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A B S T R A C T

Waste tires can be a promising carbon precursor for the production of carbon nanospheres (CNSs) because of
their high carbon content, low price, and abundance. CNSs were synthesized from waste tire powder through a
chemical vapor deposition method over the ferrocene catalyst at 800−900 °C. The scanning electron microscope
(SEM), transmission electron microscopy (TEM), X-ray powder diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), Brunauer-Emmett-Teller (BET), and Raman spectroscopy analyses characterized the as-
synthesized CNSs. The obtained products had a spherical shape with a mean size of 50 nm. The least BET surface
area, the total pore volume, and relative intensities of D- and G-bands (ID/IG) of the CNSs were found to be
65m2/g, 0.73 cm3/g, and 0.98. Decreasing heating temperature and increasing residence time resulted in higher
the BET surface area. The environmental burdens of the CNSs manufacturing from waste tire powder were
assessed by a cradle-to-gate life cycle assessment (LCA) method, at the early stage of development. The results
showed that climate change with 0.141 kg CO2 eq (for S1 sample) and 0.287 kg CO2 eq (for S2 sample) was the
most detrimental effect of CNSs synthesis. S2 had the largest product environmental footprint (PEF) value of
21.1 compared to the S1 with a quantity of 12.3. The CNSs synthesis phase had the maximum environmental
impact in the life cycle of S2. Among all materials, electricity consumption in the process was a significant
contribution (more than 70 %) in categories such as eutrophication, climate change, and acidification. According
to cumulative energy demand (CED), a total of 3.7 and 5.9MJ were required to produce 1 g of S1 and S2
samples, respectively in which 3.3 and 5.3MJ were non-renewable energy. Therefore, to improve the en-
vironmental proficiency of the system, the temperature and the time required for the feedstock conversion and
CNSs synthesis processes should be declined.

1. Introduction

In recent years, carbon-based nanomaterials with different shapes
and structures have been synthesized and characterized for example
carbon nanotubes [1], carbon nanofibers [2], mesoporous carbon [3],
graphene [1], fullerenes [4], and carbon spheres (CNSs) [5]. Among
different shapes, CNSs are attracting interest due to high surface area,
high packing density, excellent electrical conductivity, and high
thermal stability. Until now, these materials have been used as catalyst
supports, column packing, lubricating materials, biomedical drug car-
riers, fillers for polymer composites, etc. [6–10]. The spherical bodies
can be categorized based on their morphology (as solid, core-shell or
hollow), texture (indicating concentric, radial or random arrangement
of the carbon layers), and size (2–20 nm; carbon onions, 50–1000 nm;
carbon nanospheres, and> 1000 nm; carbon beads) [5].

CNSs have been synthesized by different methods, such as Chemical
Vapor Deposition (CVD) [11,12], arc discharge [13], shock compres-
sion [14], and laser ablation [15]. CVD method is a promising tech-
nique due to the ease of scale-up, low-cost, low synthesis temperatures,
and control in synthesis parameters [16]. Moreover, an economical way
for the mass production of CNSs under reasonable experimental con-
ditions is still required. Hence, the carbon precursor and the engineered
techniques are the two crucial subjects for the improvement of the eco-
friendly and inexpensive production process of CNSs [17]. Some studies
utilized petroleum products such as acetylene [18], methane [19], to-
luene [16], and polystyrene [20], as a carbon source for CNSs synthesis.
The disadvantages of these feedstocks for CNSs production were the
generation of a significant amount of unwanted byproducts, new pur-
ification stages, low yields, high-energy requirements, high fabrication
costs, etc. Therefore, earlier researches have been emphasized on
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alternate carbon sources such as sucrose [21], biowaste [12], and
polymeric waste [20,22].

