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Abstract

Low and negative value (waste) products represent a valuable resource. Its use as an input source for the
fabrication of high value materials represents a lucrative pathway to increase sustainability and decrease the
economic cost for a wide range of industries. Thermochemical methods for the valorization of biowaste and
low-value natural products are simple and cheap yet sufficiently efficient to deliver significant economic
benefits to the biotechnological and agricultural sectors. High-value products that can be realised using
thermochemical methods include carbon aerogels for energy storage, graphene oxide-based supercapacitors,
keratin-urea nanocomposite fertilizers, and graphene-based nanomaterials for the photocatalytic dye
degradation and environmental remediation. Plasma-based methods represent another family of technologies
for waste-to-value conversion. Unlike thermal technologies that rely primarily on the surface processes, the
nanostructure nucleation and growth in plasmas involve a complex set of physical and chemical processes that
occur in bulk plasma and on substrate/nanostructure surfaces. Sustaining this set of processes requires the use
of more complex pieces of equipment, and in return offer a greater level of control and complexity of materials
that can be produced. The choice between these two types of technology should be done on the basis of a
complex optimization that takes into account a whole set of factors, including (i) cost and availability of
precursors for production at scale; (ii) initial outlay and operating cost of equipment, which, in case of plasmas,
may be higher initially yet lower in the long run due to the absence of large hot furnaces and ability to initiate
the process virtually immediately when the system is on; (iii) cost of labour that is typically higher for the
plasma-based systems; (iv) cost of production engineering including the R&D efforts for designing the industrial
technology, which is typically higher for the plasma-based systems, and so on. In this article, we present a
technological level comparison of thermochemical and plasma-based techniques for valorization of raw and
waste biomass, where the intent is to use the resulting products for the environmental remediation, energy
storage, optoelectronics and biomedical applications.

1. Introduction

Advanced functional nanocomposites, nanomaterials and complex hierarchical material systems!* > are currently
considered as the means to advance and in some instances even revolutionize energy conversion,®°
sensors,2°- 13! bjosensors,** catalysis!*>~*® and photocatalysis,*®! biotechnology,!?°- 23! water purification, 242
space exploration!?®-2°! and nanomedicine.®°- 33 Various methods and techniques are currently under exploration
to design cheap, environmentally friendly technologies for the mass production of functional nanocomposites and
nanomaterials, with the total yield for e.g. silica reaching 1.5 million tons (Table 1) and rapidly growing.2%3% The



production of complex nanomaterials usually assumes the consumption of high quality feedstock materials and
precursors and complex multi-step processing, both generally quite expensive. This considerably increases the
retail price of nanomaterials, which can reach, e.g. 500 USD per 1 gram for graphene oxides, which are potential
candidates for the supercapacitor production (see e.g. Sigma Aldrich®®).

v’ Conversion of biowastes and low-value natural products into useful, high value nanomaterials and
nanocomposites could potentially significantly reduce the price of these nanomaterials.

Many types of biowaste and low-value natural products are generated in vast amounts and thus represent a truly
unlimited source of raw input material for nanotechnology. For example, close to 200 million tons of rice husk
was produced in 2018 alone, and the production of valuable nanomaterials from the husk has already been
demonstrated.[3”*¥ The global yearly waste of food accounts for 1.3 billion tons which could be a practically
unlimited supply of raw material for nanomaterial production.®® Virtually any biowaste!*>*! and plant
material*>*! could be successfully used for nanomaterial production and the type of nanostructures are not
limited to carbon-based materials. For example, waste thyme (Thymus vulgaris L.) was used for the production of
ZnO nanoparticles.[**

v’ Conversion of biowastes en masse to desirable nanocomposites could also significantly reduce the ecological
load of many industries and could contribute to environmental remediation by reducing waste that goes into
landfill. Indeed, “waste is not waste until we waste it".

Table 1. Global consumption of several types of engineered nanomaterials of high importance. Data from Waste Manag.
2018.1) With the consumption reaching significant numbers, production of nanomaterials from waste and low-value
materials becomes a very important avenue to reduce their cost and impact on the environment. * Mass production of
fullerenes 60 was estimated from global fullerene market estimation of USD 487.9 Million in 2020,“¢! and price of about USD
280 per 1 gram.

Engineered nanomaterial Global consumption, t/a
Silica (SiO3) 1.5 million

Other oxide nanomaterials >15,000

Titania (TiO>) 10 million
Zirconium dioxide (ZrO,) 2500-3000

Carbon nanotubes

Tubes: 200-250,
Fibers: 300-350

Fullerenes* =2

Zinc oxides >1000
CeO3 10
Alumina (Al,03) 0.2 million
Iron oxides and zerovalent iron 100
Silver (Ag) 22

Gold (Au) 0.004
Global demand in nanomaterials, 2013 $3.6 billion!*”
Global demand in nanomaterials, 2025 $34 billion!”!

However, the success of this waste-to-value concept relies heavily on the availability of conversion techniques
capable of taking a multi-component, chemically variable bulk source and transforming it into a high-quality
material with controlled structure and properties at nano-, micro- and macro-scales. Importantly, to be viable,
these conversion techniques should be able to achieve this goal without consuming significant energy or labour
resources, or using processes that are too complex or difficult to integrate. Some waste materials are particularly
difficult to valorise. For instance, feather and bone waste represent a rich source of microelements, such as
sulphur and of nitrogen. At the same time, they are difficult to degrade in the landfill, remaining in the
environment for a considerable period of time. As such, they are ideal candidates for the waste-to-value
valorisation. However, the disulphide bond present in the structure of feathers makes their break-down into
keratin a challenge. Similarly challenging is the efficient fractionation and extraction of the usable forms of
cellulose, hemicellulose, lignin and extractives from e.g. saw dust and sugarcane bagasse, and their subsequent
conversion into value-added products. While there exist many examples of successful application of existing
technologies for the synthesis of functional nanomaterials from a broad range of naturally derived
precursors,“®*l many of these methods may not necessarily be viable at scale given their complexity, and
considerable energy, time and resource consumption®>>* (Figure 1).



VALORISATION OF WASTE AND LOW VALUE MATERIALS VIA NANOFABRICATION
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Figure 1. Valorisation of waste and low value materials via nanofabrication. Waste from numerous industrial processes, as
well as from electric, electronic and plastic consumer industries can be viewed as valuable input materials that can be
transformed into high value engineered nanomaterials. By consuming waste products, and producing materials that could
directly (e.g. adsorption of oil spills or photodegradation of dyes) or indirectly (e.g. light-driven energy generation and
storage) aid environmental remediation, the waste-to-value paradigm can substantially reduce the environmental impact of
our society while preserving its quality of life. Disruption of the traditional end-of-life waste management by means of
introducing innovative nanofabrication processes that prevent waste from ever reaching the landfill will bring us one step
closer towards closing the sustainable life-cycle loop.

Among currently available technological approaches that could be implemented in biowaste valorization, two
groups that feature quite different physical and chemical processes stand out: thermochemical techniques &>
and plasma-based techniques.>* >! While thermochemical techniques utilize high temperatures as the main
process driver, the plasma technology utilizes electricity-driven processes.[* >

Taking these two features into account, it appears quite natural to consider in detail and with practically
applicable examples the traditional thermal (thermochemical) and the plasma-based approaches. Both of them
feature a common denominator managing the nanomaterial synthesis process, that is, the precursors in the gas or
liquid phase. In fact, both thermal and plasma synthesis processes are conducted via precursors either in the
liquid or in the gas phase. Along with this common feature, these two approaches are different in the term of the
principal process environment, i.e. plasma-based techniques in a large extent are based on bulk processes while
thermochemical techniques are mostly surface-based (Figure 2).
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Figure 2. A comparison of processes that take place in the proximity of and on the surface of the substrate during thermal and
plasma-based surface growth of nanostructures. Processes during the growth of nanostructures on surface and growth of
vertical nanoflake in thermochemical (a,b) and plasma (c,d) environments. Thermal route involves mainly surface-localized
chemical and physical processes and reactions, while the plasma-based technology includes a very complex set of processes
in plasma such as ionization, ion acceleration by electric field, re-distribution of ion fluxes by near-surface electric field in
plasma-surface sheath, charging the plasma-immersed surfaces and many others.

v’ In this article, we present a technological approach level overview and comparison of thermochemical and
plasma-based techniques and methods for valorization of natural wastes and low-value natural products
where the use of waste minimises the impact from conventional industries and achieves environmental
remediation by reducing waste that enters the ecosystem.

The remainder of this paper is organized as follows. In Section 2 we briefly compare the processes that occur in
plasma-based and thermal methods used for nanosynthesis; in Section 3 we outline several typical thermal
methods for biowaste-nanomaterial conversion, and in Section 4 we outline the several typical plasma-based
methods for biowaste-nanomaterial conversion; then, in Section 5 we discuss the challenge of selecting the right
tool for the task; and finally, outlook and perspectives are outlined in Section 6.



2. Plasma and thermal methods for nanosynthesis — a general comparison

Biowaste and natural resource valorization through their conversion to functional nanostructures and
nanomaterials entails a complex set of requirements and the use of processes that at times may be difficult to
realise within a single processing environment due to their vastly differing characteristics and needs.!>% ¢!
Fabrication of nanomaterials usually presumes a complex set of physical and chemical reactions which are difficult
to realize within the framework of relatively simple, cheap technologies.

v’ This is why it is important to examine and compare some representative examples of successful processes
that are flexible and have the capacity to be upscaled in the future to enable valorization of biowaste and
low value natural products en masse, particularly where the quality and performance of the resulting
nanomaterials is high.

To ensure large-scale low-cost production of value-add nanomaterials from low- and negative-value precursors,
two parameters are of particular importance: flexibility and adaptivity, i.e. the ease with which the process can
evolve to accommodate scale up production of high-quality products from different input sources, and energy
consumption which directly relates to the final cost of the product.

Flexibility and adaptivity. When compared to other techniques, plasma-based methods are characterised by a
very high flexibility and adaptivity of the process,'®? while thermochemical methods may be simpler and cheaper,
requiring less complex equipment and control means.[®*%* |n general, thermal processes involve mainly surface-
localized chemical and physical processes and reactions while the plasma-based technology includes also a very
complex set of processes in plasmal®>¢! (ionization,!®” acceleration of ions by electric fields,!®® re-distribution of
ion fluxes by near-surface electric fields,®” charging the plasma-immersed surfaces via electron fluxes!’” and
many others!’Y). Figure 2 presents a comparison of the processes near the surface during material synthesis using
thermal and plasma-based technologies. As a result of the presence of both surface and bulk processes in plasma,
the plasma-based environment ensures higher flexibility and controllability, as compared to the thermochemical
surface-based techniques. Figure 2 illustrates the principal processes occurring during the growth of flat and
vertically-aligned nanostructures under thermochemical (neutral gas) and plasma-based process conditions.

