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ttom-up graphene oxide using
citric acid and tannic acid, and its application as
a filler for polypropylene nanocomposites†

Huiseob Shin,a Min-Young Lim,a Jinwoo Oh,b Yonghoon Leec

and Jong-Chan Lee *a

The production of graphene oxide (GO) in large amounts for commercialization in the chemical industry has

been limited because harsh and tedious process conditions are required. In this study, a novel carbon

nanomaterial called ‘bottom-up graphene oxide (BGO)’ could be easily prepared for the first time by

heat treatment of the mixture of citric acid (CA) and tannic acid (TA) with different weight ratios for the

first time. BGO3 prepared using a 50/50 weight ratio of CA/TA was found to have an average lateral size

of 250.0 nm and an average thickness of 7.2 nm, and it was further functionalized with cardanol to

prepare cardanol functionalized BGO3 (CBGO3) to be used as a filler for the polypropylene (PP)

nanocomposite, where cardanol was used to increase the compatibility between BGO3 and PP. The

improved mechanical properties and thermal stability of PP nanocomposites containing CBGO3 could

be ascribed to the intrinsic mechanical properties of the carbon nanomaterial and the increased

compatibility by the attached cardanol on BGO3.
Introduction

Polypropylene (PP) is one of the most widely used thermoplas-
tics because of its excellent mechanical properties, chemical
stability, and easy processing conditions. Numerous studies
have been conducted using various llers to improve the
mechanical properties, electric conductivity, and thermal
stability of polyporpylene.1–6 Especially, when carbon nano-
materials such as carbon nanotube, graphene, and graphene
derivatives were used as nanollers of PP nanocomposites,
physical properties were greatly improved even when a small
amount of ller was added.7–14 The remarkable reinforcing
efficiency of the carbon nanomaterials is due to the large
specic surface area of the carbon nanomaterials, where a large
interface is formed between the matrix and the ller.15–19

Graphene oxide (GO) has a sheet-like structure where oxygen
functional groups such as alcohol, carboxylic acid, epoxy, and
ketone are on the basal plane or edge of a sheet composed of
covalently bonded carbon atoms.20 GO has been used as a ller
in polymer nanocomposites due to its excellent mechanical
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properties, large specic surface area, and abundant oxygen
functional groups.21–23 However, the mass production of GO by
Hummers' method has been limited due to the high production
costs and legal regulations arising from the large amount of
strong acids and oxidizing agents used in the oxidative exfoli-
ation process of graphite. Especially, harsh reaction conditions
and complicated purication processes are the obstacles for the
commercialization of GO and its derivatives.24–26

Graphene quantum dot (GQD) is the small-size graphene
with 100 nm in lateral size and less than 10 nm in thickness.27

There are two well-knownmethods to produce GQD: a top-down
method to cut GO28 and a bottom-up method to use a precursor
like citric acid (CA) as building block,29 where the bottom-up
method has an advantage for the mass production because
the precursor is just heated for the carbonization. These GQDs
have been also used as the ller in the polymer nanocomposite
application using epoxy,30–32 nitrile-butadiene rubber (NBR),33 pol-
y(lactic acid) (PLA),34 and poly(vinyl alcohol) (PVA),35 etc. It is well
known that many of the physical properties of GO are affected by
the size of GO,36 ultimately affecting the physical properties of
polymer nanocomposites containing GO as the ller.37 Therefore,
if we can increase the lateral size of GQD that can be produced in
larger quantity more easily, the improved reinforcing effect can be
expected when the larger GQD is used as the ller.

In this study, a series of carbon nanomaterials were prepared
using the bottom-up process by carbonizing the mixture of CA
and tannic acid (TA), and they were found to have the average
lateral size in the range of 50–5980 nm and the average thick-
ness in the range of 1.4–175.1 nm. When a larger quantity of TA
RSC Adv., 2021, 11, 7663–7671 | 7663
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Table 1 Average lateral size and average thickness of BGOs, CBGO3,
GO, and CGO

Sample CA/TAa
Average lateral
size (nm) Average thickness (nm)

BGO1 100/0 50 � 10 1.4 � 0.3
BGO2 75/25 100 � 10 2.6 � 0.3
BGO3 50/50 250 � 40 7.2 � 1.2
BGO4 25/75 1190 � 250 175.1 � 33.3
BGO5 0/100 5980 � 1530 146.8 � 22.1
CBGO3 — 270 � 50 7.6 � 0.2
GO — 2040 � 680 1.2 � 0.2
CGO — 1720 � 340 2.8 � 0.3

a The weight ratio of CA/TA used for the preparation of BGO.
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was used, the average lateral sizes of the products were found to
be much larger than GQD prepared using only CA possibly
because TA can increase the size in the bottom-up preparation
process. We call the product as bottom-up GO (BGO) and it was
further functionalized using cardanol, a major component of
cashew nut-shell liquid (CNSL), to be used as a ller in the PP
nanocomposite application. Cardanol was intentionally used
for the functionalization of BGO because it is the natural
product and the long alkyl chain in cardanol can increase the
compatibility with PP.38–40 The detailed synthetic process for the
preparation of BGO and the effect of the functionalized BGO on
the property of PP nanocomposite is fully discussed in this
paper.

