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ORANGE PEEL AS SUBSTRATE TO SYNTHESIZE CONDUCTIVE CARBON
NANOSTRUCTURES BY A GREEN THERMAL PROCESS
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ABSTRACT

Orange (Citrus sinensis L.) peel (OP) has been considered a waste due to its high
processing costs and complicated management, resulting in environmental pollution
issues. Alternatives have been proposed to generate economic benefits by developing
efficient technologies to produce and store electrical energy. Moreover, valorization of
OP will bring municipal and agro-industrial waste management reduction. This work
aimed to develop a cost-effective and environmentally friendly thermal process to
synthesize a conductive carbon from OP using a new methodology herein described.
First, the OP was washed using an ultrasonic bath and dried by sun and dehydrated
in muffle. Then, dehydrated pieces of OP were covered with fine-grained sea sand to
limit air interaction and was carbonized at 1000 °C for one hour. The resulting bio-
carbon was analyzed by cyclic voltammetry. The electrical double layer capacitance
was estimated to assess the electrochemical behavior of the carbon in the electrolyte.
Interestingly, with the newly proposed heat treatment, the carbon material showed a
specific capacitance of 272 F/g at 20 mV/s. Therefore, the new proposed thermal pro-
cess allows the synthesis of graphitized carbon with good electrochemical properties
at a low cost. The results show the potential for the development of new conductive
carbon materials from residual biomass by a simple, economical, and environmentally
friendly air-limited heat treatment.
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RESUMEN

La cascara de naranja (Citrus sinensis L.) se ha considerado como un residuo debido al
elevado costo y la compleja gestion de su procesamiento, convirtiéndose en un problema
de contaminacion ambiental. Por esta razon, se ha prestado gran atencion a la valorizacion
de este residuo agroindustrial para obtener beneficios monetarios con una reduccion del
volumen de residuos organicos y la posibilidad del desarrollo de tecnologias eficientes
para generar y almacenar energia eléctrica. Este trabajo presenta un proceso térmico
ambientalmente amigable para producir un carbon conductivo. Primero las cascaras de
naranja se lavaron por bafio ultrasonico y se secaron al sol y en mufla. Posteriormente
pedazos de cascara de naranja deshidratada se cubrieron completamente con arena de
mar de grano fino y se carbonizaron a 1000 °C durante 1 hora. Después, el biocarbon fue
estudiado por voltametria ciclica. La capacitancia eléctrica de doble capa de la muestra
fue estimada para conocer el comportamiento electroquimico del carbono en el elec-
trolito. El material de carbon sintetizado mostrd una capacitancia especifica de 272 F/g
a 20 mV/s. Los resultados observados demostraron que el nuevo proceso térmico pro-
puesto produce carbono grafitizado con buenas propiedades electroquimicas a bajo costo.
Ademas, esta propuesta contribuye con el desarrollo de nuevos materiales conductores
de carbon usando un tratamiento térmico simple, econdmico y respetuoso con el medio

ambiente a partir de biomasa residual de bajo valor.

INTRODUCTION

There has been recent interest to valorize orange
peel (OP) considering that it represents 50 % wt
of the fruit, at 20 % of total solids content (Siles et
al. 2016, Mackenzie et al. 2019); besides, it is an
economic burden to juices industries that pay for its
disposal (Raciti et al. 2019). Indeed, it is reported
that industries pay € 25-30 per ton for the disposal
of orange peel, which is generally used for animal
feeding, composting, or dumped to parcels proximate
to the juice industries or to municipal landfills (Raciti
et al. 2019). This represents an important source of
pollution due to the acidic pH and the large amounts
of decomposing biomass that also contains phenolic
compounds (Fernandez et al. 2014). For instance, in
Tamaulipas, Mexico, approximately 570000 tons of
oranges were produced in 2018 (Barron-Bravo et al.
2020), which meant a generation of 285 000 tons of
practically unused wastes.

Therefore, attempts have been carried out to va-
lorize OP: it has been used as feedstock to produce
activated carbon, bioethanol, biomethanol (Foo and
Hameed 2012, Zhang et al. 2019), and even for animal
feeding (Ruiz- et al. 2019).

The depletion of fossil fuels and the increase in
electrical energy demand have motivated the research
on sustainable and feasible functional materials to

generate and store electrical energy (Wan et al. 2020).
As a result, electrochemical energy storage systems
such as supercapacitors and lithium-ion batteries have
increased in interest to address intermittent energy
generation sources.