Energy consumption during the biowaste-to-nanomaterials conversion is the second critical consideration to be
taken into account. While the plasma-based techniques are usually more intricate and require significantly more
complex equipment as compared with the often simpler thermal methods, the thermochemical approaches could
have greater energy consumption. This is because in thermal methods, materials need to be heated to initiate
bond dissociation in the precursor material, and this high temperature often needs to be sustained over a
considerable period of time to achieve desirable yields. Furthermore, higher temperatures are often needed for
the synthesis of nanomaterials with higher quality. In contrast, in plasmas, it is possible to initiate bond
dissociation virtually instantaneously by subjecting the precursor material to bombardment with energetic
plasma-generated particles. The synthesis is also significantly faster. Table 2 presents an example of a comparison
of energy cost per atom incorporated for a nanoscale structure grown using thermal and plasma-based methods.
It should be noted that there exists a wide range of thermochemical systems and approaches and hence this value
would vary significantly. Nevertheless, these results show that the minimum possible eatom expressed as egtom = P/m
is notably lower for atmospheric pressure plasma systems in the absence of external substrate heating. Here, P
denotes the discharge power and m is the mass production rate for the nanomaterial. Interestingly, while the
instantaneous power consumption during pulses can exceed 100 kW for e.g. NRP spark plasma systems, the short
pulse length of tens of nanoseconds mean that the overall e.:om power budget is relatively low when compared to
continuous mode plasma systems, and especially when compared to the thermochemical system. This holds true
even for relatively short thermal growth cycles, as the one used in this study where carbon nanotube synthesis
took place on a Fe-catalyzed silicon substrate, with the heating-up time of 5 min (6 kW) followed by the growth
time of 10 min (500 W) in a conventional furnace OTF-1200X (MTI Corporation). It should be noted that m was
assumed to comprise all of the material collected or evaporated from electrodes, with the data on the bases of
which the calculations were performed available in Ref. 72. To compare eqom for plasma processing to
conventional non-plasma synthesis, a carbon nanotube growth experiment was also performed using a typical
thermal furnace process.”? The rightmost column lists the energy cost of nanomaterials calculated from the &xtom
values, E (J/kg). This numbers are rather indicative, since they were calcilated for small experimental samples
without optimization of the use of equipment operational space and capacities.



Table 2. Energy cost of incorporating each atom into the nanostructure g.:0m = P/m using different atmospheric-pressure
synthesis processes, where P is the average power coupled into the system and m is the average mass production rate. In
all cases, no external heating was used. Quantities marked by (*) have been calculated in Ref. [72] based on data given in
the listed references. Reprinted from Sci. Rep.[>! The rightmost column lists the energy cost of nanomaterials calculated
from the £410m values, E (J/kg).

Source Carries Excitation Nanomaterial P [W] Max. m Min. €atom Ref. E,J/g
gas (ug/s] [eV]
Thermal furnace Ar - Carbon nanotubes 5,000 1 1.2 x108 73 1012
Microplasma Ar 144 MHz Si nanocrystals 35 0.017 600000* 74,75 5x10°
Microplasma Ar 450 MHz MoOs nanosheets 31 1* 42000* 76 5x107
Microplasma Ar 450 MHz WOs3 nanoparticles 20 35%* 1400* 77 5x10°
Microsecond Ar 2-us spark following |  Au nanoparticles 1.5% 2% 1500* 78 7x10°
spark voltage ramp
mw torch Ar 2.45 GHz Graphene 250 33 1000* 79 8x106
mw torch Ar 2.45 GHz Carbon nanotubes 400 7 7200* 80 6x107
DC arc Ar DC Ag nanoparticles 120* 3 50000* 81 5x107
NRP spark Air 40-ns pulse at MoOs nanofalkes / 0.5-4 1.6 75 73 5x104
PRF = 30 kHz nanowalls

Table 2 shows that the energy consumption is an important characteristic that significantly depends on the
process and its underpinning set of physical and chemical processes. The simplest thermal furnace-based
technology features the highest energy consumption per atom, while plasma torches which are relatively simple in
technical realization exbibit lower levels of energy consumption. The lowest levels of energy consumption are
reported for the nanosecond plasma systems that feature low production yield and require more complex and
hence expensive equipment.

Along with the energy cost per atom, the energetical efficiency of thermal and plasma-based methods are also
strongly dependant on the equipment configuration. The thermal systems usually incorporate bulky heaters to
heat the reaction zone (e.g., tubular quartz chamber located directly in the heater), the heat is dissipating into the
ambient environment during the conversion process which could be quite long. This is an apparent consequence
of thermophysics, since the neat could be conducted by heat transfer only to the material being processed. As a
result, the heating requires significant time and moreover, heat is dissipating in the entire structure of the
equipment, yet this process is moderated by the thermal shields and heat insulation. In plasma-based processes,
the processed matter could be activated directly from plasma (indeed, external heating is not needed in many
plasma nanosynthesis techniques!®>%) due to the involvement of electric processes that are able to sustain
plasma without contacts with chamber walls and hence, without excessive dissipation of energy.

Figure 3 illustrates the comparison of heated reaction zone and plasma reaction zone assembled in a single
reactor designed for the synthesis of various nanomaterials. Both systems provide similar output when operating
in heating and plasma modes, but apparently the large heater (OTF-1200X, 6 kW) requires more power than the
localized plasma discharge.!®* Large size of heating assembly and very compact plasma bulk with the discharge
power much lower than the power of heating elements apparently illustrate energy efficiency of plasma-based
approach. Note that the power level of 5 to 10 kW is still intrinsic to the most advanced furnaces of similar size,
e.g. the furnace with a tubular heating zone of 660 mm features 10 kW (Protech Technology Co.).!8"!

(a) Mode I: Short Discharge

Furnace

Short discharge in cold zone Long discharge in hot zone

Figure 3. (a,b) Two variants of the modified thermal furnace for the advanced nanosynthesis, and (c) photograph of the
localised plasma in cold zone shown in (a). The systems provide similar output when operating in heating and plasma modes,
but apparently the large heater (OTF-1200X, 6 kW) requires more power than the localized plasma discharge. Reprinted with
permission from IEEE Trans. Plasma Sci. 2014.



v The methods for biowaste valorization via production of functional nanomaterials require careful selection
of the process, taking into account the flexibility and adaptivity of the technology to upscaling, and energy
consumption that can vary over a very wide range.

It is worth noting that any comparison between these technologies, be it plasma-assisted or driven by
thermochemical reactions, is limited by the fact that this area is still rapidly evolving and is not sufficiently
consolidated to allow a definitive comparison.

3. Thermal methods for biowaste-nanomaterial conversion

We will examine some examples of thermal techniques first, mainly because of their relative simplicity and lower
costs. While some thermal approaches are very simple and are mainly based on combustion, they are still capable
of synthesising quite complex and valuable nanomaterials such as graphene, graphene oxides and even complex

catalysts.[86.87.88]

v Since for graphene and graphene oxide, their application in the field of energy generation and
storage is highly promising and a strong focus of academic research globally, the examples we will
review emphasise the synthesis of graphene for supercapacitors.

3.1. Graphene oxide and reduced graphene oxide preparation from agricultural and plant wastes

Graphene and graphene oxide are currently considered among prime candidates for energy applications, including
in supercapacitors and batteries.#>°?! Simple thermal methods allow for the conversion of low-value products and
wastes directly into high-quality graphene materials.[®*°? Biomass wastes are nearly unlimited negative-value
resource, this the development of simple, cheap techniques for the production of graphenes from biowastes is a
very important problem.[®3:42°]

Tamilselvi et al. has recently demonstrated the conversion of coconut coir, a natural fibre that can be extracted
from the outer husk of the coconut and is an abundant, difficult to degrade by-product of coconut industry, into
reduced graphene oxide via a simple reaction of catalytic oxidation, where ferrocene was used as a low-cost yet
efficient catalytic platform.®® Thus-produced reduced graphene oxide was of high quality, and, when used as an
electrode material for an electric double layer supercapacitor, shows high performance and excellent stability
during cycling. Considering the simplicity and relative sustainability of the processes coupled with high quality of
the reduced graphene oxide material, the proposed approach is a promising pathway for the conversion of fibrous
agricultural waste into high-value supercapacitor electrodes.

This study also explored the flexibility of the process by using two types of agricultural waste, specifically the
coconut coir and coconut shell. The process of direct waste-to-nanomaterial conversion is illustrated in Figure 4a,
and is based on the simple catalytic oxidation of the fibre.[*”! It should be noted that it was necessary to first
mechanically grind both the coconut shell and coconut coir into a relatively fine powder to increase its surface-to-
volume ratio. This fibre-rich powder was then mixed with ferrocene catalytic particles, and placed in a muffle
furnace for 15 min at 300 °C under atmospheric (air) conditions. Both the quality of graphene oxide and the
conversion yield were confirmed to be high. Subsequent thermal reduction of graphene oxide was preformed via
simple thermal annealing of the soot (Figure 4b), which resulted in the loss of oxygen in the form of carboxylic
groups, verified by the XRD, FTIR and Raman characterisation.

The reduced graphene oxide was then used as an active material in a composite electrode also containing
polyvinylidene difluoride (PVDF) and N-methyl-2-pyrrolidone (NMP). The composite slurry was spread over a
nickel plate substrate and dried for 12 h at 100 °C. Thus, simple oven-based processes were used for all stages of
the supercapacitor electrode preparation directly from biowastes. The electrochemical analysis demonstrated that
the highest specific capacitance of 111.1 F/g was achieved. Importantly, the material showed excellent
performance stability of 99% over 3,000 charge/ recharge cycles.



Figure 4. (a) Direct conversion of coconut waste fibre into reduced graphene oxide by means of catalytic oxidation, with an efficient
and affordable ferrocene-based catalytic platform. The quality, structure and properties of thus-synthesised materials are highly
dependent on the processing temperature and time. Due to process simplicity and abundance of input materials, this approach is
amenable to scale up to facilitate manufacturing of graphene oxide electrodes in quantities needed for e.g. electrical transportation
systems. (b) Mechanism of fibre decomposition and subsequent reduced graphene oxide formation. A brief annealing step is used
for graphene oxide reduction in to thermally remove carboxylic groups. Extending the annealing step results in the loss of carboxylic
and epoxy groups, loss of carbon and formation of defects in the carbon lattice, with CO, and CO released as by-products. Reprinted
with permission from Renew. Energy 2020.0%!

v These results confirm the method’s potential in efficient rapid conversion of waste to high quality
reduced graphene oxides with quality and performance that render these value-add materials
suitable for use in high performance flexible supercapacitors.