Experimental
Materials

Polypropylene (PP) having melt index of 16 g/10 min was kindly
supplied by S-Oil Corp. (Korea). Citric acid (CA), 4-dimethyla-
minopyridine (DMAP), and tannic acid (TA) were purchased
from Alfa Aesar Korea. Graphite powders were purchased from
BASF (Germany). N,N0-Dicyclohexylcarbodiimide (DCC), phos-
phorus pentoxide (P2O5), potassium permanganate (KMnO4),
sodium nitrate (NaNO3) were purchased from Sigma-Aldrich
Korea. Cardanol was received from Mercury Co., Ltd. (India).
Ethanol, hydrogen peroxide (H2O2), petroleum ether, sulfuric
acid (H2SO4), and tetrahydrofuran (THF) were purchased from
Daejung Chemicals & Metals. All reagents and solvents were
used as received.

Preparation of bottom-up graphene oxide (BGO)

A series of BGOs were prepared using the mixture of CA and TA
in different weight ratios such as 100/0, 75/25, 50/50, 25/75, and
0/100, where the total amount of the mixture as 10.0 g. The
mixtures were put into a round bottom ask and were kept at
200 �C for 2 h in nitrogen (N2) atmosphere. Then, the obtained
solids were ltered with an anode aluminium oxide (AAO)
membrane lter with 0.02 mm pore size and washed with
deionized water. BGOs from 100/0, 75/25, 50/50, 25/75 and 0/
100 were obtained aer drying in vacuum oven at 30 �C over-
night in the yields of 14.2, 36.8, 42.0, 74.3 and 89.5%, respec-
tively, with the average lateral size in the range of 50 nm to
5980 nm and the average thickness from 1.4 nm to 146.8 nm
(Table 1). BGO3 prepared using a 50/50 weight ratio having the
average lateral size of 250 nm and the average thickness of
7.2 nm was used for the functionalization and the preparation
of PP nanocomposite in this study to study the effect of nano-
ller in the nanocomposites.

Preparation of cardanol functionalized BGO3 (CBGO3)

3.0 g of BGO3 and 3.0 g of cardanol were put in a round bottom
ask and 30 mL of THF was added. Aer sonication for 30 min,
1.86 g of DCC and 0.12 g of DMAP were added to the mixture.
The mixture was kept in 40 �C oil bath for 24 h under N2

atmosphere, and then THF was removed using rotary evapo-
rator. Remaining solids were re-dispersed in 30 mL of THF by
7664 | RSC Adv., 2021, 11, 7663–7671
sonication and ltered with lter paper (Whatman grade 5) to
remove N,N0-dicyclohexylurea (DCU). The eluent was poured
into an excess amount of petroleum ether and ltered using
a poly(tetrauoroethylene) (PTFE) membrane lter with 0.2 mm
pore size. The product was washed with chloroform several
times. CBGO3 was obtained aer drying in vacuum oven at
30 �C overnight with the yield of 32.0%.
Preparation of graphene oxide (GO)

GO was prepared following the modied Hummers method.
1.0 g of graphite powders and 0.5 g of P2O5 were put in a vial and
6.0 mL of 98% H2SO4 was added to the mixture. The mixture
was kept at 85 �C for 6 h. Then, the mixture was poured into
200 mL of deionized water and stirred overnight. The mixture
was ltered through anode aluminium oxide (AAO) membrane
lter with 0.2 mm pore size and washed with deionized water.
The solid was dried in vacuum oven at 35 �C overnight. 1.0 g of
the dried product and 0.5 g of NaNO3 were put into a round
bottom ask in an ice bath and 23 mL of 98% H2SO4 was added
to the mixture. The mixture was kept for 30 min without stir-
ring. Then 3.0 g of KMnO4 was slowly added with stirring. The
mixture was heated to 35 �C and stirred for 2 h. Then 140 mL of
deionized water and 2.5 mL of 30% H2O2 were added. The
mixture was centrifuged at 10 000 rpm for 30 min and the
supernatant decanted. Remaining solids were centrifuged at the
same conditions, changing the solvent to deionized water, 10%
HCl, deionized water (3 times), and ethanol. Aer the last
centrifugation, the solids were ltered using an AAOmembrane
lter with 0.2 mm pore size, and the obtained product was dried
overnight at 30 �C with the yield of 132.8%.
Preparation of cardanol functionalized GO (CGO)