Supercapacitors are a hotspot technology from
the electrochemical devices due to their formidable
advantages, such as moderate energy density and long
theoretical cycle life (Yao et al. 2015, Ghosh and Yue
2018). The main drawback of supercapacitors is the
elevated costs of the production of the activated carbon
and the highly porous nanostructured materials, which
are the material of choice for electrode fabrication
(Yao et al. 2015). Porous carbon nanostructures have
remarkable advantages such as good chemical stabi-
lity, high surface area, easy availability, and low cost
(Ramalingam et al. 2018). In this sense, organic wastes
can be used to fabricate carbonaceous nanostructures
with good electrochemical properties and, at the same
time, to reduce their negative environmental impact.

Carbonaceous nanomaterials are prepared by car-
bonizing organic compounds where the precursors
are converted to stacks of aggregations. In this regard,
many synthesis processes of carbonaceous materials
have been reported. For example, the hydrothermal
carbonization between 200-300 °C, at pressures from
20 bars (Libra et al. 2011, Tekin et al. 2014) up to
150 bars (Pawlak-Kruczek et al. 2020). Pyrolysis is
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performed between 700 to 1000 °C under an inert
atmosphere (Yun et al. 2001, Arie et al. 2016, Chen
et al. 2019, Volperts et al. 2019, Arias-Niquepa et al.
2019). Microwave heating processes are carried out
between 600 to 1200 °C (Li et al. 2015, Lam et al.
2016, Liew et al. 2019). Other authors have reported
the construction of special reactors (Brito et al. 2019,
Yu et al. 2020). Hydrothermal carbonization variants
(Hu et al. 2010) as flash carbonization (Antal et al.
2003) allow carbon synthesis to be achieved at low
temperatures and high pressures.

Meanwhile, pyrolysis is the process by which
the carbon is synthesized at high temperatures and
inert atmospheres (Chen et al. 2014, Sankari and
Vivekanandhan 2020). However, intending to reduce
the energy consumption during thermal treatments, a
microwave heating process has been incorporated as it
allows rapid and homogeneous heating of the sample
under a nitrogen atmosphere (Li et al. 2015, Lam et
al. 2016, Liew et al. 2019).

Carbonaceous structures have been achieved under
special synthesis conditions such as high temperatu-
res or high pressures, in a time-consuming and very
expensive process. Alternatively, biomass has been
extensively used as feedstock for carbon structure
production (Chen et al. 2020). It is an economical
and environmentally friendly alternative to utilize
plants and fruit wastes to obtain value-added products
such as carbon-based electrodes. For that, pyrolysis,
or chemical activation, must be applied to obtain
efficient carbon nanostructures (Raymundo-Pifiero et
al. 2006). For instance, Sayed et al. (2020) created an
amorphous carbon fiber using palm loofah fibers as a
carbon source. As the first step, chemical activation
was achieved in a KOH for 2 hours and dried at 100 °C
overnight. Then, a carbonization process was perfor-
med at 1000 °C under an inert atmosphere, requiring
0.1 M HCL. On the other hand, Saha et al. (2014)
synthesized mesoporous carbon by a pre-chemical
activation of hardwood Kraft lignin and carbonization
of the samples at 1000 °C under an N2 environment.
Also, this group proposed a post-chemical treatment
under CO> or KOH.

Another research reported a high specific capa-
citance of 182 F/g from a self-template synthesis of
banana peel (Liu et al. 2009). For this, the biomass
was treated with zinc nitrate, and then it was thermally
treated at 1000 °C for eight hours under a nitrogen
atmosphere. According to these studies, the carboni-
zation of wastes requires the use of high temperatures,
high pressure, inert atmospheres, chemical activators,
and expensive reactors to produce conductive mate-
rials. All of this elevates their cost and impacts to the

environment. Thus, other methods must be sought to
use agro-industrial wastes in economical and environ-
mentally friendly carbonization processes.

