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Abstract

Carbon nanostructures were synthesized using coniferous exudate commonly known as rosin as precursor due their high car-
bon content, low cost, and because it is a renewable material with high availability. The synthesis of the carbon nanostructures
(CNSs) was carried out by the chemical vapor deposition (CVD) technique with a stainless steel AISI 304 bar as catalyst and
argon as the carrier gas at 750, 800, 850, and 900 °C during 30 and 60 min at atmospheric pressure. The scanning electron
microscopy demonstrated the formation of mostly spherical and some tubular carbon nanostructures of different diameters.
The carbon spheres at higher temperatures are more defined; however, they tend to agglomerate. Energy-dispersive spec-
troscopy analysis demonstrated 84—99% of carbon, 0.25-15.69% of oxygen, and traces of chromium and iron. The Fourier
transform infrared spectra indicated the presence of OH, C=0, C=C, and CH, functional groups. The presence of hydroxyl
and carbonyl groups can be useful for higher interaction of CNSs with different materials in some usage. Typical D, G, and
G’ bands of CNSs were observed by Raman spectroscopy. The ID/IG ratio show high degree of graphitization of CNSs. The
value of IG'/IG ratio indicates that the CNSs are multilayer. X-ray diffraction patterns show that the CNSs obtained at 30 min
are more crystalline. The CNSs synthesized from rosin by CVD can be used in different fields of science and technology.

Introduction

Nanomaterials such as single and multiwalled nanotubes,
graphene, fullerenes, microspheres and nanospheres, receive
considerable attention due to their potential in a wide spec-
trum of applications such as nanoadditives, energy storage
devices, nanotransistors, catalyst supports, and nanocom-
posites [1, 2].

Carbon nanomaterials synthesis commonly uses petro-
chemicals due their high carbon percentage; however, some
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of precursors possess toxicity and can cause damage to the
environment [3, 4].

Each year about 1,300,000 tons of rosin is produced
worldwide. The most part of production of rosin is con-
centrated in China, Brasil, and Indonesia. Mexico also pro-
duces and exports rosin. The rosin extraction in Mexico is
mainly carried out in four states: Jalisco, Oaxaca, Mexico,
and Michoacén, the latter one ranked first in the country
with 22,408 tons per year, with 86.7% of the total national
production [5]. The amounts available of rosin are high
and this can be one of the reasons because the rosin can be
an excellent green option for production of carbon nano-
materials and to scale the process. The high percentage
of carbon, as well as a vapor pressure of 4.8—10.8 mbar,
an evaporation temperature of 202 °C and the structure
of compounds components of rosin are also the positive
factors in choosing of rosin as green precursor for carbon
nanostructures synthesis. The implementation of green
chemistry principles seeks to minimize the indiscriminate
use of petroleum derived hydrocarbons in the synthesis of
carbon nanostructures, taking as a priority to preserve the
environment and human health, proposing the use of green
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resources as a sustainable and ecological alternative [6,
7]; furthermore, the green sources have the several advan-
tages, such as low cost and availability [8]. Some research
reports the successful use of renewable source in nanoma-
terial synthesis, such as rosins, camphor, and biomass [9,
10]. Chemical vapor deposition (CVD) is a simple method,
is versatile with the use of different green carbon precur-
sors, has relatively low cost, and one-step process in the
nanomaterial’s synthesis [11]. Moreover, the use of the
metallic catalyst favors carbon nanomaterials growth opti-
mizing the energy used in this method [12]. The objective
of this research is to synthesize carbon nanomaterials from
conifer exudate (rosin) as green precursor by CVD method
with an AISI 304 stainless steel bar as catalyst.