While the thermochemical methods of waste valorization usually do not presume the use of potentially harmful
chemicals, there is an ongoing drive to reduce the environmental footprint of nanocomposite synthesis by not
only replacing the source material but also by reducing the energy cost of the method, and by employing thus-
produced materials in energy generation and storage applications. This approach aims to reduce our reliance and
consumption of crude oil and fossil fuels. Tamilselvi at al. presented one such example, where a facile
hydrothermal method was employed to synthesise multifunctional nickel-based reduced graphene oxide
composites directly from the negative value coconut coir. Decoration of thus-produced graphene oxide using
functional NiO and NiFe;Os nanoparticles resulted in a material with complex hierarchical architecture and
excellent energy storage and photocatalytic characteristics.®®°®) The synergistic combination of NiFe;04
nanoparticles and reactive edge-rich rGO nanoflakes allowed the material to produce excellent specific
capacitance of about 600 F/g at current density of 1 Ag. The retention rate was also very good, at 86.5% after
2000 cycles. In addition to good energy storage performance, this material showed promising efficiency in visible
light-driven photocatalytic degradation applications, at 96.5%. Hence, a simple hydrothermal technology (soft
bubble assembly) was able to produce an essentially multifunctional material with excellent electrochemical and
photocatalytic activities.

Schematics of the synthesis is illustrated in Figure 5a. Briefly, a finely ground powder of coconut coir was subjected
to a simple oxidation/reduction reaction in a muffle furnace, with ferrocene used as a heterogeneous catalyst. The
graphene oxide formed after the reaction was allowed to proceed for 15 mins at 300 °C. Standard characterisation
confirmed high quality of thus-synthesised graphene. The structure and chemistry of the composite makes it a
particularly good material for the indirect degradation of pollutants, e.g. dyes generated by the textile industry,
through the oxidation and reduction mechanism outlined in Figure 5b (see more details in Ref. [98]).
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Figure 5. (a) Synthesis pathway for direct conversion of coconut coir into multifunctional composites. CO, bubbles produced within the
hydrothermal reactor perform the function of a template on which metal oxide particles can grow. During the reaction under high
temperature and pressure conditions, Fe3* is being converted into FeOOH. Graphene oxide acts as a site of nucleation for the subsequent
growth of nanostructures. Anisotropic directional growth was facilitated by calcination at 350°C. (b) Photocatalytic activity of coir-derived
nanocomposite. OH radicals generated by the holes in the valence band enable fast and efficient oxidation of the pollutant, in this study a
dye. Reprinted with permission from Renew. Energy 2022.1%] (c) Schematic representation for the synthesis of peanut shell — few-layer
graphene active material and its subsequent integration into a solid-state device. Reprinted from Sci. Rep. 2017 under terms and conditions
of CCBY 4.0 license.[100]



One more example is the conversion of the negative value peanut shell, a very plentiful waste of agriculture
industry.l'% In this work, Purkait et al. have demonstrated the synthesis of few-layer graphene-like nanosheets
which feature high density of micro- and meso-pores, using the mechanical exfoliation of the peanut shell
biomass. The produced material was used to fabricate the binder-free supercapacitor, which has demonstrated
the specific capacity of 186 Fxg™ at the highest energy density of 58.125 WxhxKg™ and the highest power density
of 37.5 WxKg™ without the binder. The graphene production method was based on activation using KOH, and the
following exfoliation. After washing the peanut shell wastes in water and drying for several days in air, they were
then dried in vacuum, crushed to fine powder, pyrolyzed at 800 °C in argon gas for 2 hours, and finally washed in
isopropanol. Next, the product was activated by mixing it with KOH and heating again for two hours in argon.
Finally, exfoliation was performed using simple sonification in H,SO, solution for one hour, washing in isopropanol,
centrifuging and drying at 80 °C (see more technical details in the relevant publication Ref. [100]).

Figure 5c illustrates the general scheme of the conversion of negative value peanut shell into graphene.
Importantly, walnut and almond shells also could be conversed into graphene-like material following the above
described scheme. This method does not presume the use of graphitizing agents. The produced graphene
products feature very high specific surface area and porosity, with both micropores and mesopores present. The
results demonstrate the great potential for using very abundant negative-value shall waste of various types of nuts
for the supercapacitor technology.[*0%102:103]

3.2. Graphene oxide nanostructures by facile synthesis from used oils

Another characteristic example is the synthesis of graphene oxide nanostructures using facile wick and oil flame
technology (Figure 6a). In this case, the simplest technology based on combustion of used sunflower cooking oil
was utilized to produce graphene-like structures that were proven as an effective means for absorbing used
commercial sunflower and engine oils, thus providing an efficient and low-cost approach for environment
remediation [48]. Used oils are generated in large quantities globally, both in food preparation and machine
industries, and their disposal presents a significant challenge. When done unethically, these oils can enter
waterways and landfill,[}#1%! becoming a source of significant pollution and threatening the wellbeing of local
flora and fauna.l*°®1%7! On the other hand, reusing the cooking oil for food preparation can be harmful to human
health.[%8) Repeated heating of the cooking oil leads to the increased levels toxic substance which cause extensive
damage of proteins and cell membranes,**! and finally cause alterations to the permeability and fluidity of the
membranes.[*1%11 Morbidities associated with exposure to these substances include cardiovascular diseases,
kidney and liver damage, and cancers. Repeated use of oils rich in linoleic acid, e.g. sunflower and soybean oils, is
even more concerning, since their exposure to elevated temperatures result in the creation of acrylamide and
polycyclic aromatic hydrocarbons (PAHs).[**?) These are highly soluble and as such are readily absorbed through
gastrointestinal tract, causing mutations and the development of malignancies.***!

Lekshmi et al. demonstrated that it was possible to covert used oil into carbon nanomaterials that could then be
effectively used to remove oil-based pollutants from the ecosystem./*®! The detailed scheme of the process is
shown in Figure 6, while the detailed protocols and conditions could be found in several previous publications.!**
Burning of the oil under controlled conditions resulted in the formation of the soot that could be easily and
efficiently collected by means of a porcelain plate placed immediately above the open flame (Figure 6a). Despite
the simplicity of the process, thus-formed material was the particles of high quality 4-layered reduced graphene
oxide (Figure 6b,c). The material contained about 95% of carbon and about 5% of oxygen, without any impurities,
with atomic carbon-to-oxygen ratio of about 20, as it was previously reported for the reduced graphene
oxides. "

The flame-produced reduced graphene oxide-based materials were then tested for the contact angle and
absorption characteristics towards sunflower oil, engine oil and water, and it was found that the produced
material is oleophilic and moderately hydrophilic. Figure 6d,e illustrates the mechanism of oil absorption on the
surface of reduced graphene oxide flakes. The Langmuir isotherms with R =0.99 for sunflower oil and R?=0.98
for engine oil provides the best fit for the data that describes the removal of oils from the oil-water emulsion using
the flame synthesized graphene oxides. Moreover, a cost comparison between thus-fabricated material (lab scale)
and its equivalent retailed by e.g. Sigma Aldrich (at USD500/gram) confirms the former is a lower cost
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Figure 6. Synthesis pathway for the formation of reduced graphene oxide (rGO) particles directly from used cooking or engine
oil (a). Thus-produced material is made of flakes and each flake comprises multiple layers of reduced graphene oxide, as
confirmed by SEM (b), and three-dimensional topography visualisation (c). Inset depicts a photograph of the precursor oil
during combustion. Mechanism of adsorption for used sunflower oil pollutant (d) and used engine oil pollutant (e) when rGO
flakes are used to remove oils from water. Sunflower oil interacts with rGO flakes through m-m interactions, hydrogen bonding,
n-cation stacking and scavenging of radicals, whereas the interactions with engine oil are limited to hydrogen bonding, m-
cation stacking and radical scavenging. Reprinted with permission from Carbon Lett. 2021.148!

3.4. Gelatin-derived carbon aerogels for advanced supercapacitors

A combination of thermal technology and freeze drying method was recently demonstrated as another useful,
simple and environmentally friendly technology for the waste valorization by synthesis of nanomaterials for the
advanced supercapacitor applications. Moreover, this technology, despite its simplicity, was able to produce quite
complex hierarchical nanomaterials. Kandasami et al. used nitrogen-rich gelatin as the input material for the
synthesis of graphene-based aerogels inherently doped with nitrogen, where the hierarchical architecture of the
material featured three levels of pores.[**®! The larger pores (at meso- and macro-levels) were a result of the
aerogel preparation, and consisted of a complex amorphous carbon/3D graphene framework that emerged as a
result of carbonization (Figure 7).1*'7:128 potassium hydroxide was used for chemical activation of the framework.
Exposing the amorphous carbon/3D graphene framework to high temperature in a nitrogen atmosphere removed
the amorphous phase, leaving behind a stable N-doped graphene structure. The material displayed promising
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specific capacitance, at 232-170 Fxg?, and stability over numerous cycles, confirming their potential as an
electrode material for solid asymmetric supercapacitors.
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Figure 7. (a) Fabrication of 3D nitrogen self-doped graphene-based carbon aerogels from gelatin; (b) Multiple levels of
porosity are realised via deep freezing of the gelatine gel, with glutaraldehyde used as a cross-linker (c). Reprinted with
permission from Nanomaterials 2021,

In this study, freeze drying was demonstrated to be an effective strategy to develop the required multiple levels of
porosity. The method itself is simple, and requires gelatin powder to be dissolved in deionized water, followed by
the addition of glutaraldehyde solution used as a cross-linker. Vigorous stirring is used to ensure uniform mixing
(Figure 7a). Thus-prepared transparent highly viscos solution is then allowed to stand for 120 min, and then is
frozen to -80 °C for 12h. At this point, the frozen matter is lyophilized into an aerogel (Figure 7b). Carbonization of
the aerogels via pyrolysis at 800 °C for 3h in flowing nitrogen transformed the gel into nitrogen-rich carbon
networks without loss of its desired porous structure (Figure 7c).

v' This simple hybrid technique involving cheap, environmentally benign processes including (i)
preparation of gelatin aerogels via freezing, (ii) carbonization, and (iii) activation in nitrogen gas
enabled the synthesis of 3D nitrogen self-doped activated graphene aerogels with very high porosity
and excellent surface-to-volume ratio. The highest achieved capacitance was 236 Fxg™* at 2 Axg?,
confirming the potential of this material made of low-cost natural resource (gelatin) as an electrode
material for high-performance energy storage devices.