The first attempt to synthesize carbon from biomass
pyrolysis without an inert atmosphere was published
by Sebag-Bernd et al. (2017). They designed a tubular
reactor at 750 °C that held a KOH filter and a bed com-
partment that was the place for the mixture of sawdust
(biomass), calcite, and catalysts. Although this proce-
dure was easy and promising, a relevant problem was
observed. The physical and chemical characterization
was observed in carbon-based materials containing
impurities such as magnetite, lime, calcite, zincite, and
others. Thus, it was expected to have a negative effect on
the electrochemical properties of the materials, such as
specific capacitance, electronic conductivity, and mass
diffusion of the reactive species. Other conventional
techniques have been explored to build a pilot reactor
and obtain carbon. For instance, one-step drum rotary
carbonizer (Girgis etal. 2009, Brito etal. 2019, Yu et al.
2020) produces carbons in more considerable quantities
at low temperatures. However, their research did not
explore electrochemical characteristics (Antal et al.
2003). Nonetheless, all the processes mentioned above
are expensive, energy-and time-consuming. Moreover,
the proposed methodology to obtain active carbons is
not environmentally safe because of chemicals such as
ZnCly, H3PO4, KCI, HCI, and KOH (Chen et al. 2014,
Wei et al. 2019, Sankari and Vivekanandhan 2020).
For instance, KOH is considered a toxic strong base,
classified in group 3 risk according to health hazards.
Laboratory workers manipulating this organic substance
risk skin irritation and severe eye damage (Hui and Zaini
2015). Meanwhile, hydrochloric acid used to wash the
carbon is cataloged as a strong acid with a high risk for
the health and potentially dangerous to the environment
when dumped into water bodies (Moya-Salazar and
Rojas-Zumaran 2016). Therefore, it is highly desira-
ble that new synthesis methods should be explored to
eliminate the use of chemical activators and reduce the
negative environmental impact.

This work aims to develop a cost-effective pro-
cess to synthesize carbon-based nanostructures from
OP valorization without using any chemical agents.
The combustion of the OP is proposed to be avoided
by using fine-grain sea sand to limit the oxygen in the
vicinity of the biomass.

MATERIALS AND METHODS
Materials
Small alumina crucibles of 15 mL and 30 mL, fine
grain sea sand composed mainly of silicon dioxide
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(Si0y) with particle sizes from 0.075 to 4.75 mm,
and a muffle furnace (Thermolyne, FD1540M) were
used to synthesize conductive biocarbon. The OP
was obtained from local producers (Ciudad Victoria,
Tamaulipas, Mexico).

Preparation of orange peel biocarbon

First, the OP was washed with soap and abundant
water and then cut into small pieces of approximately
1 cm?. Afterward, three cleaning cycles were carried out
with deionized water and ethyl alcohol, following the
procedure described by Raghu et al. (2020). Next, the
OP pieces were sun-dried for three hours, and then they
were further dehydrated for two hours in a muffle at
150 °C. Finally, the dried OP pieces were stored in
hermetic bags for their future use.

The newly designed thermal process for carboniza-
tion is illustrated in figure 1. First, the smaller alumina
crucible was filled with the pieces of dehydrated OP
and placed face down into the large alumina crucible.
Then, the space between the smaller and bigger crucible
was filled with sea sand to limit the oxygen availability
near the OP biomass. Finally, the crucibles arrangement
was placed in the muffie furnace with a heating ramp
of 10 °C/min up to 1000 °C at atmospheric pressure.

Characterization of orange peel biocarbon
The OP biocarbon morphology was analyzed
by Field Emission Scanning Electron Microscopy

Obtaining OP,
washing with
water and soap
and cut in pieces

(FESEM) at 25 kV (Jeol JSM-7800F). In contrast,
elemental analysis was conducted using copper hol-
ders in a SEM/EDS with a 20 kV working voltage
(Philips XL30 series).

The phase and crystal structures of the obtai-
ned carbon were analyzed with X-Ray Diffraction
(XRD) using Philips-X’Pert with a working voltage
of 40 kV and Cu K o radiation. In addition, the
chemical bonds and functional groups at the surface
of the synthesized OP biocarbon were studied by
Fourier Transform Infrared spectroscopy (FTIR) in
a WQF-510A Rayleigh instrument.