Materials and methods

The nanomaterials were synthesized in a quartz reactor
60 cm X 2.54 cm length and diameter, respectively, using
as the only carbon source 1.0 g of coniferous exudate for
each experiment and an austenitic stainless steel bar (AISI
304) as catalyst with 10 mL/min of argon as carrier gas.
The synthesis temperatures were 750, 800, 850, and 900 °C
with reaction times 30 and 60 min at atmospheric pressure.
Average heating rate in the furnace was 1.2 °C/s, while the
average cooling rate was 0.12 °C/s; the synthesis proceed
when target temperature of each experiment was achieved.
The rosin evaporation temperature was 202 °C. The syn-
thesized nanomaterials were characterized by Scanning
Electron Microscopy SEM-JEOL JSM-IT300LV coupled
with an energy-dispersive spectrometer (EDS), to determine
their morphological structure and the elemental chemical
composition of the nanomaterial. Fourier transform infra-
red spectroscopy (FTIR-TENSOR 27 Bruker) was used to
detect the main functional groups involved in the forma-
tion of the nanomaterials from a green precursor, Raman
spectroscopy (Thermo Scientific DXR) was used to obtain
detailed information on the chemical structure, the graphiti-
zation degree, and evaluation of number of graphene layers
of nanostructures. The intensities of the bands D, G, and G~
were measured. Then the ratio of intensities of D band with
G band was calculated for determine the degree of graphiti-
zation. Also, the ratio of intensities of G’ with G band was
evaluated for estimate layered numbers of graphene sheets in
carbon spheres. X-Ray Diffraction (Bruker—D8 Advance)
was useful to provide the crystalline identification of the
nanomaterials synthesized. The diameter of nanomaterials
was measured with ImageJ software. The measuring of 100
carbon spheres of each sample was realized. Then the cal-
culation of the average for each temperature and reaction
time was done.

Results and discussion

SEM micrographs demonstrated spherical and tubular
shapes of obtained carbon nanomaterials (CNs), pre-
vailing carbon spheres (CSs) at temperatures of 850 and
900 °C at 30 and 60 min. CNs diameter were 190-2000 nm
for CSs and 120-180 nm for carbon nanotubes (CNTs).
At 750 °C/30-min synthesis conditions, CSs with diam-
eters less than 120 nm and CNTs with 140-180 nm
were obtained (Fig. 1a). Some graphite dots could be
observed on CSs obtained at 800 °C/30 min. These CSs,
with diameters 650—830 nm, present agglomeration due
to coalescence effects (Fig. 1b). At 850 °C/30 min, the
growth of 775-1730 nm CSs was observed (Fig. 1c¢).
At 900 °C/30 min, the only synthesis product were CSs
with a size smaller than 265 nm. These CSs presented
agglomeration due to coalescence effect (Fig. 1d). The
micrographs of samples obtained at 750 °C/60 min dem-
onstrated 770-1200-nm CSs (Fig. 1e). The CNs obtained
at 800 °C/60 min are 600-900-nm CSs and CNTs with
diameters less than 100 nm (Fig. 1f). The micrographs
of samples obtained at 850 °C/60 min (Fig. 1g) and at
900 °C/60 min (Fig. 1h) demonstrated just the presence of
CSs with diameters 350—495 nm and 260-375 nm, respec-
tively. The results demonstrated that the CSs obtained
at higher temperatures are more defined; however, they
tend to agglomerate. This could be due to the fact that the
CSs are attracted by Van der Waals forces, which leads
to agglomeration [13]. The formation of carbon spheres
according to the literature could be attributed to the pres-
ence of aromatic rings from coniferous exudates [14],
which can be either pentagonal or heptagonal, which
are necessary to modulate CSs curvature [15, 16]. The
results of this research are similar to those reported by
Ambriz-Torres, who produced CNs from two different pre-
cursors: naphthalene and rubber waste from tire by CVD
at similar conditions. In the case of naphthalene precur-
sor she obtained the carbon spheres and some quantity
of carbon nanotubes; from rubber residues just CSs were
produced. The diameters of carbon spheres obtained from
both precursors are smaller than obtained in the present
research [17]. Guzman-Fuentes synthesized CSs using
cis-1,4-polyisoprene (natural rubber) as a green precursor
under similar conditions of reported in the present paper
[18]. Gutierrez-Garcia reported just the formation of car-
bon spheres with comparable diameters from polynuclear
aromatic precursors at similar conditions [19].