In order to find new carbon precursors for preparation for CNSs,
waste tire powder can be considered because it contains a high amount
of carbon (more than 80 %) [23–25]. Recently, the synthesis of new
valuable products such as carbon nanostructures through a pyrolysis
process has been reported in the literature [24,26–36]. For example,
Yang et al. [37] synthesized carbon nanotubes from waste tire through
the CVD method over cobalt catalysts. Also, Zhang et al. [24] and
Zhang and Williams [38] successfully produced carbon nanotubes from
scrap tire over different catalysts (Co/Al2O3, Cu/Al2O3, Fe/Al2O3, and
Ni/Al2O3) by pyrolysis-catalysis process. Besides, Maroufi et al. [22]
converted waste tire rubber to carbon nanoparticles at 1550 °C. How-
ever, production at such a very high carbonization temperature is very
costly. These findings have encouraged us to try a new synthetic
method that allows preparation CNSs from waste tire powder at a re-
latively lower temperature.

Manufacturing is crucial to a sustainable world economy. Any new
materials or technologies should be developed based on the principles
of sustainable development [39]. The nanomaterials and nano-
technology provide new and efficient solutions to global challenges
including green manufacturing and chemistry, materials supply and
utilization, water purification, clean energy technologies, etc. [40].
Moreover, drawbacks may be created from the massive energy and
resource consumption in the manufacturing phase and CO2 emission
associated with life cycles of nanomaterials [41–43]. It is therefore
essential to understand the unknown health risk and the environmental
impacts of these materials [41,44–46]. Life cycle assessment (LCA)
displays a comprehensive framework that calculated the potential en-
vironmental impacts of a product over its complete life cycle using a
well-defined and documented methodology [47,48]. Recently, some
researches have been reported the LCA of Fe3O4 nanoparticles [49],
MoS2 nanoparticles [50], carbon nanofiber [51,52], carbon nanotube
[53–55], graphene [56,57], and a number of nanoproducts [58–61].
However, there is still restricted quantitative data on the application of
the LCA approach to determine issues from other nano components
manufacturing such as carbon sphere. The previous studies paid parti-
cular attention to the synthesis and characterization of CNSs. There is a
lack of data regarding the impact of precursor and process parameters
on the environmental and energy burdens of CNSs which was con-
sidered by this study.

The current study focuses on the preparation of CNSs by a catalyst
pyrolysis procedure from waste tire powder. The as-prepared CNSs
were determined using different techniques (SEM, TEM, XRD, Raman,
FTIR, BET). Moreover, LCA was utilized to identify and measure a
number of environmental burdens related to the synthesis process from
cradle-to-gate. To the best of our knowledge, this is the first study that
simultaneously investigated the synthesis, characterization and, the
environmental impact assessment of CNSs.

2. Martial and method

2.1. Synthesis of CNSs

Waste tire powder was taken from a tire factory (Yazd Tire, Iran).
The chemical materials such as Ferrocene, n-hexane, and toluene were
purchased from Merck Company (Germany). Experiments were carried
out in a horizontal ceramic furnace. The process for waste to CNSs
generation involved two stages: (1) Feedstock preparation and (2)
Catalytic pyrolysis of feedstock. In the first step, the waste tire powder
was carbonized under N2 gas flow in two ways. The condition of the
furnace (e.g., temperature, heating rate, residence time, and gas flow
rate) for the synthesis of the CNSs are summarized in Table 1. After
carbonization time passed and the reactor was cooled to ambient
temperature, the obtained solid was immediately placed on ice to re-
move its N2 gas. Next, it was grounded and sieved. In order to obtain a

fine particle, the product was dispersed in water and put into the ul-
trasonic bath. Afterward, a very fine particle was separated from it. This
stage was repeated several times. Finally, the resulting material was
dried at room temperature.

In the second step, first, the carbonized waste tire powder and fer-
rocene (catalyst) were mixed with two weighting ratios (1:20 and 1:17)
in n-hexane. Next, the resulting suspension was stirred at room tem-
perature and then placed in the ultrasonic bath for 15min to form a
homogeneous slurry. After that, the mixture was dried in an oven at
70 °C to remove the remaining solvent before pyrolysis. Subsequently, it
was placed inside a ceramic boat and inserted in the center of the re-
actor in a furnace. Following this, the sample was pyrolyzed under the
given conditions (Table 1). Finally, the solid material was collected
from the quartz tube and kept in the bottle for characterization. Gen-
erally, CNSs samples were synthesized based on two different proce-
dures denoted as S1 and S2. To purify and remove the metal nano-
particles from CNSs, the synthesized materials were dissolved in
concentrated hydrochloride acid and nitric acid solution for about 16 h
at room temperature. The final product dried at 40 °C overnight. The
yield of CNSs production was about 33 percent.