CGO was prepared by the previously reported method.41 0.3 g of
GO was added to 150 mL of DMSO and sonicated for 30 min.
1.5 g of cardanol and 0.6 g of DMAP were added to the GO
solution and the mixture was stirred at 100 �C for 3 days under
N2 atmosphere. The product was obtained by ltration using an
AAO membrane lter with 0.2 mm pore size, followed by
washing with DMSO. The obtained product was dried overnight
in a vacuum oven at 30 �C with the yield of 18.9%.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Preparation of PP nanocomposites

A series of PP nanocomposites such as PP/BGO3, PP/CBGO3,
PP/GO, and PP/CGO were prepared by mixing PP with BGO3,
CBGO3, GO, and CGO, respectively. The contents of the llers in
PP nanocomposites were 0.01, 0.02, 0.05, and 0.1 wt%. The ller
was rst dispersed in 27.0 g of p-xylene by sonication for 30min.
Then, 3.0 g of PP was added to the dispersion, and then the
mixture was placed in 140 �C oil bath for 30 min to dissolve PP
granules. The polymer solution was cast on a glass Petri dish
and dried using a vacuum oven at 80 �C overnight. Film type
specimens (ASTMD638 type V) for the tensile test were prepared
using a hot press (Carver Inc.) at 200 �C and a sample cutting
machine (KM-130, Korinstech Inc.).
Characterization

Fourier-transform infrared (FT-IR) spectra of BGOs and CBGO3
were collected with Tensor27 spectrometer (Bruker) at room
temperature. Elemental analysis (EA) of BGOs and CBGO3 was
performed with Trupec 4640 (Leco corp.). Transmission elec-
tron microscopy (TEM) images of the BGOs, CBGO3, GO, and
CBGO were obtained with JEM-F200 (JEOL) with the acceler-
ating voltage of 200 kV. The dispersion of each sample was
Fig. 1 (a) Preparation of bottom-up graphene oxide (BGO) using citric
cardanol.

© 2021 The Author(s). Published by the Royal Society of Chemistry
dropped on the copper grid with carbon cloth (Ted Pella, Inc.).
X-ray diffraction (XRD) spectra of BGO3 and CBGO3 were
collected using SmartLab X-ray diffractometer (Rigaku) with Cu
Ka radiation source and those of PP nanocomposites were ob-
tained using D8 Discover (Bruker) with Cu Ka radiation source.
X-ray photoelectron spectroscopy (XPS) spectra of BGO3 and
CBGO3 were obtained with AXIS-His (Kratos Analytical) using
Mg Ka (1254.0 eV) as the radiation source. Tapping-mode
atomic force microscopy (AFM) measurements on the BGOs,
CBGO3, GO and CGO were conducted using scanning probe
microscopy MFP-3D Classic (Asylum Research-Oxford Instru-
ments). Silicon cantilevers of the normal resonance frequency
of 330 kHz (PPP-NCHR, Nanosensors) were used. Thermal
gravimetric analysis (TGA) of BGO3, CBGO3, and PP nano-
composites was performed with Q-50 (TA Instruments) at
a heating rate of 10 �Cmin�1 under N2 atmosphere. Differential
scanning calorimetry (DSC) was conducted with Discovery DSC
(TA Instrument). All samples were encapsulated in Tzero
hermetic aluminium pans. All samples were rst heated to
200 �C at 10 �C min�1, then cooled to �50 �C at cooling rate of
10 �Cmin�1 and heated again to 200 �C at the same heating rate
in rst heating under N2 atmosphere. The mechanical proper-
ties of PP nanocomposites were measured using a universal
acid (CA) and tannic acid (TA). (b) Functionalization of BGO3 using

RSC Adv., 2021, 11, 7663–7671 | 7665
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Fig. 2 TEM images, AFM images, and height profiles of BGOs prepared
using different weight ratio of CA/TA. The weight ratio of CA/TA is
presented in the parenthesis. (a) BGO1, (b) BGO2, (c) BGO3, (d) BGO4
and (e) BGO5.
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testing machine LS5 (LLOYD Instruments) when the samples
were dried at 60 �C overnight before the test. The gauge length
and cross head speed were 25.4 mm and 10 mm min�1

respectively. Scanning electron microscopy (SEM) was used to
investigate the fractured surface of the PP nanocomposites with
JSM-6701F (JEOL). TEM images of BGO3, CBGO3, GO, and CGO
in PP nanocomposites were obtained using LIBRA 120 (Carl
Zeiss) with the accelerating voltage of 120 kV. For TEM exami-
nation, the PP nanocomposite samples were prepared using
ultramicrotomy. The samples were embedded in epoxy resin
and subsequently sectioned at room temperature using EMUC7
(Leica). The thin sections were collected on the copper grids.