3.5. Biowaste valorization by conversion to nanokeratin-urea composites

12



Synthesis of advanced nanostructure-based nanokeratin-urea fertilizers from the biowaste (chicken feathers) is
one more example of biowaste valorization via simple, cheap technology.!***

Poultry feathers is another source of waste that tends to persist in the environment due to its slow break-down,
and at the same time presents a valuable source of nutrients for plants. When used in their milled form, feather
powders do not release the needed levels of nutrients quickly enough. However, Sree et al. have recently
demonstrated the fabrication of bio-fertilizer nanocomposite platforms from feather-derived keratin, where urea
coating was used to provide a pathway to supplement nitrogen release during early stages of fertiliser
deployment, and where loading into a sustainable wood chip-based matrix provided a means to retain the
fertiliser particles in the soil, preventing them from being washed away during watering.***! The method used in
the production of these fertiliser composites allowed for the retention of a large fraction of the valuable organic
and inorganic nutrients. Plant germination rate, and subsequent plant growth, health and productivity were
improved compared to solely applying urea. This was due to nutrients being released in a sustained fashion,
without under- or over-fertilization. As such, the proposed method of feather utilisation is a potentially useful
means of benefiting soil fertility that does not require a release of nitrous oxide, the latter being a green house
emission gas of considerable concern. This simple, cheap process is illustrated in Figure 8. In this study, the
feathers were obtained from a local poultry processing facility and were washed with distilled water to remove
blood and tissue, and then rinsed in 70% ethanol, minced and air dried in an oven. Once dehydrated, feather
pieces were placed into 5% NaOH solution and allowed to undergo hydrolysis.[*?”) Once completed, the hydrolysed
solution was filtered, and the keratin filtrate was dried. Thus-produced keratin filtrate was then resuspended in
deionised water and subjected to sonication to deagglomerate the particles and ensure uniformity of the
dispersion. Adding ethanol to the suspension, and then a small amount of glutaraldehyde crosslinker resulted in
the production of keratin nanoparticles after continuous overnight stirring.[*??2l Centrifugation was used to
separate the particles, which were then dried and used as the base material for several types of nanostructure-
based nanokeratin-urea composite fertilizers. Please find the detailed description, along with process
specifications and reagent concentrations, in the relevant publication*** and references therein.

The prepared nanostructure-based nanokeratin-urea fertilizers were tested directly on plants. Cowpea seeds were
put into pots and allowed to undergo germination and seedling growth. In addition to providing a physical means
of protection for the urea-coated keratin nanoparticles against being washed away, the wood chips enable
controlled release by contracting or expanding its pores in response to varying humidity levels. Overall, the
fertilizer based on urea-coated keratin nanoparticles provides a better source of nutrient supply to soil microbiota
and plants when compared to pure chemical fertilizer, in this case urea, alone.

v’ This very simple and very cheap technology for the production of nanostructured fertilizers
with highly controllable release of nutrients out of negative-value waste (feathers)
demonstrates the strong potential of simple hybrid techniques for biowaste valorization.

Some of the thermochemical methods and techniques for the valorization of biowaste and cheap natural
products, along with negative-value natural waste are relatively simple, cheap, but still quite efficient to
significantly add value to a wide range of industries and sectors. Efficient production of various useful
products and materials such as carbon aerogels for energy storage, graphene oxide-based supercapacitors,
nanokeratin-urea composite fertilizers and graphene-based nanomaterials for the photocatalytic dye
degradation and oil absorption were demonstrated. Very simple techniques such as facile wick and oil flame
synthesis, soft bubble assembly, simple catalytic oxidation, freeze drying and others were found to be
capable of producing quite complex hierarchical functional nanomaterials. Further development of
thermochemical techniques through their scale up to industrial scales, as well as through the production of
more valuable complex, hierarchical multifunctional nanomaterials would ensure further economic benefits
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from biowaste valorization and waste management.
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Figure 8. (a) Collected chicken feather waste is ground and hydrolysed to extract keratin, which is then used to synthesise
keratin nanoparticles. These are coated with urea, and then loaded into a carrier, in this study the wood chips, to enable
gradual release and facilitate fertiliser retention in the soil. The composite fertiliser is used to supplement the soil with
nutrients and stimulate the growth of desirable soil microbiota. (b) Sodium hydroxide is used to hydrolyse the feather powder.
These three simple environmentally friendly steps produce an efficient triplex fertilizer system for controlled release of
nitrogen into soil. Reprinted with permission from Carbon Trends 2021.1*!
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4. Plasma-based methods for biowaste-nanomaterial conversion

Among presently available techniques, plasma-based methods ensure very high flexibility and adaptivity of the
biowaste conversion and valorization due to the high specific energy and controllability intrinsic to the plasma
environments.'?312°! The demand for more sustainable solutions has driven the field of nanofabrication, and
plasma nanofabrication in particular, to search to replace traditional input materials, i.e. high purity gases and
solid targets, with minimally-processed raw and waste biomass that has variable chemical composition and
physical form, while still producing high quality graphene and other types of nanoscale materials.[*?* 128! The goal
was to use these mixed-origin materials directly, without additional processing steps, so as not to increase the
complexity of plasma synthesis.[*?> 131 Thus far, graphene has been successfully produced from essential and
cooking oils, food and waste from food industry, animal products and their waste, and many other alternative
precursors. While in many of these cases, the conversion took place in the presence of a catalyst and high
temperature (e.g. by means of catalytic thermal chemical vapour deposition (CVD)), lower temperature, catalyst-
free deposition has also been realised by introducing plasma as a catalytic environment. In thermal CVD,
temperatures in the range of 800-1000 °C are needed to decompose the input material into usable building
blocks, e.g. carbon atoms in the case of graphene synthesis, and then re-assemble these blocks into a
nanostructure. Furthermore, nickel or copper catalyst is generally needed to enable the surface growth of
nanosheets or nanotubes,!*3? the latter often being slow, possibly taking hours to complete.!*33! Importantly, this
method often does not provide the means to control the directionality of the growth. In the case of graphene, this
generally leads to the deposition of horizontally-oriented graphene sheets that need to be transferred from the
growth substrate to their intended surface or device element by dissolving away the metal in an acid bath.[*3%
Many of these issues stand in the way of making nanofabrication a truly environmentally sustainable solution, yet
they could potentially be circumvented or reduced through the use of plasma-based technologies. For example,
when compared to traditional CVD, plasma-enhanced CVD (PECVD) has a wider range of possible control
mechanisms that allows deposition of both horizontal as well as vertically aligned graphene, as well as
nanostructured oriented at a prescribed angle to the surface, providing a greater range of opportunity for the
development of functional structures with unusual geometry and characteristics. In addition to conventional
mechanisms that PECVD shares with its thermal counterpart, namely gas chemistry, temperature of the substrate,
and length of treatment, PECVD also benefits from the presence of highly chemically-reactive species,!*3>13¢
including energetic electrons and ions the energy and make up of which can be controlled, and electric field
Most importantly, because many of the particles that make up the plasma are charged, it becomes possible to
guide the direction and intensity of fluxes of energy and matter by means of externally applied electric and
magnetic fields.*3®]

5.[137]

4.1. General consideration of growth processes in plasma

As mentioned above, the nanostructure nucleation and growth in plasma-based technological environments
involves a complex set of physical and chemical processes and what is most important, these processes occur in
both the bulk plasma and at the substrate/nanostructure surfaces, in contrast to the thermal technology that
relies mainly on the surface processes (Figure 2).

How do nanostructures grow on plasma-exposed surfaces? Figure 9 summarises the key principles of growth for
architecturally complex nanostructures in plasma environments, where larger (e.g. millimetre) scale surface
features that form at earlier stages of the treatment become the foundation on which smaller features (e.g. at
micro- or nano-meter) are built.

The formation of these features follows the same pathway, beginning with the transformation of the target
surface into one amenable for subsequent growth of material. It is possible for this step to produce chemical
modification (e.g. activation or functionalisation) of the surface without changing its geometry. This is because
this step serves to alter atomic bonding characteristics of the surface so as to improve the probability of
subsequent adhesion interactions with building blocks arriving from the plasma bulk. This change in atomic
bonding can result from the introduction of vacancies and interstitial atoms within material lattice; screw and
edge dislocations that arise from forming precipitates; ion bombardment induced mixing and thermal segregation
of phases of material within the surface layer; grain coalescence resulting from ion bombardment induced heating
of the surface, etc. These defects and active sites is where adsorption is likely to happen, enabling additive surface
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growth of structures from the building blocks delivered from the plasma bulk. The rate with which the new
nanostructure will form and the dominant direction of the growth depends on the control mechanisms being
used. For example, graphene flakes may grow perpendicular to the surface of the substrate to produce connected
networks of vertically-oriented walls with sharp edges. “Trimming” processes, where material is removed from
the surface of the newly formed structure, also take place. Continuing with graphene as an example, this stage is
associated with the removal of amorphous carbon (a-C) phase from the graphene network. More details could be
found in the relevant publications.[*3813°]

This set of processes often requires the application of more complex equipment, as compared to the
thermochemical methods.*****Y To date, many types of plasma systems have been designed such as e.g. DC
discharge-based platforms,!*4> #4 microwave systems,*>- 48 inductively-coupled plasma (ICP)[*4%-151 and
capacitively coupled plasma (CCP)*°#1>3 systems, radio-frequency (RF) and magnetrons,***- 7! and many
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Several examples of plasma-based technological platforms that use various principles for plasma ignition,
sustaining, and control are shown in Figure 10. Efforts have also been made to combine the benefits and address
the shortcoming of individual systems through the design of modular multifunctional systems that would be able
to facilitate the production of even more complex functional materials [136]. The flexible modular multifunctional
platform could sustain a much wider variety of processes that would typically require dedicated plasma-based
systems, including deposition of metallic layers and nanostructures as well as the synthesis of complex
nanomaterials from low- and negative-value sources. This is achieved by combining multiple plasma generation
sub-modules, each capable of creating a unique set of plasma conditions optimised for a given purpose, thus
reducing the economic, labour and environmental cost of fabrication of complex multi-component material
architectures. These sub-modules may employ different physical mechanisms of plasma generation, and jointly,
cover a very broad range of plasma parameters. Amongst the parameters that have most impact on the processes
that take place in plasma and at the plasma-surface interface, plasma density n,, ion temperature T;, electron
temperature T, and energy density are considered critical as they define the outcome of the treatment step.
Thus, these modules should collectively be able to produce plasmas over the plasma density range n, = 10*2-10%°
m3, electron temperature range T. = 0.1-100 eV, incident ion energy 0-10* V, and gas pressures 103-10° Pa. In
addition to plasma generating units (a) that produce environments with different plasma density, ion chemistry,
and electron temperatures, the synthesis and assembly in such a platform could be controlled by means of
plasma-conditioning sub-modules (b-h) that could be used to fine-tune each nanofabrication step.*3® Active
plasma-generation system, where a hollow cathode base system!*®?! is augmented by a series of control sub-

16



modules for the management and fine tuning of plasma processes may provide the needed range of coverage of
parameters.[t63
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Figure 10. Several examples of plasma-based technological platforms with various principles of plasma ignition, sustaining,
and control. In the inductively coupled plasma (ICP), electromagnetic induction is used to sustain the plasma within the
reactor. In contrast, in vacuum arc and magnetron plasmas, strong direct currents are primarily responsible for sustaining the
plasma. The performance and flexibility of the conventional thermochemical furnaces can be further enhanced by means of
plasma, by combining the reactivity stemming from the use of high temperatures and plasma-generated effects. Jets of
plasma generated at atmospheric pressure using radio frequency electromagnetic energy are highly versatile, and can be
relatively easily integrated into existing industrial processes. Very dense plasmas with a high degree of ionisation can be
generated in a DC plasmatron due to an interaction of DC current and an externally applied magnetic field. Reprinted with
permission from Appl. Phys. Rev. 2017.137]

Modular flexible plasma treatment platforms may be quite promising for the valorization of biowastes and low-
value produce by synthesis of the higher-value functional nanomaterials that are more complex and multi-
component in nature, e.g. for energy storage and conversion applications, at industrial scale. The high value of the
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final product (e.g., electrodes for supercapacitors) could compensate for the higher price of equipment, provided
that the raw materials and precursors are extremely cheap, and the fabrication system support single-
environment processing.