The morphology and the size of the carbon products were con-
sidered by a Field Emission Scanning Electron Microscope (FE-SEM)
(MIRA3, TESCAN, Czech Republic) and Transmission Electron
Microscopy (TEM) (CM120, Philips, Holland). The crystal structure of
the samples was determined with an X-ray diffractometer (PW1730,
Philips, Netherlands) using Cu-Ka radiation at λ=1.54060 Å. The
functional groups of the CNSs samples were characterized by Fourier-
transform infrared (FTIR) spectroscopy (BRAIC, WQF-510, China). The
data were taken in the range of 400−4000 cm−1 using the KBr. The
intramolecular vibration mode of CNSs molecules was examined with
Raman spectroscopy (Takram P50C0R10, Teksan, Turkey) at a wave-
length of 532 nm between 100–4400 (cm−1). The porosity and pore
structures of the CNSs samples were identified by a micromeritics ASAP
2010 instrument (BELSORP-mini II, MicrotracBEL, Japan) using N2

adsorption-desorption isotherms. The surface area and pore size dis-
tribution were calculated by Brunauer–Emmet, and Teller (BET) and
Barrett–Joyner–Halenda (BJH), respectively. The samples degassed at
120 °C for 24 h. The mean crystalline size of as-synthesized CNSs was
determined by Scherrer’s formula as follows [62]:

=T Kλ
βCosƟ (1)

where T is the mean particle size, K is Scherrer’s constant, λ is the X-ray
wavelength, β is the full width at the half maximum intensity of the
peak (FWHM) and Ɵ is the Bragg angle.

2.2. LCA methodology

The goal of the work is to assess the life cycle environmental bur-
dens of CNSs production from the waste tire (S1 and S2 samples). The
functional unit was the production of 1 g of CNSs. This is similar to that

Table 1
The condition of the furnace for the synthesis of the CNSs from the waste tire
powder.

Parameters S1 S2

Preparation of
feedstock

CNSs
synthesis

Preparation of
feedstock

CNSs
synthesis

Temperature (°C) 500 900 400 800
Heating rate,

(°C/min)
30 30 30 30

Residence time
(h)

2 0.25 0.16 3

Flow rate of N2

(L/min)
3 3 3 3
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utilized in Cossutta et al. [56] study for graphene production. Fig.1
presents the system boundary for CNSs production from the waste tire.
It included processes from raw materials extraction, transportation, and
processing through to CNSs production. End-of-life activities for CNSs
were excluded from the analysis. The scope was “cradle-to-factory
gate”, which was assumed by following a published procedure [56,63].
Data for the waste tire recycling process were taken from a recycling
plant in Mashhad, Iran. The inventory data of materials and energy for
CNSs synthesis, which summarized in Table S1, were obtained from
laboratory experiments, as mentioned above. Trucks with a capacity of
16 metric tons that fueled by Euro-4 diesel were considered for trans-
porting of materials. A 250 km road route was assumed to transport
materials to the plant. The electricity needed for the processes was
assumed to be provided by the national power grid. Inputs for infra-
structures are beyond the scope of this work. Virgin materials and en-
ergy sources data were gotten from the database of the Ecoinvent 3.4
database.

