c
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material of TEMPO-oxidized cellulose nanofibers and the 
degree of reaction between GO and TOCNFs. Figure 5 shows 
the stress-strain curves for TOCNFs/GO nanocomposite films. 
The mechanical properties of TOCNFs/GO nanocomposite 
films are summarized in Table 2.

Average Young’s modulus and tensile strength of TOCNFs/
GO0.5%, and TOCNFs/GO1.5% nanocomposite films in-
creased compared to the non-GO amended film (Table 2). 
The average Young’s modulus and average tensile strength of 
TOCNFs films amended with 1.5% GO were 24% and 61% 
higher than those obtained for TOCNFs/GO0% film, respec-
tively. The results indicated that proper GO distribution of GO 
in TOCNFs and the compatibility between TOCNFs and GO 
contributed to increased film mechanical properties. Oxygen-
containing groups in GO can react with TOCNFs through 
hydrogen. Average Young’s modulus and tensile strength for 
TOCNF/GO3% film were, respectively, 24% and 2% less than 
those obtained for the none-GO containing TOCNF film. An 
ANOVA of the data indicated that the addition of GO had no 
significant effect on either tensile strength or Young’s modulus 
(Table 3).

Thermal gravimetric analysis

The thermal stability of nanocomposite films without GO 
(TOCNFs/GO0%) up to about 300°C was higher than the that 
of GO (Figure 6). The process of thermal degradation was re-
versed above 300°C. Thermal degradation of GO slowed above 

Figure 4. FTIR spectra for recycled pulp, TOCNFs/GO0%, TOCNFs/GO3% 
and GO.

Table 2. Effect of different levels of GO on mechanical properties 
TOCNFs/GO nanocomposite films.a

GO loading 
(wt%)

Young’s modulus 
(GPa)

Tensile strength (N) Elongation at 
break (%)

0 1.79 (1.11)a 10.72 (7.10) 3.80 (0.47)

0.5 2.76 (0.68) 11.08 (3.58) 4.20 (1.85)

1.5 2.22 (0.21) 17.29 (4.29) 5.30 (1.62)

3 1.35 (0.06) 10.50 (2.83) 3.90 (0.91)

a. Values represent means of three replicates while figures in parentheses are one standard 
deviation. 

Figure 5. Typical stress-strain curves for TOCNF nanocomposite films with 
increasing levels of GO.

that temperature, but continued for nanocomposite films with 
or without GO up to 800°C. TGA tests showed that thermal 
stability of nanocomposite films was better up to 300°C. This 
could be due to the presence of cellulose nanofibers in the 
nanocomposite films that imparted TOCNFs with intrinsic 
resistance to heat. However, thermal degradation of TOCNFs 
was initiated above 300°C. The addition of up to 3% GO did 
not greatly affect the thermal stability of the nanocomposite 

Table 3. Analysis of variance examining the effect of GO addition on 
the mechanical strength of nanocomposite films.

Sum of 
squares

df Mean 
square

F Sig.

Between Groups 96.348 3 32.116 1.432 0.304

Within Groups 179.481 8 22.435

Total 275.829 11
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Figure 6. (a) TGA and (b) DTG curves for TOCNFs and TOCNFs/GO nanocomposite films, and (c) carbonaceous residue at 800°C for different levels of GO in 
the TOCNFs.

c

a b

films. The carbonaceous residue after thermal degradation at 
800°C for TOCNFs/GO0%, TOCNFs/GO0.5%, TOCNFs/
GO1.5%, and TOCNFs/GO3% nanocomposite films were 
respectively 12.8%, 15.45%, 15.53%, and 16.35% (Figure 6-c). 
These observations are consistent with the results of Wang et al. 
(He et al. 2012), who synthesized composite films consisting 
of microcrystalline cellulose and GO. They showed that the 
thermal degradation temperature for the GO films was lower 
than the pure microcrystalline cellulose film and the amount 
of carbonaceous residue at 700°C increased compared to the 
pure microcrystalline cellulose film.

X-ray Diffraction (XRD) Analysis for recycled pulp, 
TOCNFs, and TOCNFs/GO Nanocomposite Films

XRD spectra for recycled pulp and TOCNFs are shown in 
Figure 7-a. Compared to the recycled pulp with 83% crystal-

linity, the crystallinity value of TOCNFs decreased to 65.5%, 
indicating that the mechanical defibrillation disrupted the 
crystallites through the breaking effect or peeling-off mecha-
nism of the cellulose chains (Besbes et al. 2011b). Figure 7-b 
shows the XRD spectra for GO, TOCNFs, and TOCNFs/GO 
nanocomposite films. The analysis of the XRD spectrum for 
GO showed an interlayer distance of 0.76 nm, which was 
within the range of previously reported values (Besbes et al. 
2011b; Dubin et al. 2010; Liao et al. 2011). All the XRD spectra 
for TOCNFs/GO nanocomposite films showed three distinct 
peaks at 2Ɵ = 15.8°, 22.74°, and 35.0° which were assigned 
to the (110), (200), and (003) planes, respectively, that indi-
cated the characterization of cellulose I. The XRD spectra for 
TOCNFs/GO0.5%, TOCNFs/GO1.5%, and TOCNFs/GO3% 
nanocomposite films were very similar to those of TOCNFs/
GO0%, and the diffraction peak corresponding to GO was not 
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Figure 7. XRD patterns for recycled pulp and TOCNFs (a) and GO, TOCNFs/GO0%, TOCNFs/GO0.5%, TOCNFs/GO1.5%, and TOCNFs/GO3% (b).

ba

observed. The absence of this peak may reflect its low content 
or possibly efficient exfoliation of GO (Han et al. 2011b) dur-
ing TOCNFs/GO nanocomposites fabrication.