Results and discussion
Synthesis and characterization of BGO

A series of BGOs named as BGO1, BGO2, BGO3, BGO4, and
BGO5 were prepared by changing the weight ratios of citric acid
(CA) to tannic acid (TA) from 100/0, 75/25, 50/50, 25/75, and 0/
100, respectively (Fig. 1a). Graphene quantum dots (GQDs)
with less than 100 nm in lateral size have been mostly prepared
using citric acid as a precursor for the application in electro-
optical devices,42,43 biomedical materials,44 and polymer nano-
composites.30–35 Though GQD showed reinforcing ability in the
application for the polymer nanocomposite,30–35 we expected
GQD with increased lateral size could be more effective
considering the effect of the lateral size of graphene and gra-
phene derivatives on the mechanical properties of polymer
nanocomposites.32,36,37 In this study, we intentionally added TA
in the synthesis to increase the lateral size of the product (Fig. 1a).
The reaction temperature was decided to be 200 �C because the
yield of the product was lower when the temperature was less than
200 �C and when the reaction was performed at higher than
200 �C, the oxygen content was not high enough for further
modication. Also, the reaction time 2 h was found to be optimum
considering the yield and the quality of the products.

When the weight ratio of CA/TA was changed from 100/0, 75/
25, 50/50, 25/75, and 0/100, producing BGO1, BGO2, BGO3,
BGO4, and BGO5, respectively, BGOs having the average lateral
size in the range of 50 to 5980 nm and the average thickness in
the rage of 1.4 to 175.1 nm were obtained (Table 1). BGO1
prepared using only citric acid was found to have a round shape
with the average lateral size of 50 nm and the average thickness
of 1.4 nm as shown in the TEM and AFM images in Fig. 2a that
is close to the results of others in the preparation of GQDs.29,45–47

When the content of TA in the mixture for the preparation of
BGOs is larger than 50 wt%, particles with irregular shapes and
large distributions have been obtained as shown in Fig. 2d and e
for BGO 4 and BGO5 from 25/75 and 0/100 mixtures of CA/TA.
BGO3 prepared using 50/50 ratio of CA/TA shows mostly
sheet-like shapes with the largest aspect ratio among the BGOs
prepared in this study. The average lateral size and the average
thickness values of BGO3 are 250 nm and 7.2 nm, respectively.
Therefore, BGO3 itself and modied BGO3 were used as the
nanoller in the PP nanocomposite in this study because
nanoplates having larger lateral size and/or surface area can
have more interactions with polymer matrix48. FT-IR was used to
7666 | RSC Adv., 2021, 11, 7663–7671
follow the conversion of CA/TA mixture to BGOs. As the content
of TA in the mixture increases, the peak intensities at around
1600 cm�1 from the aromatic C]C bond and around 1700 cm�1

from the ester C]O bond increase, and the peak intensity at
around 1750 cm�1 from the carboxylic acid C]O bond
decreases (Fig. S1†).49 Since TA has a large number of nucleo-
philic hydroxyl groups, the increase of TA content can increase
the content of the connecting chemical bonds such as ester and
double bonds. On the contrary, CA having three electrophilic
carboxylic acid groups and one nucleophilic hydroxyl group has
the limitation to grow the size. Therefore, BGO1 prepared only
sing CA has the smallest average size, while BGO5 from only TA
has the largest average size (Table 1).

Synthesis and characterization of cardanol functionalized
BGO3 (CBGO3)

Cardanol was used to functionalize BGO3 to improve the
compatibility of the ller with PP because cardanol has a long
pentadecyl group (Fig. 1b).38,39 The functionalization of BGO3
with cardanol is possible because BGO3 has electrophilic COOH
groups originated from CA in the edge part and cardanol has
a nucleophilic OH group. The reaction between BGO3 and car-
danol was performed using DCC and DMAP as the esterication
catalysts in THF.50 The conversion from BGO3 to CBGO3 by car-
danol could be conrmed by comparing the FT-IR spectrum of the
reactants and that of the product (Fig. 3a). The intensity of C]O
© 2021 The Author(s). Published by the Royal Society of Chemistry
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bond peak from the carboxylic acid at 1757 cm�1 in BGO3
becomes much smaller in CBGO3,51,52 and new peaks at around
3000 cm�1 from attached cardanol appear.41