The three applied assessment methods for analyzing the life cycle
impact assessment were the PEF, the CML 2001, and CED. PEF was
developed by EC as a more harmonized agenda for labeling green
products [64]. The environmental impact categories were climate
change (CC), ozone depletion (OD), ionizing radiation (IR), photo-
chemical ozone formation (POF), respiratory inorganics (RI), non-
cancer human health effects (NCHHE), cancer human health effects
(CHHE), acidification terrestrial and freshwater (ATF), eutrophication
freshwater (EF), eutrophication marine (EM), eutrophication terrestrial
(ET), ecotoxicity freshwater (ETF), land use (LU), water scarcity (WS),
resource use, energy carriers (RUEC), and resource use, mineral and
metals (RUMM). Besides, the CED represents the direct and indirect
energy consumed over the life cycle of a product. CML (Developed by
the Institute of Environmental Sciences of Leiden University) 2001 is a
problem-oriented method with eleven impact categories in the baseline
version (Fig. S3). The LCA model was modeled by Simapro 9.0 soft-
ware.

3. Results and discussion

3.1. CNS synthesis

3.1.1. SEM and TEM analyses
The morphology of the as-synthesized CNSs from waste tire powder

has been analyzed by FE-SEM and TEM analyses. As shown in Fig. 2 (a
and b), most of the as-synthesized CNSs have smooth surfaces, no
porosity accessible to the surface, relatively narrow size distribution,
and nearly spherical shape. The TEM images (Fig. 3) were also con-
firmed a similar configuration for both CNSs samples. These carbon
spheres have an average diameter of 38 and 40 nm for S1 and S2, re-
spectively. The SEM and TEM images of CNSs manufactured at various
annealing conditions exhibited that the temperature does not sig-
nificantly affect the morphology and the size distribution. Similar
characteristics have been demonstrated for CNSs in previous studies
[18,20,21]. For instance, Supriya et al. [12] reported carbon nano-
spheres with a diameter of 40−60 nm from Lablab purpureus seeds (as
carbon source) by the pyrolysis method. Besides, Manaf et al. [17]
fabricated CNSs with a diameter of 50–60 from natural biowaste sago
hampas. Maroufi et al. [22] synthesized spherical carbon shaped par-
ticles with a diameter of 20–50 nm from waste rubber.

3.1.2. XRD analysis
Fig. 4 displays X-ray diffraction patterns of synthesized CNSs from

the waste tire powder. The distinct peaks appearing at 2Ɵ of 25° (for S1)
and 24.8° (for S2) are the reflections from 002 plane which ascribed to
graphite carbon with the highly ordered crystalline structures (ICDD
10777164). The interlayer d-spacing (d002) of the sample which applied
as a quantitative measurement of the graphitic character, is 3.54 (for
S1) and 3.58 (for S2) Å. Other peaks at 41.8° (for S1 and S2) and 43.3°
(for S2) with interlayer d spacing of 2.15 and 2.08 Å indicated the (101)
and (001) planes. They are related to sp2 structures of carbon. These
results are inconsistent with previous studies [12,65,66] which syn-
thesized the carbon nanosphere from different waste.

3.1.3. Raman analysis
Raman spectra of the as-synthesized CNSs from waste tire powder

were shown in Fig. 5. The Raman spectra of samples display two main

Fig. 1. The system boundary for CNSs production from the waste tire.
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similar peaks diagnostic of disorder in the carbon structure symbolized
as D- and the diagnostic of structural order symbolized as G- bands. The
D-band was detected at 1354 cm−1 and 1349 cm−1 for S1 and S2
samples, respectively. It is related to the vibration of the carbon atoms
with dangling bonds which indicate cumulative disorders in the carbon
structure [67]. Also, the G-band at 1576 cm−1 and 1581 cm−1 can be
seen in the spectra of S1 and S2 samples, respectively. This band,
however, corresponded to sp2 hybridized carbon atoms from stretching
modes of C]C of the E2g mode of graphite [68,69]. To determine the
degree of graphitization, the relative intensities of D- and G- bands (ID/
IG) were computed from their peak heights. The ID/IG was found to be
0.981 and 0.982 for S1 and S2 samples, respectively. The ID/IG obtained
in this study was higher than those reported by Atchudan et al. [21],
Chandra Kishore et al. [18], and Hegde et al. [66].