4.2. Natural resource-derived graphenes in plasma

In plasma-based technology, usually the two different routes of nanosynthesis are considered, namely the
bottom-up or top-down approaches (Figure 11). In the bottom-up approach, feedstock or precursor materials are
injected into the plasma region, broken down into building blocks and delivered to the surface (in the case of
surface-based synthesis), then nucleate after supersaturation and grow further via surface reactions, with the
building material continuing being supplied from the plasma bulk. In the top-down route, the cleavage and
subsequent removal of layered materials using plasma-generated species is used to form the nanoparticles on the
surface.[*®*1%] |n this case, the removal of the material is a result of both physical (bombardment, desorption) and
chemical (reactions with highly active plasma-generated species) processes.

As a characteristic example of plasma-based synthesis of nanomaterials out of a natural product, we describe here
the growth of vertical graphene in radio frequency plasma from cold-pressed Citrus sinensis oil, a low-value by-
product of orange juice production. Alancherry et al. have presented the experimental insights into the conversion
of the Citrus sinensis oil into graphene, using simulation to explain the mechanism of precursor break down and
reassembly into vertically-oriented graphene walls of high quality, providing novel insights into the dynamics of
graphene network formation with a focus on network morphology. Fabrication of affordable high quality graphene
remains a challenge, with vertically-oriented graphene being of particular interest due to its potential in energy,
green catalysis and environmental remediation.

The experimental methodology used in this study is briefly outlined in Figure 12, also showing the three-
dimensional graphene structure that could be realised under these conditions. In contrast to thermochemical
methods of graphene synthesis, metal catalysts are not required to facilitate surface synthesis of graphene in
plasmas, opening up opportunities to synthesise graphene directly on suitable substrates, and avoiding the need
to lift and transfer graphene from metal. In this particular example, graphene was grown directly on the thermally
oxidized SiO; layer present on the surface of Si wafer. The latter is the most widespread semiconducting material
presently used electronics, from integrated circuits to mobile phones and tablets, wearable sensors and devices
[64], photovoltaics, sensors and others. Following standard cleaning to remove impurities from the surface, and
immediately prior to the synthesis stage, substrates were exposed to hydrogen plasma to remove any possible
contaminants that may have remained from the cleaning. The vapours of Citrus sinensis oil were then released
into the chamber. Because essential oils are inherently volatile, and have sufficiently high vapour pressure under
ambient conditions, it was not necessary to use heating to generate oil vapours. Previous studies have also shown
similar graphene quality when using essential oils (a mixture of >100 plant secondary metabolites) and their
individual components, allowing for the use of oils directly, without purification or modification.

TIMELINE FOR DEVELOPMENT OF HIGH TEMPERATURE GRAPHENE SYNTHESIS
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Figure 11. Bottom-up or top-down routes of nanosynthesis in plasma environments, and the timeline for the development of
high temperature graphene synthesis. Each product has been evaluated in terms of 6 critical elements: (1) presence of
defects, (2) yield, (3) cost, (4) purity, (5) production rate and (6) the number of layers. The inner, middle and outer hexagons
correspond to low, medium and high levels, respectively. Reproduced with permission from ACS Nano 2021.[166!
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Figure 12. Top panel: Brief overview of the key stages of direct conversion of essential oil into surface-bound graphene networks
that are oriented orthogonally to the substrate in low-temperature plasmas, in the absence of catalyst. While most substrate heating
is due to ion bombardment that transfer energy from plasma to surface, a furnace is also used to provide an additional increase in
substrate temperature for optimal building block diffusion across the surface, and hence optimal growth of desired graphene
structures over a wider range of plasma input powers. Bottom panel: Representative three-dimensional morphology of surface
patterns that could be realised using this system. Dense networks are seen on the left and more rarefied arrays of vertical graphene
are seen on the right. Reprinted with permission from Carbon 2020.1138!

While in this particular example, some external heating was used to supplement plasma-induced heating to optimise
the movement of building blocks and control the rate of graphene growth on the surface, it may be possible to lower
the temperature budget through a careful selection of environmentally sustainable catalysts. Furthermore, many
natural materials, e.g. plant biomass and honey, carry in their composition a small quantity of minerals. These
mineral particles may act as catalytic sites where the growth may be initiated, circumventing the need for an
additional catalyst material. Furthermore, many natural materials have inherent patterns and multiple levels of
organisation. It may be possible to use the se inherent patterns as a template to realise even more complex material
architectures while maintain the single step, green, and environmentally friendly nature of this PECVD process.

The technology used in this example also illustrates much higher controllability of the plasma-based process over the
thermochemical counterpart. Indeed, even a relatively limited set of parameters that was examined by this study has
shown great potential in controlling the array morphology, with additional control mechanisms also available.
Moreover, plasma-based technology allows sophisticated control over higher-order morphological characteristics of
the produced nanomaterials, such as the distributions of Minkowski boundaries and fractal dimensions.[*67-16%
Interestingly, the fractal dimensions of the plasma-made functional nanomaterials can be directly related to the
fractal properties of the surface morphology.l*’°- 731 Recently, Piferi et al. has demonstrated that very strong
hydrophilic behaviour could be realised by oxygen plasma treatment of the surface. This is because wetting of the
surface is inherently linked to the nature of surface patterns, particularly their ordering, connectedness and fractal
dimensions. The latter could potentially be the most important descriptor to predict and hence control the surface
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properties.’® Such a deep level of controllability of the nanomaterial properties has been achieved by application of
highly reactive plasma environments. Figure 13 illustrates the fractal dimensions estimated for the set of samples
resulting from this experiment, as well as 3D objects that display similar fractal properties, including an Apollonian
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Figure 13. Illustration of fractal objects that share similar features with samples processed in the plasma environment (a).
Fractal dimensions estimated for the set of samples resulting from these experiments, and their distribution across nano- (b)
and micro-scales (c). Reprinted with permission from Adv. Mater. Interfaces 2021.5! The images of Menger sponge and Von
Koch objects are reprinted under conditions of Creative Commons licenses. The image of Apollonoan sphere are reprinted
from Class. Quantum Grav. 2020'*7% under the conditions of Creative Commons 3.0 license.

Another example of graphene synthesis directly from the low-value organic products is the production of high-
quality graphene nanoflakes through the decomposition of the organic bio-precursor!*’® in the atmospheric
pressure plasma environment. In this work, the authors used a very simple technology for the single-step break
down and reforming of biofuels, e.g. ethanol, in the absence of any metal catalyst or specific substrates. This
technology offers a number of advantages over similar low-pressure plasma approaches that necessitate the use
of vacuum chambers, pumps and other expensive and complex equipment.l’®'”] These factors make this
technology easier to incorporated into existing industrial workflows, at a significantly lower production cost.
Importantly, materials produced using this technology show excellent reproducibility, due to superior stability of
this technology across a wide range of experimental conditions. Figure 14a illustrates the basic design and
operating principles of the set-up. The waveguide element of the torch enables wave-mode conversion, and the
coaxial elements enable impedance matching. The plasma discharge was produced at the terminal (tip) point of
the cylindrical hollow metallic rod. The discharge had a flame-like morphology, and protruded from the discharge
area into the atmosphere, where the plasma-generated species come into contact and interact with the ambient
species (e.g. atoms of nitrogen), thereby changing both the chemistry of the ambient air and the kinetics of the
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plasma jet. Figure 14b shows the complex relationship between the mechanism of ethanol decomposition and
such operating parameters as the flow of argon (used for plasma generation due to its low ionisation potential and
stability of thus-generated plasmas) and ethanol. The rate of graphene production increased with an increased
ethanol flow, reaching a maximum at 3.40 g h™* (at 300W), with higher flow rates resulting in the reduction in the
graphene production in favour of methane and ethylene. Figures 14c,d illustrate the physical appearance of the
plasma torch for different rates of Ar flow.

GRAPHENES IN PLASMA
HIGH-QUALITY GRAPHENE NANOFLAKES BY ORGANIC BIO-PRECURSOR PLASMA DECOMPOSITION
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Figure 14. (a-d) Schematics of the experiment on the production of high-quality graphene nanoflakes by organic bio-precursor
plasma decomposition. Schematics of products obtained from ethanol decomposition in a microwave argon plasma torch
sustained by Ar and ethanol. Reproduced from Fuel Proc. Technol. 202179 under the CC BY license. (e) Schematic
representation of the exfoliation mechanism of graphite. Reproduced with permission from ACS Nano 2021.!5)
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In addition to graphene flakes, high quality photoluminescent carbon dots for medical applications can be
produced from ethanol during its plasma-assisted conversion into hydrogen gas!*’® at very mild conditions of 40°C
and in the absence of catalyst. The dots are formed from the carbon atoms that would otherwise form a CO and
CO, gaseous by-products. In addition to offering a hydrogen yield exceeding 90% at ~0.95 kWh/m? of H, produced,
this plasma system is highly flexible, supporting several modes of spark plasma discharges, specifically, the single
spark, multiple spark, and gliding spark modes, each having its unique combination of energy transfer and
distribution.