The conversion from BGO3 to CBGO3 was further conrmed
by TGA and XRD (Fig. 3b and c). In the TGA curve of BGO3, the
weight decrease can be divided into two stages, between 200 �C
and 300 �C and above 300 �C. The thermal degradation between
200 �C and 300 �C can be ascribed to the thermal decomposi-
tion of oxygen functional groups19,53 and the thermal degrada-
tion above 300 �C can be ascribed to the pyrolysis of carbon
structure.41 CBGO3 shows a smaller char yield than BGO3 due to
the thermally unstable alkyl groups in CBGO3.54,55 Since the
weight decrease at temperature under 300 �C are due to the
decomposition of the oxygen functional groups in BGO3 19,53

and the decomposition of the alkyl groups in cardanol,55 the
weight fraction of cardanol in CBGO3 can be determined as
Fig. 3 (a) FT-IR spectrum of BGO3, CBGO3, and cardanol. (b) TGA
curves of BGO3, CBGO3, and cardanol. (c) XRD patterns of BGO3 and
CBGO3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
about 13.5 wt% as shown in Fig. 3b. In the XRD spectrum of
BGO3 and CBGO (Fig. 3c), 2q values of broad (002) peaks are
24.0� and 20.9�, respectively. The shi of the peak from 24.0� to
20.9� can be ascribed to the increase in d-spacing by the
attachment of cardanol.56,57

In addition, elemental analysis (EA) and X-ray photoelectron
spectroscopy (XPS) results conrm that cardanol is attached in
CBGO3. In the EA results of BGO3 and CBGO3 (Table S1†), the
carbon and hydrogen content of CBGO3 is 3.5 wt% and 0.9 wt%
larger, respectively, and the oxygen content is 5 wt% smaller
than those of BGO3. In the XPS C1s spectra of BGO3 and CBGO3
(Fig. S4b and c†), the C1s spectrum can be deconvoluted into
three peaks: C–C/C]C (284.7 eV), C–O (286.1 eV), and C]O
(288.9 eV).58–61 The relative peak intensity of C–C/C]C of
CBGO3 is larger than that of BGO3.

The morphology of CBGO3 nanoparticles was explored using
TEM and AFM (Fig. 4c). The average lateral size and the average
thickness of CBGO3 is found to be 270 nm and 7.6 nm,
respectively (Table 1), which is slightly larger than those of
BGO3. Comparing the TEM and AFM images of CBGO3 and
those of BGO3 (Fig. 2 and 4c), the overall morphology of BGO3 is
found to be maintained aer the conversion from BGO3 to
CBGO3. We tried to disperse BGO3 and CBGO3 in p-xylene, the
good solvent for PP.62,63 BGO3 was not dispersed and precipi-
tated in p-xylene, while CBGO3 was found to be more well-
dispersed in p-xylene forming a more homogeneous disper-
sion state. Therefore, better miscibility of CBGO3 with PP than
that of BGO3 is expected as reported by others.10,39,54
Properties of PP nanocomposites

PP nanocomposites were prepared by mixing PP and CBGO3 with
different contents from 0.01, 0.02, 0.05, to 0.1 wt% in p-xylene. The
PP nanocomposite samples are called ‘PP/X-Y’, where X is the type
of the ller such as GO, BGO3, CBGO3, and CGO and Y is the
content of the ller in weight percent such as 0.01, 0.02, 0.05, and
0.1 and their mechanical properties are listed in Table S2.†

The tensile strength values of PP/CBGO3 nanocomposites
(Fig. 5a and Table 2) increase from 26.1 MPa (tensile strength of
pristine PP) to 29.7, 31.4, 32.4, and 31.5 MPa for the
Fig. 4 (a) Optical images of dried product and dispersion state in p-
xylene (1 mg mL�1) of BGO3. (b) Optical images of dried product and
dispersion state in p-xylene (1 mg mL�1) of CBGO3. (c) TEM image,
AFM image, and height profile of CBGO3.
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Fig. 5 Tensile test results of PP/CBGO nanocomposites. (a) Tensile
strength, (b) Young's modulus, and (c) elongation at break of PP/CBGO
nanocomposites.
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nanocomposites containing 0.01, 0.02, 0.05, and 0.1 wt% of
CBGO3, respectively. The maximum tensile strength value is
obtained when the content of CBGO3 was 0.05 wt%. When the
content is less than 0.05 wt% such as 0.01 and 0.02 wt%, the
Table 2 Mechanical properties and thermal degradation temperature
0.05 wt% of filler

Sample
Tensile strength
(MPa) Young's mod

PP 26.1 � 0.3 1853.4 � 57.1
PP/BGO3-0.05 29.9 � 0.5 2247.5 � 208
PP/CBGO3-0.05 32.4 � 0.6 2392.5 � 103
PP/GO-0.05 29.1 � 0.6 2323.7 � 119
PP/CGO-0.05 32.8 � 0.5 2448.2 � 109