The electrochemical behavior of the conductive
OP biocarbon was analyzed by cyclic voltammetry
at different scan rates (10, 15, 20, 25, and 30 mV/s)
in a three-electrode cell configuration using a Gill-
AC-ACM instruments Ltd brand potentiostat. The
counter and reference electrodes were a graphite bar
and Ag/AgCl electrode. The working electrode was
obtained by transferring 10 mL of carbon ink onto
the glassy carbon electrode surface. The carbon ink
was prepared by mixing 5 mg of the synthesized
biocarbon with 0.5 mL of 2-propanol and 10 puL
of Nafion®. As a supporting electrolyte, one mol/L
of H2SO4 was used. The voltage sweep for the
cyclic voltammetry (Dujearic-Stephane et al. 2020)
was selected considering the corrosion voltage of
carbon-based materials at 1.4 V vs. RHE in acid
media (Oh et al. 2009).

Dehydration of
OP pieces

Ultrasonic
washing of
OP pieces

Carbon

1

Carbonization in muffle of two

Arrangement

crucibles

Fig. 1. Novel carbonization process using fine sea sand as an oxygen barrier.
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The specific capacitance of the synthesized sam-
ple was calculated by using the equation (1) that
governs the process in a three-electrode cell setup
(Ghosh and Yue 2018):

[ rav
= 0 1
C S () (1)

where C is the specific capacitance (F/g), /, is the
current density (A/g), v is the scan rate (V/s), Vo
and Vi are the potential limits in of the selected
scan range.

RESULTS AND DISCUSSION

Morphology and composition of orange peel
biocarbon

The structural morphology of the obtained OP
biocarbon is shown at different magnifications in
figure 2. As can be seen, it is composed of three-
dimensional large and small rough flakes with
high porosity (Liu et al. 2014). This characteristic
is significant because ion diffusion can occur at a
high rate, therefore, good electrochemical proper-
ties could be obtained. Figure 2a displays a porous
structure with large open channels with an average
diameter of 20 um that result from the rapid release
of gases during the thermal treatment. Meanwhile,
figure 2b reveals the presence of small particles
with diameters less than 160 nm on the surface
of the rough flakes that might result from broken
frameworks. The images supply evidence for the
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successful conversion of the OP waste to a material
that can be employed for energy storage (Ranaweera
et al. 2017). Furthermore, since the proposed green
thermal process does not use inert gases, nor sophis-
ticated expensive furnaces, nor chemical agents, it
may be considered a cost-effective way to obtain
carbonaceous structures.

The chemical content of the obtained conduc-
tive material studied by EDS analysis showed the
following composition: C (67.96 %), Ca (19.23 %),
K (4.87 %), Mg (0.95 %), P (1.82 %), S (0.87 %),
and O (4.3 %). These results confirmed the effecti-
veness of the oxygen limitation with fine-grain sea
sand. It is worth mentioning that when sea sand
was not used, complete combustion of the OP was
observed, and only ash as residue was obtained,
which was may be mainly constituted of SiO, and
CaO compounds (Olumide et al. 2019).

The XRD profile for the OP biocarbon is shown
in figure 3. The diffraction peaks of graphite struc-
ture are located between 15-30° 20 and 40-50° 20,
ascribed to (002) and (101) plane (Liu et al. 2010,
Rajan et al. 2014, Cholake et al. 2015). These peaks
are broad, suggesting that the obtained carbon is in
the nanostructure range or with some degree of the
amorphous phase. From the diffractogram, it is ob-
served that carbon reflections are overlapped with
other signals. Further indexation was achieved, and
phases of CaCO3 with high crystalline quality were
observed (JCPDS data file 00-005-0586). These are
the signals that overlap with the reflections of the
graphite structure (Ramalingam et al. 2018). Also,
the characteristic peaks of CaO at 33°, 37.5°, and
54° at 20, were observed according to the JCPDS

AccY  Spot Magn Det WD Exp 1 2um
260kV 35 10000x SE 76 1 W4

b)

Fig. 2. FESEM of orange peel biocarbon obtained at 1000 °C without an inert atmosphere a) at 5000x b) at 1000x showing

possible incrustations of Ca.
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card (data file 004-0777) and Ca(OH); at 62° 26
(Ramacharyulu and Abbas 2020). These results are
in good agreement with the SEM-EDS measure-
ments, where C and Ca were the significant elements
in the sample.