3.1.4. FTIR analysis
Fig. 6 shows the FTIR spectra of the as-synthesized CNSs from waste

tire powder. The surface of both CNSs samples exhibited the same
functional groups including CeOH, −OH, C]C, and C–H groups. The
peaks at 872 cm−1 were related to C–H stretching vibrations [70]. The
broad strong bands between 1000 and 1400 cm−1 correspond to the
bending vibrations of CeOH [71,72]. The vibrations at 1580 cm−1

were attributed to the C]C group indicating the graphitic nature of the
obtained nanoparticles [12,17]. Besides, the bands at around
3550 cm−1 were ascribed to stretching vibrations of −OH [73]. In
addition, the absorption peak at 510 cm−1 was appeared due to the
presence of some oxide particles [66].

3.1.5. BET analysis
Fig S1(a) depicts the N2 adsorption/desorption isotherms and the

corresponding BJH pore size distribution of the as-synthesized CNSs
from waste tire powder. According to IUPAC classification, isotherms of
two samples follow type III, indicating non-porous materials [74]. The
hysteresis loops seen at relatively high pressures have the shape of the
type H3, which manifests the solid samples with a very wide distribu-
tion of pore [74,75]. Similar results were obtained for carbon spheres,

Fig. 2. SEM images of the as-synthesized CNSs from waste tire powder at 900 °C for 0.25 h (S1; (a)) and 800 °C for 3 h (S2; (b)) in N2 atmosphere.

Fig. 3. TEM images of the as-synthesized CNSs from waste tire powder at 900 °C for 0.25 h (S1; (a)) and 800 °C for 3 h (S2; (b)) in N2 atmosphere.

Fig. 4. XRD diffraction patterns of the as-synthesized CNSs from waste tire
powder at 900 °C for 0.25 h (S1) and 800 °C for 3 h (S2) in N2 atmosphere.
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which were synthesized from sucrose at 2300 °C through a spray pyr-
olysis method [76]. Besides, the pore size distribution plots of both
samples exhibit multimodal pore size distribution with a size in the
range of 1−100 nm. The mean pore diameter for S1 and S2 have ob-
tained 44.9 and 25.6 nm, respectively. BET surface area is one of the
most important textural properties of the CNSs. The BET surface area
for S1 and S2 were 65 and 124m2/g, respectively. The high specific
surface area was acquired wthe ith the longer carbonization time (S2
sample) due to Boudouard reaction which is a suitable reaction for
development of higher internal porosity. Similar specific surface area
values (78.6 and 117.7 m2/g.) were found by Maroufi et al. [22] from
the transformation of the waste tire at 1550 °C. Besides, the total pore
volume of S1 and S2 samples was found to be 0.73 and 0.79 cm3/g,
respectively. These findings are consistent with those of Maroufi et al.
[65]. The pore size distribution (Fig S1 b) shows the pore diameter of
38.53 and 1.29 nm for S1 and S2 samples, respectively, confirming the
mesoporous and microporous nature. The obtained BET surface area in
this study was compared with some literature. The type of precursors
and reaction conditions (e.g., temperature and residence time) affects
the specific surface area. For example, Maroufi et al. [22] synthesized
CNSs with the surface area from 78.6 m2/g to 117.7 m2/g by various
reaction times (5 s to 20min) at 1550 °C. Gong et al. [20] reported CNSs
with 111−227m2/g from catalytic pyrolysis of polystyrene. Hegde
et al. [66] prepared the CNSs with a BET surface area of 58m2/g from

catalyst-free pyrolysis of Sago bark for the residence time of 2 h.

3.1.6. Growth mechanism of the CNSs
Based on the literature and the above results, a pathway, which

follows the adsorption-diffusion- precipitation model, can be proposed
for the growth of CNSs [5,77]. Indeed, the metal catalyst used in the
CVD process acted as a template for carbon deposition and graphiti-
zation. According to this model, once the reaction temperature in-
creased, Fe and C atoms are firstly generated from the pyrolysis of the
ferrocene (catalyst) and the carbonized waste tire (carbon source).
Small carbon fragments were then accumulated around Fe nano-
particles. The formed carbon layer directly reacted with each other, due
to the high activity, to form graphite sheets. Finally, the CNSs is made
through the thickening of the carbon coat during the smooth cooling
down of the reactor.