7668 | RSC Adv., 2021, 11, 7663–7671
tensile strength value increases with the increase of CBGO3
content because further reinforcement effect can be achieved
with the PP nanocomposite with larger CBGO3 content. When
the content is larger than 0.05 wt% such as 0.1 wt%, the
formation of the agglomerates that can act as mechanical
defects or stress concentration points decreases the reinforcing
efficiency,64,65 resulting in smaller tensile strength value for PP/
CBGO3-0.1 than PP/CBGO3-0.05. Young's modulus values of PP/
CBGO3 nanocomposites (Fig. 5b and Table 2) increase from
1853.4 MPa (Young's modulus of pristine PP) to 2132.3, 2260.6,
2392.5, and 2302.3 MPa for the nanocomposites containing
0.01, 0.02, 0.05, and 0.1 wt% of CBGO, respectively, and the
trend is close to those of tensile strength behaviour. The elon-
gation at break values of PP/CBGO3 nanocomposites (Fig. 5c
and Table 2) are quite smaller than that of PP, and it decreases
with the increase of CBGO3 content. This decrease in the PP
nanocomposite system can be ascribed to the decrease of the
chain mobility by the llers as reported by others.8,66–68 Since
their tensile strength and Young's modulus values of PP/CBGO3
nanocomposites were found to be maximum at PP/CBGO3-0.05,
PP nanocomposites containing 0.05 wt% of BGO3, GO, and
CGO were further prepared, and their mechanical properties
were compared with PP/CBGO3-0.05, where BGO3 was prepared
using CA/TA in weight ratio of 50/50 (Fig. 5 and Table 2).

The order of the tensile strength value for PP nano-
composites containing 0.05 wt% of ller is PP/CGO > PP/CBGO3
> PP/BGO3 > PP/GO, and that of Young's modulus value is PP/
CGO > PP/CBGO3 > PP/GO > PP/BGO3. The large tensile
strength and Young's modulus values of PP/CGO and PP/
CBGO3 nanocomposites than PP/GO and PP/BGO3 nano-
composites could be ascribed to the alkyl groups in the ller
entangled with the polymer chains in PP that can facilitate the
stress transfer from PP to ller69,70 and improve the dispersion
state of the llers in PP (Fig. 6a–d).48,71 The tensile strength and
Young's modulus values of PP/CGO nanocomposite are slightly
larger than those of PP/CBGO3 nanocomposite, possibly
because CGO having the larger lateral size and aspect ratio of
than those of CBGO3 as shown in the TEM and AFM images of
CBGO3 and CGO (Fig. 4c and S3b†) can transfer the stress more
efficiently.72 The elongation at break values of PP nano-
composites are smaller than that of pristine PP, and the order of
the elongation at break values of PP nanocomposites containing
0.05 wt% ller is PP/CBGO3 > PP/BGO3 > PP/CGO > PP/GO. The
PP nanocomposite containing CBGO3 has the largest elonga-
tion at break value among the PP nanocomposites due to the
increased compatibility by the alkyl groups and the smaller size
value for 5 wt% loss (Td,5) of PP and PP nanocomposites containing

ulus (MPa) Elongation at break (%) Td,5 (�C)

222.7 � 38.8 307.0
.4 45.0 � 6.3 396.4
.6 53.2 � 6.4 411.2
.4 34.7 � 4.0 403.3
.7 36.3 � 5.4 412.7

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the ller (Fig. 6e).54,73–75 Although CGO contains the alkyl
groups to increase the compatibility, PP/BGO3 nanocomposites
show larger elongation at break values than PP/CGO possibly
because the size effect is more predominant than the compa-
tibilization effect by the alkyl groups. For example, when two
kinds of graphene with different lateral sizes were mixed with
polyurethane (PU), the elongation at break value of PU nano-
composite with graphene having the average lateral size of 2.4
mm were 1.4-fold larger than those with graphene having the
average lateral size of 8.3 mm.76

The thermal stability of PP nanocomposites containing
0.05 wt% of ller was investigated using TGA (Table 2 and S9†).
The thermal degradation temperature values for 5 wt% loss
(Td,5) of PP nanocomposites are higher than that of pristine PP
(307.0 �C). The improved thermal stability of PP nano-
composites can be attributed to the radical scavenging effect,
barrier effect, and tortuous path effect caused by the
llers.71,77–81 We also conducted XRD and DSC analyses to
investigate the effect of the ller on the crystallinity and/or
Fig. 6 Graphical description of the dispersion state of fillers in PP nano
nanocomposites. (e) Graphical description of the segmental motion of a

© 2021 The Author(s). Published by the Royal Society of Chemistry
thermal transition behaviour (Fig. S9b–d†). The llers gener-
ally decrease the crystallinity and the crystallization tempera-
ture, while there are not much differences in these properties
between the PP nanocomposites because the content of ller is
very small to affect the properties as reported by others.8,82,83