The present results show well-crystallized
CaCO:s3, Ca0, and Ca(OH); phases at 1000 °C, as
revealed by XRD in figure 3. Besides, previous
reports on CaCOs pyrolytic decomposition have
demonstrated that this compound is further transfor-
med to CaO up to 800 °C (Karunadasa et al. 2019)
by the reaction:

CaCoO, o CaCO(S)Jr COZ(S) (2)

The prevalence of CaCOs at 1000 °C can be explai-
ned by the sea sand air-limited pyrolytic process that
delays the decomposition of CaCOs3 at 800 °C. Such
accounted for degasification of byproducts without air
replacement; therefore, the absence of free oxygen led
to a limited decomposition process. Also, silica sand
avoids the rapid liberation of the produced CO; gases,
and this reacts with the sample, forming in this way
CaCoO:s at elevated temperatures.

This phenomenon was also observed by Zhang
et al. (2014), who reported the pyrolysis reactivity
of peanut shells and pine sawdust in the presence of
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different Ca-based additives. They stated that at tempe-
ratures in the range of 400 to 620 °C, CaO reacts with
the generated CO; to form CaCOs directly. It is worth
noting that OP has a conveniently natural Ca content,
which according to Tran et al. (2015) is around 2.2 %
weight basis.

The FTIR measurement of the OP biocarbon is
shown in figure 4. At high wavenumber, a peak is
observed within the range of 3300 to 3500 cm™' due
to the stretching modes of the OH groups (Velazquez-
Gonzalez et al. 2019). Meanwhile, the C-H stretching
vibration of alkene species was observed close to 2927
cm ' (Lu et al. 2012). The band at 2343 cm ™' was as-
cribed to the asymmetric stretching mode and bending
mode of CO» (Pech-Rodriguez et al. 2017). Another
band was observed at 1441 cm ™! due to carbonate C—O
bonds (Galvan-Ruiz et al. 2009). The peak localized
at 876 cm™! was attributed to carbonate ions related to
the presence of CaCOs in the sample (Rau et al. 2004).
The peak at 1031 cm™! is ascribed to C-O stretching
vibration (Shamsuddin et al. 2016).

It is essential to mention that the CO; signals
of the OP biocarbon are powerful, suggesting that
CO2 molecules are present at the surface of the car-
bon structure. Sea sand may not have only limited
the oxygen transfer, but also the CO, molecules
diffussion in the carbon side. Thus, CO2 might
have improved the structural properties of the OP
biocarbon structure. In research, CO; gas has been
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Fig. 4. FTIR spectrum of orange peel biocarbon at 1000°C without inert atmosphere

obtained by the green thermal process.

used as a physical treatment for carbonaceous struc-
tures, and their porosity was comparable with the
materials that were chemically activated (Guo et al.
2005, Saha et al. 2014). Although the synthesized
OP biocarbon has an added value per se due to its
calorific energy or its adsorptive properties, it is
believed that the profits from OP waste are boosted
if presenting electrochemical characteristics. Hence,
it is proposed that the thermal process induces a
self-activated carbon-based nanostructure with good
porosity and excellent electrical conductivity.

Electrochemical performance of orange peel
biocarbon in acid medium

The cyclic voltammetry (figure 5) shows that the
OP biocarbon delivers significant current densities
under the potential working windows. All the con-
ducted cyclic voltammetry measurements present a
quasi-rectangular shape, an inherent characteristic of
electrical double-layer capacitors. The deviation to
the rectangular form is attributed to the polarization
resistance or pseudo-capacitance (Sahu et al. 2013).

Table I resumes the obtained specific capaci-
tance and current density or sweep velocity of the
relevant research works reported in the literature.
Accordingly, it can be observed that the OP biocar-
bon had a similar specific capacitance compared to
other materials obtained in inert atmospheres.

According to common knownledge, the capaciti-
ve behavior is related to high porous structures that
facilitate ion transport (Chai et al. 2020), and this
can be corroborated by the FESEM images observed
in this work. The specific capacitance of the sample
is calculated according to equation (1) and plotted
vs. the scan rate (Fig. 6). As can be seen, the OP
biocarbon presents high specific capacitance values
that can be applied in all areas of supercapacitors;
for example, at 20 mV/s has a specific capacitance
of 272 F/g. From figure 6 is inferred that capaci-
tance decrease as the scan rate increase, this may
be since at low scan rate the electrolyte has enough
time to diffuse through the porous biocarbon. The
high specific capacitance could be related to the tall
porous structure (Fu et al. 2012) of the OP biocarbon
synthesized at oxygen limitation.