It should be noted that plasma can also contribute to the generation of biofuels and precursors for subsequent
synthesis of materials via a number of pathways. For one, plasma can substantially reduce the cost and energy of
depolymerisation of lignin and other recalcitrant biomolecules into value-add aromatics and dicarboxylic acid
derivatives. Zhou et al. used plasma discharges created over ethanol containing lignin to create highly energetic
and chemically-reactive environments for lignin conversion, reaching a base yield of 42.6% and up to 66.0% when
Fe,0s; and H,0, were used. The increased yield was attributed to the more oxidative environment under these
conditions.[*”®! When this set-up was used to directly convert wet microalgae into platform chemicals, a liquid
yield of 73.95 wt % was obtained after 3 min of processing in the presence of the acid catalyst, and of 69.80 wt %
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generated after 7 min in the presence of the basic catalyst.™*®”! The ability to reform wet algae is a highly attractive
feature of this technology, since the cost of drying that is necessary for most thermochemical routs carries a
significant cost. The solid product that forms during liquefication is a 3D carbon network that can be easily
upgraded for energy storage and water purification applications. Secondly, plasma can be used to enhance the
efficacy of fermentation of ethanol using industrial microorganisms. Recek et al. has shown that plasma treatment
of microorganisms prior to their placement into the fermentation reactor enhances the speed with which they
gain biomass and convert sugar into ethanol.[*8%

In addition to using various types of biomass and biomass-derived precursors, plasma-enabled technologies can
be used for bulk (sub-kilogram) production of quality graphene from graphite. Islam et al. has recently reported a
novel method for ultrafast exfoliation of graphite using a plasma spray in the absence of intercalants or solvents.
with the process shows high single-layer selectivity (~85%) at a considerable rate of production of ~48 g/h. The
mechanism is believed to involve the sequence of a sudden thermal shock and two-stage shear, a phenomenon
intrinsic to plasma. Schematics of the structure is illustrated in Figure 14e. Injection of graphite particles into the
laminar region of hot plasma results in an immediate high temperature (>3400 °C) shock, with the damage to the

graphene lattice being prevented with the help of a gas shroud made of inert argon. ¢

4.3. Plasma-synthesised bioactive polymers and coatings from natural products

Bioactive nanomaterials promise to significantly advance several fields in nanomedicine,!*8%18]

bioapplications!****#! and bioactive nanomaterials.[*® 88 |n addition to reactions where natural materials are
broken down to atoms or small fragments and then rebuild into carbonaceous materials with a completely
different structure, e.g. graphene, plasma environment can be sufficiently gentle to sustain the fabrication of
polymers and polymer-like structures where the chemical structure and hence inherent biochemical activity of the
precursor is preserved.'®?! One such example is the use of RF plasma to produce antibacterial coatings from
Melaleuca alternifolia essential oil, a traditional oil often used as an over-the-counter antimicrobial and in the
production of cleaning and animal grooming products due to its very broad-spectrum activity against bacteria,
fungi and viruses. Importantly, due to gentle nature of this process, the coating can be applied over virtually any
material, including thermally sensitive and thin film devices without damaging their structure. This opens up their
use for optoelectronic and biomedical applications, e.g. as optically transparent defect-free coatings capable of
preventing microorganism settlement and biofilm formation.[**” Depending on the parameters used during
plasma synthesis, it is possible to fabricate highly stable biocompatible coatings that have electron-blocking hole
transporting properties that can be used to control charge transport in organic electronics.[*?%%°Y By reducing the
intensity of plasma, it is also possible to fabricate coatings with strong antimicrobial activity and biodegradable
profile. Figure 15 illustrates the general flowchart of the experiments for controlling bioactivity of polymers
deposited from oil, in this case the Melaleuca alternifolia essential oil (tea tree oil). As mentioned previously, the
use of essential oils for RF-PECVD synthesis of polymer and carbonaceous coatings is attractive due to their
inherent volatility under the ambient temperature and pressure, which alleviates the need for precursor heating
or the use of solvents and carrier gases. By using very low input energy of 10-30 W, it was possible to preserve
much of the chemical structure of the precursor while at the same time producing a solid coating that is well
attached to the surface of the substrate. Due to the low degree of ionisation, the temperature of the substrate did
not exceed 30 °C (Figure 15).1*°%

These coatings are highly effective against attachment and proliferation by Staphylococcus aureus and
Pseudomonas aeruginosa, common pathogens responsible for a large proportion of infections associated with
orthopaedic and urinary tract implants, respectively. Moreover, due to their controlled degradation profile, these
coatings may be used over bioresorbable implants, e.g. magnesium sutures, to slow down the degradation of the
latter, so that the mechanical properties of the implant are maintained to support tissue healing.[**3! Interestingly,
the bioactivity of some of these polymers may receive a further boost from an in situ treatment with atmospheric
pressure plasma jet used in dental treatment and wound decontamination. This brief plasma treatment of
surfaces and surrounding liquids may lead to the formation of loosely attached bioactive fragments on the surface
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of the polymer, that could rapidly release active agents into the peri-implant milieu and thus contribute to the
baseline concentration of active agents available. Thus, the bioactive polymers were produced at a very low
plasma power and without energy-consuming external heating, and thus this process could be quite suitable for
the production of high-value medical devices.

GENERAL FLOWCHART OF EXPERIMENTS
PLASMA POLYMER COATINGS
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Figure 15. Schematics of the experiment where antimicrobial polymers were first fabricated from the vapours of Melaleuca
alternifolia (tea tree) oil, and then exposed to atmospheric pressure plasma treatment that has been designed for in situ
decontamination of implants and wound treatment. The bioactivity of some of the polymers was improved as a result of this
exposure, suggesting a possible pathway to take advantage of synergies that may result from some polymer-surface
treatment combinations. Reprinted from Molecules 20211°2 under the terms of CC BY license.

4.4. Carbonous core-shall and nanoporous nanomaterial from natural by-products

One more successful technology for the valorization of Citrus sinensis essential oil, an abundant and affordable by-
product of orange juice production, has been recently demonstrated by Alancherry et al.’®? Using radio-frequency
(RF) plasma, the vertically oriented multilayer graphene nanosheets interspersed with carbon nano-onions were
fabricated in a single step using a relatively simple set of control mechanisms (Figure 16(1)). The nano-onions were
hollow and quasi-spherical in structure, and were integrated into high-quality graphene layers during graphene
growth. Similar to the previously discussed example, a simple tubular reactor was connected to the RF generator
by means of two capacitively coupled copper electrodes, using an impedance matching network to ensure



efficient energy transfer from the generator to the deposition chamber. Pre-etching in hydrogen plasma was once
again used to remove remaining contaminants from the surface. The synthesis was initiated immediately upon
vapour release into the chamber and lasted several minutes (find more details in the relevant publication.®?
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Figure 16. Schematics of the experimental set and growth mechanism for the formation of complex graphene nanostructures with
embedded nano-onions directly from the vapours of C. sinensis essential oil in plasma. The growth follows the initial stage of
formation of sub-microscopic graphene nuclei on copper and surface that do not have high solubility of carbon, the subsequent
stage of edge growth, formation of a carbon ring or, alternatively, a multilayered structure, and continued growth that produced
layered two- or three-dimensional microscale structures. Reprinted with permission from ACS Appl. Mater. Interfaces 2020.8%

The material platforms produced in this study displayed excellent hydrophobicity, as well as favourable electrical
properties and unique morphology, confirming its potential across multiple fields. For example, when used in a
chemiresistor sensor, this material displayed good p-type semiconductor response to acetone vapours at ambient
temperature. The mechanism behind the synthesis and incorporation of nano-onion into the surface of growing
graphene flakes is presented in Figure 16(ll). It should be noted that the where typical thermochemical synthesis
of such onion structures would demand externally generated temperatures in excess of 1000 °C, plasma-based
technology can support the production of these structures at significantly lower temperatures, thanks to high
reactivity and energy of ion fluxes to the surface.l®*'%! |n addition to the immediate cost and time savings
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stemming from this phenomenon, such an environment may facilitate a greater level of control,[**® and less
damage to the crystalline lattices of the substrates and carbon lattice of the growing nanostructure.!*?7:1%8!
Biowaste-derived carbon nano-onions are very promising for various application of high importance including
energy storage devices. 19200
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Figure 17. Microwave pyrolysis technology to synthesize nanoporous carbon materials from banana peels. Scheme of
microwave-enabled pyrolysis cracking via heat generated through the dipole rotation of carbon molecules. Reproduced with
permission from Bioresour. Technol. 2018.1201

Banana peel waste is one more example of widely abundant biowaste. The total production of banana reached
22.2 million tonnes in 2020,12°? this makes the banana peel a very attractive biowaste for the production of
nanostructures.?®s Commonly, banana peel is disposed using the landfill technology that implies high energy and
labour resources and causes the release of methane and carbon dioxide which are produced during the microbial
decomposition of organics. Liew et al.?°) used the microwave pyrolysis technology to synthesize nanoporous
carbon materials from the banana peels (Figure 17). The peels were first rinsed, then cut to smaller pieces and
dried at 110 °C for 24 hours. Then, carbonization and chemical activation was made using the microwave energy
with a frequency of 2.45 GHz in nitrogen for 20 minutes, 700 W of microwave power. Importantly, banana peels
efficiently absorb the microwave energy, this makes the process quite efficient. Several cycles of chemical
activation and microwaving were used (please find more details in the original publication?®). This material
possesses the micro-mesoporous structure with a high BET (Brunauer, Emmett and Teller) surface area reaching
1038 m2g?, efficient for the textile dye absorption. The authors demonstrated that the novel material is capable of
removing about 90% of the Malachite green dye.

4.5. Nanocarbons and vertically oriented graphenes from oil and plant wastes

Groundnut shells, an abundant natural biowaste, was used to produce nano-carbons (NCs) via a cost-effective,
green technology. To do this, Yallappa et al.[2°¥! (Figure 18a,b) used a simple, single step pyrolysis technique, with
the nitrogen as a plasma-carrying gas. Importantly, the synthesised nano-carbons feature remarkable
biocompatibility. Along with this, the produced nanocarbons have demonstrated also the biocidal activity towards
several types of bacteria, including Chromobacterium violaceum and Bacillus cereus. The authors stress that the
nano-carbons could find application as a mean for inhibition of microbial growth, as well as in drug delivery
systems. In a different study, Wu and colleagues demonstrated the conversion of waste lard oil, another abundant
waste material, into vertical graphenes using the inductively coupled plasma technology!?® generated in a very
simple, cheap reactor consisting of a furnace, a quarts tube and an induction coil used to ignite plasma in the
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tube. To control the conversion process, temperature and concentration of hydrogen in the process environment
were used (Figure 18c). In this process, the fatty acid chains were primary broken by the electron flux from the
plasma (Figure 18d). Moreover, the produced graphenes exhibit super-hydrophobic properties with the contact
angle for water exceeding 140°.