Although 0.05 wt% is not the optimum content to the
maximum thermal stability and mechanical properties for PP/
GO, PP/BGO3, and PP/CGO nanocomposites, we compared
these properties of the nanocomposites containing 0.05 wt%.
However, the main story that the ller containing alkyl chain
(CBGO3 and CGO) can increase the mechanical strength and
thermal stability and the nanocomposites with smaller ller
size have the larger elongation at break value is still valid.
Although CGO can also effectively increase the mechanical
strength and the thermal stability as CBGO3, the maximum
amount that can be produced in lab scale for CGO is less than
a few grams due to the harsh and complicated preparation and
purication conditions for GO, while the mass production such
as a few hundred grams is possible for CBGO3 even in the lab
composites. (a) PP/BGO3, (b) PP/CBGO3, (c) PP/GO and (d) PP/CGO
model PP chain in PP/CGO and PP/CBGO3 nanocomposite.
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scale because BGO3 can be prepared by just heating the mixture
of CA and TA. Considering the facile preparation and purica-
tion condition of BGO, we believe that this study provides an
alternative to prepare carbon nanomaterial to be used as a ller
for polymer nanocomposites from natural resources for the rst
time and contributes to the development of polymer nano-
composites in the chemical industry.

Conclusions

In this study, a novel carbon nanomaterial ‘bottom-up graphene
oxide (BGO)’ was prepared by simply heating the mixture of the
natural products such as citric acid (CA) and tannic acid (TA).
When the weight ratio of CA/TA was 50/50, BGO3 having the
largest aspect ratio between the lateral size of 250 nm and the
thickness of 7.2 nm was obtained. This BGO3 was further
functionalized with another natural product, cardanol, to be
used as a ller in PP nanocomposite application because car-
danol having alkyl group can increase the compatibility with PP.
The optimum amount of the cardanol functionalized BGO3
called as CBGO3 to give the maximummechanical strength was
found to be 0.05 wt%. The effect of CBGO3 on the physical
properties of the PP nanocomposites was studied by preparing
other PP nanocomposites using BGO3, graphene oxide (GO),
and cardanol functionalized graphene oxide (CGO). PP/CBGO
and PP/CGO nanocomposites were found to have larger
mechanical strength than PP/BGO3 and PP/GO nanocomposites
because the alkyl chains in cardanol can increase the compat-
ibility with PP matrix. Comparing PP/CBGO3 and PP/CGO
nanocomposites, PP/CBGO3 nanocomposite was found to
have larger elongation at break value (53.2%) than PP/CGO
nanocomposite (36.3%) because the lateral size of CBGO3 is
smaller than that of CGO. Therefore, BGO that can be prepared
by the natural products, CA and TA, can be effectively used as
a ller material by further functionalization with a natural
product, cardanol, in improving the physical properties of PP
nanocomposite. The mechanical properties and thermal
stability of PP can be improved by utilizing natural resources as
much as that can be achieved by the addition of GO.
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S. Flores and A. Garćıa, J. Appl. Polym. Sci., 2020, 137, 48258.

15 J. Ma, Q. Meng, A. Michelmore, N. Kawashima, Z. Izzuddin,
C. Bengtsson and H.-C. Kuan, J. Mater. Chem. A, 2013, 1,
4255–4264.

16 W.-H. Liao, S.-Y. Yang, J.-Y. Wang, H.-W. Tien, S.-T. Hsiao,
Y.-S. Wang, S.-M. Li, C.-C. M. Ma and Y.-F. Wu, ACS Appl.
Mater. Interfaces, 2013, 5, 869–877.

17 R. Liu, S. Liang, X.-Z. Tang, D. Yan, X. Li and Z.-Z. Yu, J.
Mater. Chem., 2012, 22, 14160–14167.

18 L. Yang, S. L. Phua, C. L. Toh, L. Zhang, H. Ling, M. Chang,
D. Zhou, Y. Dong and X. Lu, RSC Adv., 2013, 3, 6377–6385.

19 M.-Y. Lim, H. J. Kim, S. J. Baek, K. Y. Kim, S.-S. Lee and
J.-C. Lee, Carbon, 2014, 77, 366–378.

20 D. Chen, H. Feng and J. Li, Chem. Rev., 2012, 112, 6027–6053.
21 K. H. Jung, H. J. Kim, M. H. Kim and J.-C. Lee, Macromol.

Res., 2020, 28, 241–248.
22 Z. Tu, J.Wang, C. Yu, H. Xiao, T. Jiang, Y. Yang, D. Shi, Y.-W.Mai

and R. K. Y. Li, Compos. Sci. Technol., 2016, 134, 49–56.
23 P. Pokharel, S. Choi and D. S. Lee, Composites, Part A, 2015,

69, 168–177.
24 H. Lee, J. Han, K. Kim, J. Kim, E. Kim, H. Shin and J.-C. Lee, J.