The contribution of the pseudo-capacitance of
the charge storage process at the electrode was
estimated by the Trasatti and Lee method (Shao et
al. 2015). First, the capacitance vs. the inverse of
the scan rate is plotted (Fig. 7a) to obtain the elec-
trical double layer capacitance (Cgpr) contribution.
Second, the Total Capacitance (TC) was determi-
ned by plotting the scan rate vs. the inverse of the
capacitance (Fig. 7b), assuming a linear diffusion
and considering a linear extrapolation, the value of
C/T was obtained.
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Fig. 5. Cyclic voltammetry of the three electrodes measurement in 1 mol/L
H>S0Oy4 at different scan rates.

TABLE 1. SPECIFIC CAPACITANCE OF BIOCARBONS OBTAINED BY DIFFERENT METHODS.

Carbon source Electrolyte Specific Capacitance Sweep velocity  Reference
(F/g) (mV/s)
Datura metel peels in inert atmosphere 1 mol/L 76.4 20 Dujearic-Stephane et al.
at 800°C HS04 (2020)
Fagus sylvatica in inert atmosphere 1 mol/L 185 2 Orlova et al. (2018)
at 800°C H2S04
Orange peel in inert atmosphere 0.1 mol/L 275 10 Dhelipan et al. (2017)
H>SO04
Sorghum pith 0.1 mol/L 224 10 Senthilkumar et al.
H2SO04 (2011)
Orange peel without inert atmosphere 1 mol/L 288 10 This work
H>SOq4
272 20

Under the experimental conditions, the OP bio-
carbon experimented 32.7 % of pseudo-capacitance
and 67.3 % due to the double-layer charge process;
this is well correlated with the work of Fu et al.
(2012), where the pseudo-capacitance was 37.8 %
of the TC.

The Impedance Nyquist plot for OP biocarbon is
shown in figure 8. A resistive-capacitive behavior
is observed as a semicircle at high frequencies,

while a linear tendency to the imaginary axis is
attributed to the diffusion process (Saha and Kuila
2020). From figure 8 it can be appreciated that the
OP biocarbon material has good electron transfer
properties because no semicircle is observed at high
frequencies. That means the electron is easily moved
along the porous structure of the OP biocarbon. Also,
the extended curve to the imaginary axis reveals that
OP biocarbon has good ionic diffusion (Du et al. 2017).
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Fig. 7. Trasatti and Lee analysis to obtain the a) the Electrical Double Layer capacitance (EDLC) and b) pseudocapacitance.

Therefore, good charge storage behavior is presen-
ted in the carbon structure, and this suggests its use
as electrode materials in supercapacitor applications
(Mabharjan et al. 2017).

As a result, the proposed thermal treatment can
be classified as a green process because it does
not use any harmful or toxic chemical reagent in
considerable amounts. The carbonaceous material
obtained was porous and presented good electrical

conductivity and high specific capacitance. The
fact that no inert gas is required, eliminates the cost
of acquiring argon, nitrogen, or a mix of them. In
addition, no sophisticated equipment is needed.
This method could promote large-scale production
of orange peel biocarbon in an eco-friendly and
economical manner since the OP is a waste not
commercialized in most parts of the world not-
withstanding an inherent cost for juice companies.
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Fig. 8. Nyquist plot for the as prepared orange peel biocarbon in the frequency range

of 100 kHz to 0.6 Hz.

CONCLUSIONS

A successful synthesis of orange peel biocarbon
was obtained via a novelty method that does not
use a gas-induced inert atmosphere or any chemi-
cal reagent. The proposed green thermal process is
based on the suppression or limitation of air close
to the surroundings of the OP. FESEM studies re-
vealed large and small rough 3D flakes 3D with high
porosity relevant to energy storage applications.
Besides, XRD and EDS analysis indicated that the
synthesized material contains mainly carbon and
calcium carbonate. The electrochemical measure-
ments suggest that the developed carbon exhibited
excellent specific capacitance, 272 F/g, which is in
the same range that the chemical-treated samples
reported in the literature.

Therefore, the results suggest that the proposed
cost-effective and straightforward thermal treatment
based on oxygen limitation using fine sea sand is a
versatile process to get conductive carbonaceous
electrodes with high capacitance. Other advantages
of the process are the low cost of the OP. Also, so-
phisticated equipment is not required as either strong
acids or bases. Finally, this green thermal process
may have a broad spectrum for future applications

where time, energy consumption, and environmental
impacts are the primary concerns.
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