EDS analysis (Table 1) demonstrated that the predomi-
nant elements were carbon with 84 to 99% atomic, fol-
lowed by the oxygen between 0.25 and 15%, both elements
can be proceeded from the rosin precursor [9]. The car-
bon content increases with increasing of temperature. It is
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Fig. 1 SEM micrographs of
CSs synthesized from the rosin
a:a,e750°C,b,f800°C,c, g
850 °C, and d, h 900 °C at 30
and 60 min respectively

28kU

possible that this occurs because the pyrolysis of rosin is
more complete at higher temperatures. Garcia-Ruiz also
reported a little increasing of carbon content in synthesis
of CNSs from isopropanol and ethyl acetate with raising
of temperature [20]. The bigger content of oxygen at the
time of 60 min in comparison with 30 min can be due to
partial oxidation of CNs as consequence of longer expo-
sition time. Less than 1% atomic of iron and chromium
are present in these nanomaterials; it could be due to the
catalyst wear during synthesis process.

4 Springer

X7, 508 2y B

FTIR detected the functional groups between 400 and
4000 cm™! in all the samples synthesized at different tem-
peratures 750, 800, 850, and 900 °C for 60 and 30 min. Fig-
ure 2 shows spectra obtained at 60 min which are typical
for both times; a broad band could be observed in the range
of 3450-3400 cm™' corresponding to the hydroxyl group
(OH) and a weak signal at 2906 cm™' corresponding a CH,.
The bending recorded in the range 1640 cm™! corresponds
to the C=0 group and around the 1400 cm™' a stretching
associated to the C=C group characteristic of spherical and
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Table 1 Data from the EDS analysis of the CSs

Temperature/time  Element (at.%) Total
Carbon Oxygen Chromium Iron
750 °C/30 min 98.29 1.68 0.01 0.02 100
800 °C/30 min 98.04 1.91 0 0.04 100
850 °C/30 min 99.75 0.25 0 0 100
900 °C/30 min 99.55 0.39 0.06 0 100
750 °C/60 min 84.31 15.69 0 0 100
800 °C/60 min 89.53 9.37 0.27 0.33 100
850 °C/60 min 89.41 10.54 0.05 0 100
900 °C/60 min 91.83 8.06 0.06 0.06 100
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Fig.3 a Raman spectra and b XRD diffractograms of CSs

tubular nanostructures is appreciated [21, 22]. The pres-
ence of hydroxyl and carbonyl groups can be useful for the
enhancement of interaction of carbon spheres with different
polymers for composite formation and for usage in vehicle
drug delivery and also in other applications. The presence of
OH and C=0 groups also is proved by EDS analysis, which
shows till 15% of oxygen. The functional groups OH, C=0,
C=C, and CH, are also described for CSs obtained at similar
conditions by CVD from polynuclear aromatic precursors by
Gutierrez-Garcia, who proposed that the intensity and width
of their bands indicate that these groups are situated at the
edges of CSs [19].

Fig. 3a and Table 2 show Raman analysis in a range of
100to30000nf41brsannﬂessyn&wsﬁedat750,800,850
and 900 °C/60 and 30 min. D and G bands were observed
at all temperatures and synthesis times. D band was found
between 1340 and 1360 cm™!, which is attributed to disorder
in the graphitic lattice [23]. G band was detected at 1582 and
1600 cm™!, which is related to the degree of graphitization
[24]. The high intensity of the G band indirectly shows that
there is a high amount of hexagonal carbon in the spherical
bodies. The G’ band was recorded in the experiments where
the temperature was 850 and 900 °C/60 min and 30 min in
the region of 2662 to 2667 cm™', a band known as D reso-
nance [25]. Studying the ID/IG ratio of the carbon nanostruc-
tures synthesized at 750, 800, and 900 °C for 60 and 30 min
recorded an ID/IG < 1, suggesting small quantity of defects in
the CSs, while in the IG'/IG ratio of the sample at 850 °C at
60 and 30 min was < 1, indirectly supporting that the spherical

b)

(002)

Intensity(aw)
L

(103)
850°C/ 30 min

T T T
50 60 70

26

T T
30 40

(002)

i 850°C/ 60 min

20

Intensity (a.w)

T T T T T
30 40 50 60 70

) springer



672

J.L.Ignacio-De la Cruz et al.