Ind. Eng. Chem., 2019, 74, 223–232.
25 M.-Y. Lim, Y.-S. Choi, J. Kim, K. Kim, H. Shin, J.-J. Kim,

D. M. Shin and J.-C. Lee, J. Membr. Sci., 2017, 521, 1–9.
26 M.-Y. Lim, H. Shin, D. M. Shin, S.-S. Lee and J.-C. Lee,

Polymer, 2016, 84, 89–98.
27 P. Tian, L. Tang, K. S. Teng and S. P. Lau, Mater. Today

Chem., 2018, 10, 221–258.
28 D. Pan, J. Zhang, Z. Li andM.Wu, Adv. Mater., 2010, 22, 734–738.
29 Y. Dong, J. Shao, C. Chen, H. Li, R. Wang, Y. Chi, X. Lin and

G. Chen, Carbon, 2012, 50, 4738–4743.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09856f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 2
:4

9:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
30 B. Karimi and B. Ramezanzadeh, J. Colloid Interface Sci.,
2017, 493, 62–76.

31 N. Gobi, D. Vijayakumar, O. Keles and F. Erogbogbo, ACS
Omega, 2017, 2, 4356–4362.

32 J. Kim, J. Kim, S. Song, S. Zhang, J. Cha, K. Kim, H. Yoon,
Y. Jung, K.-W. Paik and S. Jeon, Carbon, 2017, 113, 379–386.

33 P. Sreenath, S. Singh, M. Satyanarayana, P. Das and
K. D. Kumar, Polymer, 2017, 112, 189–200.

34 H. Xu, K. H. Adolfsson, L. Xie, S. Hassanzadeh,
T. r. Pettersson and M. Hakkarainen, ACS Sustainable
Chem. Eng., 2016, 4, 5618–5631.

35 P. Song, J. Dai, G. Chen, Y. Yu, Z. Fang, W. Lei, S. Fu,
H. Wang and Z.-G. Chen, ACS Nano, 2018, 12, 9266–9278.

36 L. Dong, J. Yang, M. Chhowalla and K. P. Loh, Chem. Soc.
Rev., 2017, 46, 7306–7316.

37 J. Wang, X. Jin, C. Li, W.Wang, H.Wu and S. Guo, Chem. Eng.
J., 2019, 370, 831–854.

38 S. H. Ryu and A. M. Shanmugharaj, Chem. Eng. J., 2014, 244,
552–560.

39 X. Yang, X. Wang, J. Yang, J. Li and L. Wan, Chem. Phys. Lett.,
2013, 570, 125–131.

40 S. H. Ryu and A. M. Shanmugharaj,Mater. Chem. Phys., 2014,
146, 478–486.

41 M.-Y. Lim, Y.-S. Choi, H. Shin, K. Kim, D. M. Shin and
J.-C. Lee, ACS Appl. Nano Mater., 2018, 1, 2600–2608.

42 Y. H. Kim, E. Y. Lee, H. H. Lee and T. S. Seo, ACS Appl. Mater.
Interfaces, 2017, 9, 16375–16380.

43 X. Gong, Y. Liu, Z. Yang, S. Shuang, Z. Zhang and C. Dong,
Anal. Chim. Acta, 2017, 968, 85–96.

44 R. Guo, S. Zhou, Y. Li, X. Li, L. Fan and N. H. Voelcker, ACS
Appl. Mater. Interfaces, 2015, 7, 23958–23966.

45 C. Zhang, K. Wei, W. Zhang, Y. Bai, Y. Sun and J. Gu, ACS
Appl. Mater. Interfaces, 2017, 9, 11082–11094.

46 Q. Fang, Y. Dong, Y. Chen, C.-H. Lu, Y. Chi, H.-H. Yang and
T. Yu, Carbon, 2017, 118, 319–326.

47 S.Wang, Z.-G. Chen, I. Cole andQ. Li,Carbon, 2015, 82, 304–313.
48 J.-Z. Liang, Composites, Part B, 2019, 167, 241–249.
49 K. Ranoszek-Soliwoda, E. Tomaszewska, E. Socha,

P. Krzyczmonik, A. Ignaczak, P. Orlowski, M. Krzyzowska,
G. Celichowski and J. Grobelny, J. Nanopart. Res., 2017, 19, 273.

50 H. Jiang and K. Zhu, Biomaterials, 2001, 22, 211–218.
51 M. Cano, U. Khan, T. Sainsbury, A. O'Neill, Z. Wang,

I. T. McGovern, W. K. Maser, A. M. Benito and
J. N. Coleman, Carbon, 2013, 52, 363–371.

52 J. Aguilera, V. Venegas, J. M. Oliva, M. J. Sayagués, M. de
Miguel, J. A. Sánchez-Alcázar, M. Arévalo-Rodŕıguez and
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