Prasad et al. demonstrated the conversion of methane and sugarcane bagasse, another abundant and difficult to
utilise source of waste, into graphenes nanowalls?®’ and confirmed its antifouling properties, important for e.g.
marine antifouling technology.[?°”! Attachment of both Gram-positive Staphylococcus aureus and Gram-negative
Escherichia coli bacteria were tested and compared with their attachment onto copper, which is a good
antibacterial agent. The total process time for the material synthesis was only 10 minutes, and the processing
temperature was about 400 °C. In all antimicrobial studies, as-produced graphenes were used, and additional
functionalisation was not involved thus keeping the simplicity and cost at the minimum (Figure 18e). In the similar
technology, plasma exfoliation of graphenes from natural graphite flakes and possible application of this material
for application in lithium batteries were demonstrated by Luo et al.® (Figure 18f). In these experiments, a simple
setup with a dielectric barrier discharge was used and the process was conducted in a hydrogen environment.
Thus-synthesized graphenes have few layers. When tested as a promising material for cathodes in Li-lon batteries,
they demonstrated quite remarkable properties including high capacity, as compared with carbon black. The
synthesis is environmentally friendly, since no harmful substances were used at any stage of the process. Kuang at
al. demonstrated the fabrication of vertical graphenes from waste oil. The characteristics promising for the
supercapacitor applications were also demonstrated.?°®! A simple inductively coupled plasma reactor operating
with Ar gas was used to enable the formation of vertical graphenes on substrates with a large area (Figure 18g,h).
Nanocomposites of MnO, and vertical graphenes were also prepared and tested, and provided the power density
of 10.2 kW/kg. The authors analyzed the cost of the graphenes and concluding that it could be reduced by more
than 30%.

To better understand the formation of vertical graphene in plasmas generated using affordable and abundant
gaseous precursors such as CH, (widely available as a waste gas in e.g. an agricultural industry), Baranov et al.
have developed a multi-scale, multi-factor model.’?°®! This model was developed and tested against experimental
results reported in a substantial body of literature, and provided insights into critical chemical and physical
processes that govern the outcome of key stages in the plasma growth, including nucleation of the graphene
lattice, vertical and horizontal growth of the flake, and eventual formation of interconnected graphene walls in
plasma. The model also allowed for the investigation of processes that at present may be difficult to capture and
analysed experimentally, including diffusion of adatoms and radicals across the substrate surface.[?'%21 Surface
diffusion fluxes and not direct fluxes from the gaseous bulk were shown to play a critical role in the growth. lon
bombardment was identified as an important 'switch' between different growth modes. This is because ion
bombardment is knows to introduce defects into the surface, thereby increasing its energy of surface adsorption.
This model shows that the ion bombardment-induced production of hydrocarbon radicals on the surface of the
substrate, and their subsequent diffusion towards the nanoflake is what drives and sustains the growth of the
latter. Importantly, this study has confirmed the leading role of the intrinsic plasma processes that are not present
in the thermochemical routes of nanosynthesis — ion bombardment from plasma and radical generation in the
bulk plasma and on the surface.

v' The above discussed examples of plasma-based technologies for the production of complex functional
nanomaterials from the biowaste and cheap natural products show the great potential of plasma methods
for the cases when very complex material systems should be produced. This may be impossible with the
simple thermochemical routes, but application of more expensive plasma-based techniques would be
justified to produce the nanomaterials with exceptional properties and hence, with very high value.

v’ The theoretical analysis of the processes in plasma during the nanostructure growth from a simple gaseous
precursors such as methane, which is a by-product of many agricultural and food industries, evidenced very
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high potential of plasma-based techniques for the synthesis of very complex hierarchical nanomaterials.

NANOCARBONS AND GRAPHENE FROM WASTE IN PLASMA
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Figure 18. Nanocarbons and graphenes produced from natural waste via plasma-based technology. (a,b) nanocarbons derived
from natural biowaste of groundnut shell demonstrate remarkable antibacterial activity. Reprinted with permission from
Nano-Struct. Nano-Objects 2017.12%4 (c,d) Reforming waste lard oil into vertical graphenes using ICP CVD process. Scheme of
the setup (c); mechanism of decomposition of waste lard oil, and breakdown of fatty acid chains induced by electron
collisions. Reprinted from Nanomaterials 2017 under the conditions of CC BY license.?®! (e) Conversion of methane and
reforming of sugarcane bagasse into graphene using plasma technology. Reprinted from Nanomaterials 2017 under the
conditions of CC BY license.?%! (f) Plasma exfoliation of graphenes from natural graphite flakes for application in lithium
batteries. Reprinted from Materials 2019 under the conditions of CC BY license.®®) (g) Synthesis of vertically oriented
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graphenes using waste oil from the waste oil processing plant for supercapacitor applications. (h) Ragone plot of MnO, /
vertical graphene electrode. Reprinted with permission from Waste Dispos. Sust. Ener. 2021.2%8!

5. Plasma and thermal methods - thus, what to prefer?

Plasma-based methods and techniques for the valorization of biowaste and cheap natural produce, along with
negative-value natural wastes are relatively simple and cheap yet more expensive than thermochemical
technologies that utilize furnaces and simple burning methods. On the other hand, plasma-based methods are
capable of significantly enhancing the quality and complexity of thus-produced functional nanomaterials. Efficient
production of various useful products and materials such as e.g. carbon nano-onions from orange oil for sensing
applications, and vertical graphene for energy applications and flexible electronics, and others were
demonstrated. Relatively simple techniques such as capacitively coupled radio-frequency and plasma-enhanced
chemical vapour deposition (PECVD) are capable of the production of very complex nanostructures with the great
potential for various applications.

Productivity is one of the main parameters of any process (Figure 19), and it can be boosted by increasing the
reaction area and the reactivity of the components involved in the process. Growth of nanostructures to create a
surface with high surface-to-volume characteristics, such as growing nanorods, nanosheets, nanotrees etc., as well
as introduction of solid seeds into gas phase are the routes applied in thermochemical technologies. These control
mechanisms can be further exploited in plasma to get the additional benefits, such as a directional and ordered
growth of nanostructures on a surface by use of self-masking or self-patterning in plasma to realise the synthesis
of more complex structures. Plasma also expands the application possibilities by implementing the processes of
ejection of solid clusters and liquid droplets into the gas environment, such as those taking place in an arc
discharge. In addition, the rate of the introduction of the neutrals into a gas can be accelerated greatly through
the use of physical sputtering of the material from the surface caused by the bombardment with ions; the latter
are created in glow discharge or in the capacitively coupled plasma (CCP) enhanced by a magnetic field. Here,
implementation of the traditional means of thermal chemistry coupled with the ion bombardment allows
increasing the rate of the sputtering by an order of magnitude, and shifts it from the conventional sputtering to
plasma etching. In turn, the rate of evaporation of neutrals is also increased greatly when adsorbing the arc
discharge power on the surface, and transforming the physical sputtering or chemical etching into thermionic
emission of atoms from the surface.

The control over the concentration of reagents and the creation of the reagent mixtures directed to a specified
area of a reactor define the reaction area. Pressure gradients created by the difference in the concentrations of
neutrals, and heat fluxes, are traditional tools that are successfully used in thermal chemistry for this purpose,
while plasma ensures the control of the fluxes of neutrals by converting them into charged particles guided by the
magnetic field and the electric field generated in plasma. In addition, the application of the electromagnetic
focusing of plasma fluxes allows controlling the ion-to-neutral ratio in the fluxes that is beneficial in controlling the
growth of the surface nanostructures. To increase the reactivity of the components, activation of chemical bonds
in gas or on the surface is necessary, which is performed by use of the rich diversity of traditional chemistry;
however, the transition of the matter into the plasma state opens up new opportunities such as formation of
metastable materials that cannot be done under conditions of thermal equilibrium. Here, various methods of
plasma generation in electrodeless reactors like the inductively coupled, microwave, and their magnetically
enhanced versions (helicon, electron-cyclotron resonance sources) allows increasing the rate of the process
drastically.[212213)

Moreover, the surface can be activated (or functionalized) by the ballistic processes of generation of vacancies and
dislocations caused by the ion bombardment, exposure to the electron beams, or by subjecting to the thermal-
elastic processes of ejection of the clusters or droplets followed by the generation of craters on the treated
surface. As for the gas phase, generation of plasma makes it possible to grow various nanostructures directly in
gas phase, like the growth of graphene flakes in arc discharge. At the same time, the thermal chemistry processes
allow conducting the growth of nanostructures with much more perfect crystallinity, since the irradiation by the
ion and electron fluxes results in the formation of the morphology enriched with the defects. However, the perfect
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crystalline structure comes at the cost of the processing time, when a typical time of growth is measured by hours
in the thermal chemistry processes, while the time lap for the plasma enhanced technologies usually do not

exceed dozens of minutes.

On the other hand, plasma-based technologies are usually more expensive and more complex, requiring more
educated personnel and expensive equipment, as compared with the thermochemical techniques./?#2%%) |ndeed,
the structure of both plasma-based and thermal types of materials synthesis systems includes (i) the reaction
vacuum/gas supply systems which are commonly similar for plasma and thermal systems; (ii) reaction chamber
which is simple for the thermal system but could be quite complex for the plasma system as it includes additional
coils, multiple power supply leads and other specific units and instruments to ignite, sustain and control the
plasma, and (iii) power supply system which is also very simple for the thermal reactors needing heating only, and
quite complex for the plasma systems which are often powered by radio-frequency current, require matching
units and other specific electronic equipment. Apparently, this results in the significant differences in the costs of
the equipment.P#36137] While the cost of typical small-size experimental equipment for thermal methods
(furnace) is about 3000 to 5000 euros, the costs for plasma systems (e.g. microwave plasma) well above 15000
euros and could be very high for special systems incorporating several types of plasma sources e.g. ICP plasma, DC

arc discharges and magnetrons.

PLASMA versus THERMOCHEMICAL ROUTE: ADDITIONAL BENEFITS
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Figure 19. A large number of surface and in-bulk processes intrinsic to the thermochemical and plasma techniques for material
treatment allows selecting plasma or thermal technology for each specific case, taking into account various criteria — cost, energy
efficiency, complexity of the target nanomaterial, and many others. This would ensure further economic benefits from the biowaste
valorization and environmental remediation.

Thus, the choice between these two types of technology should be made on the basis of a complex optimization
that takes into account a whole set of factors, including (i) cost and availability of precursors which is typically very
low for the cases we have discussed but these precursors should be available en masse for the upscaled
production; (ii) initial outlay and operating cost of equipment which is typically higher for plasma systems; cost of
energy which may be significantly lower for plasma systems, owing to absence of large hot furnaces; (iii) cost of
labour which is typically higher for the plasma-based systems; (iv) cost of production engineering including the
R&D efforts for designing the industrial technology, which is typically higher for the plasma-based systems.

v A complex approach is needed to select the route between thermochemical and plasma-based technological
platforms to implement the production of complex multifunctional nanomaterials that would ensure further
economical benefits from the biowaste valorization and environmental remediation./?*%!