Table 2 Raman spectra data

. Temperature  Time (min) D (cm™) G (cm™) G’ (cm™) ID/IG 1G'1G
of CNs synthesized for 30 and °C)
60 min
750 30 1329.92 1581.97 - 0.60 -
60 1354.40 1597.87 - 0.87 -
800 30 1319.14 1592.75 - 0.80 -
60 1353.92 1583.89 - 0.89 -
850 30 1341.28 1592.75 2687.21 0.91 0.71
60 1348.61 1579.07 2681.18 1.04 0.87
900 30 1341.28 1592.75 - 0.90 -
60 1547.17 1598.83 - 0.92 -

bodies are constituted by multilayers graphene sheets [26].
The data of ID/IG in Table 2 shows clearly that the CNSs
obtained at 30 min have the minor quantity of defects and as
consequence the better degree of graphitization, because at all
temperatures the values of relation ID/IG are minor at 30 min
than at 60 min.

The XRD diffractogram was run in a software known as
March, which compares the diffraction pattern of each sample
with a database (patterns) as a reference to identify the phases
present. Figure 3b shows the XRD pattern of the CNSs syn-
thesized at 850 °C/30 min and 60 min. The others diffractro-
grams have the similar behavior. A peak at 260=26.90° can be
assigned to the (0 0 2) plane corresponding to hexagonal gra-
phitic carbon. Band at 260=42.83° assigned to the (1 0 0) plane
corresponds to the hexagonal graphitic lattice characteristic for
CSs according to the datasheet JCPDS 96-101-1061 [27-29].
The peaks located at 20=35.28° and 53.39° correspond to the
(135)and (1 0 3), assigned for iron oxide (Fe;0,) according
to JCPDS 31-0619 [30], which is due to the weathering of
the catalyst used in this synthesis (AISI 304 stainless steel
bar). It can be observed that the CNSs synthesized at 30 min
are more crystalline, than those obtained at 60 min. This fact
is confirmed also by Raman data in Table 2, where the ratios
ID/IG indicate the mayor degree of graphitization for CNSs
synthesized at 30 min for all temperatures. Also, the mayor
crystallinity of CNSs obtained at 30-min concur with analysis
of data of EDS where the CNSs obtained at 60 min have the
percentages of oxygen higher and the percentages of carbon
lower, which produces the defects in the crystalline structure.
Gutierrez-Garcia also observed (1 0 0) and (0 0 2) planes in
carbon spheres obtained from naphthalene and anthracene at
the similar conditions but the peaks of CSs obtained from rosin
are more definite [19].

Conclusion
In the synthesis of carbon nanomaterials, it is possible to

replace petroleum derivatives with renewable, low cost,
and readily available green organic precursors, such as

4 Springer

coniferous exudates known as rosin. In this research, it was
successfully demonstrated that rosin can be effective precur-
sor to synthesize carbon spheres and nanotubes by chemical
vapor deposition method with an AISI 304 stainless steel as
a catalyst with the possibility to scale the process. The CNSs
obtained at all temperatures at 30 min show higher crystal-
linity and obtained at 60 min have lower crystallinity which
was confirmed also by analysis of Raman spectra and EDS.
The synthesized CNSs possessed typical functional groups,
such as OH, C=0, C=C, and CH,. The presence of OH and
C=O0 functional groups can be useful for enhancement of
interaction of CNSs with different substances, like for vehi-
cle drug delivery and composite materials with polymeric
matrix. Also these CNSs can be used for different usage in
the nanobiotechnology, electronics, fuel cells, etc.
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