Morphological analysis

AFM and TEM images from the GO solution confirmed that 
the purchased GO was almost completely formed into single 
sheets in the aqueous suspension. Figure 8-a1, a2 shows the 
AFM image of GO and its corresponding height profile on a 
mica substrate. It shows single sheets of GO with diameters 
of several hundreds of nanometers and a thickness of 1.1 ± 0.2 
nm. A carbon grid was submerged in an aqueous GO solution 
to create the TEM sample. Figure 8-b shows a TEM image of 
individual wrinkled GO sheets. Individual GO sheets are im-
portant for uniform dispersion in the base material of TOCNFs.

Figure 9a and 9b show FEG-SEM images of TOCNFs pro-
duced by TEMPO-oxidization followed by mechanical grind-
ing treatment. SEM images of the cross-section of TOCNFs/
GO nanocomposite films are shown in Figure 8c-j. SEM 
images were taken from the broken surface of samples after 
the tensile strength test. The fracture surface of the TOCNFs/
GO0% film (Figure 9c and 9d) was uniform from the inside 

to the surface, which indicates a dense and homogeneous 
texture. However, the fracture surface for TOCNFs/GO 0.5% 
and TOCNFs/GO 1.5% nanocomposite films (Figure 9-e,f 
and 9-g,h, respectively) was rougher and without any accu-
mulation of GO, which showed that the GO was uniformly 
distributed in the TOCNFs matrix. The link between the GO 
sheets and the TOCNFs was strong enough to allow tension 
to be transferred between the two components. Furthermore, 
while GO sheets and TOCNFs had adequate mechanical char-
acteristics on their own, creating a link between them increased 
the qualities of the resultant composite (Luong et al. 2011). 
GO sheets and TOCNFs were uniformly mixed in TOCNFs/
GO0.5% and TOCNFs/GO1.5% nanocomposite films, and a 
strong hydrogen bond formed among them. This bonding led 
to the improvement of mechanical properties of the films. On 
the other hand, the TOCNFs/GO3% film (Figure 9i and 9j) 
showed a high accumulation of GO and poor bonding between 
GO and TOCNFs. This agglomeration led to slippage of the 
GO sheets and resulted in the lack of stress transfer from the 
cellulose matrix to the GO sheets. Consequently, this signifi-
cantly reduced the strengthening ability of the GO (He et al. 
2012; B. Wang et al. 2012; Yadav et al. 2013).
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Figure 8. GO sheets shown by (a1, a2) AFM with a 1.4 µm scale bar and corresponding height profile and (b) TEM image showing the inclusions of GO sheets, 
scale bar = 0.2 µm.

 ba1

a2
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Figure 9. Low and high magnification FEG-SEM images for (a,b) TOCNFs and cross-section SEM images for (c,d) TOCNFs/GO0% composite films, (e,f) TOCNFs/
GO0.5%, (g,h) TOCNFs/GO1.5% and (i,j) TOCNFs/GO3% [see following page].
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Figure 9 [continued]. Low and high magnification FEG-SEM images for (a,b) TOCNFs and cross-section SEM images for (c,d) TOCNFs/GO0% composite films, 
(e,f) TOCNFs/GO0.5%, (g,h) TOCNFs/GO1.5% and (i,j) TOCNFs/GO3% .
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Conclusion

Nanocomposite films consisting of TOCNFs prepared from 
recycled pulp, and GO were synthesized via the solution 
molding method. Electrical conductivity titration and FTIR 
analysis confirmed that recycled pulp fibers, and cellulose 
nanofibers were successfully TEMPO-oxidized and the number 
of carboxyl groups increased. Integration of 1.5% GO resulted 
in 24% and 61% increases in average Young’s modulus and 
average tensile strength of the TOCNFs/GO films, respectively, 
compared to a on amended film, but these differences were 
not significant. Addition of 3% GO resulted in 24% and 2% 
decreases in average Young’s modulus and tensile strength of 
the TOCNFs/GO films, respectively. TGA results suggested 
that addition of up to 3% GO did not greatly affect the thermal 
stability of nanocomposite films. XRD spectrum showed that 
crystallinity of TOCNFs decreased from 83 to 65.5% compared 
to the recycled pulp. XRD spectrum of TOCNFs/GO nano-
composite films showed that the GO sheets were exfoliated 
in the TOCNFs matrix. SEM images illustrated reasonable 
dispersion of GO in the TOCNFs matrix of TOCNF/GO0.5% 
and TOCNF/GO1.5% films. 
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