3.2. Environmental assessment of the synthesis process

For CNSs production, the steps of feedstock preparation, feedstock
carbonization, CNSs synthesis, and CNSs purification were considered.
The inventory related to the stages, including raw materials, transport,
and electricity were summarized in Table S1. Fig. 7 presents the relative
impact contributions of the four relevant steps of CNSs production in
the categories analyzed. As the figure shows, the contribution of each
production phase to the environmental impact categories is relatively
similar. The feedstock production step presented the highest resource
use, energy carriers impact (43 % out of 1.47MJ), this is due to the use
of diesel and electricity in the waste tire recycling process. For elec-
tricity consumption, the tire powder carbonization resulted in the most
significant environmental indicators of climate change (44 % out of
0.085 kg CO2 eq). Ozone depletion (72 % out of -1.45E-8 kg CFC11 eq)
and land use (100 % out of 1.63 Pt) were the most crucial impact ca-
tegories resulting from CNSs synthesis and CNSs purification phases,
respectively. For the S2, the majority of the impact was mainly due to
the CNSs synthesis phase. In other word, the CNSs synthesis phase ex-
hibited the maximum environmental impact regarding the majority of
indicators investigated in this work, particularly for eutrophication
freshwater (84.7 % out of 3.1E-5 kg P eq), climate change (78.2 % out
of 0.255 kg CO2 eq), acidification terrestrial and freshwater (76.8 % out
of 0.0013mol H+ eq), and resource use, energy carriers (69.5 % out of
5.09MJ). The electricity consumption in the process was the main
contribution (more than 70 %) for the categories mentioned above.
Cossutta et al. [56] investigated the LCA of graphene production at a
laboratory scale by a CVD method. They concluded that the electricity
requirement quantity of the system had a significant effect on the
magnitude of impact categories. Healy et al. [78] found also similar
results for environmental assessment of single-walled carbon nanotube
processes. Among the processes, the waste tire powder carbonization
displayed the least indicators values (less than 3 % of all).

Fig S2 presents the details of the positive and/or negative con-
tributions of each subsystem to the environmental impacts of the CNSs.
Overall; electricity consumption is a major contributor to the environ-
mental burdens of the CNSs system (highest impact in more than 11 of
the 16 categories). Its contribution differs from 2 % (RUMM) to 74 %
(EF) for S1 and from 4 % (RUMM) to 87 % (EF) for S2. Besides, ac-
cording to CED, a total of 3.7 and 5.9MJ were required to produce 1 g
of S1 and S2, respectively, in which 3.3 and 5.3MJ were non-renewable
energy and the remaining parts were renewable. These results are
consistent with Cossutta et al. [56]’ s research. They reported the LCA
of three graphene production routes and concluded that electricity
input is the main factor in specifying life cycle environmental burdens.
Therefore, focusing on energy consumption decreasing to improve the
environmental performance of the system as a whole is suggested. To be
more precise, the temperature and the time required for the feedstock
conversion process and CNSs synthesis should be declined due to their
direct dependence on electric power consumption. An optimistic

Fig. 5. Raman spectra of the as-synthesized CNSs from waste tire powder at
900 °C for 0.25 h (S1) and 800 °C for 3 h (S2) in N2 atmosphere.

Fig. 6. FTIR spectra of the as-synthesized CNSs from waste tire powder at
900 °C for 0.25 h (S1) and 800 °C for 3 h (S2) in N2 atmosphere.
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solution is that all electricity be generated from renewable resources.
Another relevant contributor to indicators was acid consumption (HCl
and HNO3) in the system. RUMM, NCHHE, CHHE, and CC were the
main environmental burden of using acids for CNSs purification. These
results, therefore, show the importance of the type and quantity of acid
in creating environmental problems, recovery, and reuse of acids where
feasible in order to reduce them. In order to compare the environmental
proficiency of two samples and identify the most impact or hot spots,
the PEF method was investigated. Fig. 8 depicts the normalized results
for the 16 impact categories of samples. S2 had a larger PEF value of
21.1 than the S1 quantity of 12.3. The PEF of S2 was 41 % higher than
S1. The maximum impact category contributions were exhibited in
climate change and resource use, energy carriers, which were at least
30 % to the result in each sample. For graphene synthesis, Cossutta
et al. [56] found that the climate change category was the dominant
metric, with 2–3 orders of magnitude greater than the other environ-
mental burdens. The lowest impacts happened in ozone depletion
(-0.02 for S1 and -0.007 for S2).

Fig. S3 in SI presents the CML 2001 normalized environmental
impacts results of as-synthesized CNSs. As shown in this figure, the
ionizing radiation (IR) had the greatest environmental impact
throughout the life cycle of CNSs (for both samples). It is measured in
terms of disability-adjusted life year (DALYs). The damage generated
from 1 g of CNSs were calculated about 4.1E−10 (for S2) and 3.18E−10

(for S1) DALYs. It might be related to the radionuclides such as carbon-
14, cesium-134, cobalt-58, and etc. which are released during energy
(e.g., diesel) and hexane production.

The emitted radioactive nuclide can be inhaled by humans and lead
to various types of cancer and birth defects [79]. Besides, terrestrial
ecotoxicity (TE), freshwater aquatic ecotoxicity (FWAE), and marine
aquatic ecotoxicity (MAE) were the major environmental impact groups
of both samples. The tire textiles and electricity were the main con-
tributors to TE, FWAE, and MAE indicators, respectively. The acid-
ification (AC) potential with the value of 0.0007 (for S1) and 0.0012
(for S2) kg SO2 eq per one g of CNSs had also a high rank in the life
cycle of CNSs production. This is due to the emission of sulfur dioxide
from electricity consumption in the manufacturing system. Moreover,
the quantity of the global warming potential for S1 and S2 samples
were obtained 0.14 and 0.28 kg CO2-eq per functional unit, respec-
tively. The calculated measures were near to that obtained by PEF
methods. It is ascribed to the greenhouse gas emissions such as CO2,
CH4, etc. produced during fossil fuel combustion for heat and electricity
generation. Khanna et al. [52] reported that global warming potential
was one of the most important environmental impacts of carbon na-
nofibers (CNFs) synthesis process. About 0.65 and 0.47 kg CO2 eq were
emitted to produce 1 g methane-based and ethylene-based CNFs, re-
spectively.

4. Conclusion

This research proposed the use of waste tire powder as a precursor
for the synthesis of CNSs. The nano-spherical shaped carbons with
uniform sizes ranging from 18 to 50 nm and interlayer d-spacing 3.5 nm
were prepared successfully. The BET surface area and total pore volume
of the CNSs were 65-124 m2/g and 0.73-0.79 cm3/g, respectively.
Raman and XRD analyses confirmed nanocrystalline carbon with a high
graphitization degree. The environmental burdens of the obtained CNSs
were calculated for several impact categories by PEF, CML baseline
2001, and CED methods. The results of the PEF method showed that the
steps of CNSs preparation had an essential role in the magnitude of
indicator categories. The feedstock production (for S1) and CNSs
synthesis (for S2) phases exhibited the maximum environmental impact
regarding the majority of indicators. According to the CML baseline
2001, ionizing radiation was the most significant environmental impact
of CNSs synthesis from waste tire powder (both samples). The damage
produced from 1 g of CNSs was estimated at about 4.1E-10 (for S2) and

Fig. 7. Contribution of the CNSs synthesis processes from waste tire powder to
the environmental impacts.

Fig. 8. Comparison of PEF results of CNSs samples synthesized from waste tire
powder.
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3.18E-10 (for S1) DALYs. A total CED of 3.7 and 5.9MJ was required to
produce 1 g of S1 and S2 which 89 % of those were non-renewable
energy, respectively. Generally, S2 had the largest environmental
footprint value of 21.1. Although S2 had the highest BET surface area
than S1, it presented the highest environmental impact for most of the
impact categories. It can be concluded that electricity consumption is a
major contributor to the environmental burdens of the CNSs system.
Therefore, to enhance the environmental efficiency of the system, en-
ergy consumption should be reduced.
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