Also, the importance of environmental remediation should be taken into account when selecting the specific
technological route — thermochemical or plasma-based.

Water content in precursors is also a very important factor affecting the waste-to-material conversion techniques.
It is well known that water could be a useful catalytic additive for some nanomaterial synthesis routes?!”! and
could also be used in the direct plasma-water processes,!**! yet other technologies could be affected by high
water content. Indeed, some raw biowaste and food wastes commonly contain significant content of water, and
importantly, water content is very different for various biowastes. As several examples, the water content could
vary from about 80% for raw banana peel, to about 15% of water in rice husk after milling and to about 10% of
water content in coir and pineapple fibre.[?!8 The raw peanut shell contain only about 6% of water, thus it can be
used energy purposes without drying.?**) On the other hand, the water content in used oils which are quite
abundant and very attractive for nanomaterial conversion, ranges from 0.05 to 0.3%.122%:221

Thus, we could consider here the two main cases: (i) when the contents of water in the waste is low and thus, the
participation of water molecules in the nanomaterial synthesis could be disregarded; and (ii) when the raw waste
with a significant content of water is being treated without any previous drying. The first case (low water content)
is the most common since oils does not content a significant amount of water and could be supplied directly into
the process atmosphere. Several relevant examples were described in this review, e.g. nanofabrication using used
commercial sunflower, soybean and engine oils,/*® reassembly of cold-pressed Citrus sinensis oil into vertically-
oriented graphene walls of high quality,**® Melaleuca alternifolia essential oil to produce antibacterial
coatings,*°? conversion of waste lard oil, another abundant waste material, into vertical graphenes,???! and
others. These processes did not involve special pre-treatment to remove water from oils, and the oil vapours were
supplied directly into the reactor using heating. The wastes with relatively high (e.g. peanut shell) and very high
(banana peels) water contents are usually dried before the conversion.

The peanut shell wastes are typically washed in water, then dried for several days in air, and finally dried in
vacuum before synthesis of few-layer graphene-like nanosheets.[??®! In this case, water is fully removed from the
waste and did not affect the conversion process. Similar technology is applied to the banana peels which contain a
large portion of water: The peels are rinsed, cut to smaller pieces and dried at 110 °C for 24 hours;?°Y! hence,
water is fully removed before the conversion. In the case of a "direct" thermal treatment of water-containing
wastes without prior drying, the first stage (heating of the precursor) usually results in complete drying and thus,
dry waste is then converted to the nanomaterial. Given that the process usually requires the temperature much
exceeding the water evaporation temperature (e.g., 300 to 800 °C ®®), the precursors could be considered
completely dry during the reaction.

In the case of plasma-based nano-synthesis, presence of water could be beneficial in some reactions. Apparently,
the presence of water vapour can facilitate the oxidation of biowaste into oxides, e.g. graphene oxide. Similar
processes could be released directly in water.l??#22°] The presence of water molecules in the reaction environment
modifies the plasma-chemical processes, it important to examine the specific reactions involved in each specific
process of material synthesis. Water can be also useful for the degradation of refractory organic compounds. For
example, Han et al. studied the degradation of Dimethyl phthalate (DMP), an environmental hormone, by the
dielectric barrier discharge plasma and graphene in water via advanced oxidation processes. The degradation of
the organic compound was mainly attributed to the chemical effect produced in the water reaction system, such
as *OH, O; and H,0, species.??®! Another successful example of direct water-plasma nanomaterial synthesis is the
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recent work by Stein at al. Fungal mycelium was directly carbonized by microwave plasmas pyrolysis without any
prior drying. The microwave plasma pyrolysis in argon converted the mycelium into a myco-diamond matrix
containing nanostructures formed by ultra-nanocrystalline diamond.[??’!

Due to plethora of physical and chemical processes that could be realized in plasma in the presence of water
vapours, and also directly in the water affected by plasma (Figure 20), the conversion of water-containing
biowastes into advanced nanomaterials could be also efficient.
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Figure 20. Examples of strong non-equilibrium processes in liquids under action of high-dense power. The list is open: many
processes are still not fully understood and not identified. Further achievements and deeper levels of understanding are
anticipated. Reprinted with permission from Appl. Phys. Rev. 2018.1*%%]

6. Outlook and Perspectives

Thermochemical methods and techniques for the valorization of biowaste and cheap natural products, along with
negative-value natural wastes are simple, cheap, but still quite efficient to significantly enhance the
biotechnological and agricultural sectors. Efficient production of various useful products and materials such as
carbon aerogels for energy storage, graphene oxide-based supercapacitors, nanokeratin-urea composite fertilizers
and graphene-based nanomaterials for the photocatalytic dye degradation and oil absorption were demonstrated.
Very simple techniques such as facile wick and oil flame synthesis, soft bubble assembly, simple catalytic
oxidation, freeze drying and others were found to be capable of producing quite complex hierarchical functional
nanomaterials.

v Further development of thermochemical techniques by upscaling them to the industrial scales, as well as
production of more complex, hierarchical multifunctional nanomaterials would ensure further economical
benefits from the biowaste valorization and environmental remediation

The nanostructure nucleation and growth in plasma-based technological environments involves a complex set of
physical and chemical processes and what is most important, these processes occur in both bulk plasma and
substrate/nanostructure surfaces, in contrast to the thermal technology that relies mainly on the surface
processes. Apparently, this set of processes requires the application of more complex equipment, as compared to
the thermochemical methods.

v' Modular flexible plasma treatment platforms may be quite promising for the valorization of biowastes and
low-value produce by synthesis of the high-value functional nanomaterials, e.g. for energy storage and
conversion applications, in the industrial scale. The high cost of the final production (e.g., electrodes for
supercapacitors) could compensate the high price of the equipment, provided that the raw materials and
precursors are extremely cheap.

The choice between these two types of technology should be that of a cost-benefit analysis, understanding that
while the cost of plasma-enhanced may appear higher due to the higher cost of infrastructure, these costs may be
recouped by the higher value quality product produced in these systems, and economic and labour savings that
stem from the much shorter processing time associated with the use of plasma. Appropriate selection of a
valorisation technological platform, be it thermochemical or plasma-based, or a combination of the two, will
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provide a pathway for the fabrication of complex multifunctional nanomaterials that would deliver further
economic benefit to the society and at the same time assist biowaste management and environmental
remediation (Figure 21).

MODULAR FLEXIBLE PLASMA TREATMENT PLATFORM
ALLOWS FOR SOPHYSTICATED TUNING OF PROCESS CONDITIONS

(@)

Figure 21. Modular flexible plasma treatment platforms may be promising for the valorization of biowastes and low-value
biomass via the synthesis of high-value functional nanomaterials, e.g. for energy storage and conversion applications, at the
industrial scale. Various configurations of magnetic and electric fields, as well as discharge localizations, plasma parameters
and possibility of localised targeted heating could allow for the synthesis of very complex nanomaterials and metamaterials.
Reproduced with permission from Rev. Mod. Plasma Phys. 2018.13!

Impact on carbon footprint. Decrease of carbon footprint and emission of carbonous material into atmosphere
from food and other biowastes is one more important factor that is intrinsic to the direct biowaste-to-
nanomaterial conversion technologies. Indeed, with the total mass of wasted food exceeding one billion tons per
year,?? the grindhouse gas generated by the wastes significantly exacerbates the climate change.!??42?°! |Indeed,
the emission of CO, from the food waste end-of-life phase accounts for 20.2% of the total emission from the
whole life cycle of food production and utilization. To compare, the cycle of agricultural goods production
accounts for 63.1%.12° The development of advanced techniques for direct conversion of wastes to useful
materials via carbonization, i.e. without release of carbon and greenhouse gas into atmosphere, will essentially
contribute to mitigating the global warming (Figure 22). The most advanced waste-to-nanomaterial techniques
demonstrate near negligible rates of carbon emission. 231232

v' Development of advanced techniques for direct conversion of biowastes to the nanostructured
materials could significantly help to mitigate the global warming and thus ensure additional benefits

Bio-wastes routinely contain a large amount of mineral matter and moreover, this content could be different for
similar types of bio-wastes and in particular for food wastes, depending on various parameters such as e.g. type
soil, used fertilizers, harvesting time and others. The inorganic materials could affect the conversion process and
cause poisoning of catalysts such as e.g. ferrocenes that are used to obtain graphene oxide in the techniques that
do not use plasma.[?3>23¥ |mportantly, the plasma-based synthesis in most cases does not require catalysts.23>23¢
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Figure 22. CO; emission for conventional incineration and the carbonization treatment (a). Estimated emission factor (in CO,)
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of carbonization in comparison to predominant waste treatments (b). Reprinted with permission from Nano Energy 2019.5%
conventional incineration and conventional incineration and the proposed carbonization treatment

On the other hand, the presence of inorganic minerals could in general make the synthesized material impure. In
literature there are few studies in which impurities superimposed from precursors of complex chemical
composition are reported and quantified. In most cases, the approach is to validate the goodness of the
synthesized material by employing it for the specific application.!**>#?! Specifically designed studies have shown
that the conversion techniques could significantly reduce the content of unwanted impurities in the final product,
as compare with raw materials and precursors. In one of such studies, a quantification of impurities in the
carbonaceous products has been made by Pak et al.[?>”! The plasma arc process at atmospheric pressure was used
to produce an ultrafine carbon product and a mixture of gases such as methane, hydrogen and carbon monoxide
out of waste tires. Starting from a 2% sulphur content in the untreated material, the produced material had a 0.2%
sulphur content after the treatment. The ash residues (Zn, Ti, Si and others) contained in the tire in percentage of
7% and after treatment, depending on the power used, were reduced up to 0.4% of the total weight.

Selective chemical processes could be employed for the rice husk bio-waste, which is an abundant source of
carbon having silica as the impurity that must be removed before its conversion into carbon materials.!?3®
Alternatively, silica and carbon could be obtained simultaneously. For example, Wang et al. synthesized nano
particles of mesoporous silica with quantum dots of biocompatible graphene using a thermal method and
physical-chemical process to extract silica.[?>®! Kuang et al. produced vertically oriented graphenes from waste oil
without any purification techniques, demonstrating its application for supercapacitors. 2%

Table 3. A summary table of produced materials, type of wastes, used technology, and type of used catalysts

outlined described in the Review, with the relevant references.

Material produced Waste Technology Catalyst Ref.
Reduced graphene oxide Conut coir, coconut shell Catalytic oxidation Ferrocene 96
Reduced graphene oxide Conut coir Soft bubble assembly Ferrocene/Nickel 98

Few-layer graphene Peanut shell Sonication No catalyst 100
Reduced graphene oxide | Used cooking (sunflower) oil | Controlled combustion No catalyst 48
Graphene-based carbon Gelatin powder from bovine Thermal technology No catalyst (KOH for 116

aerogel skin and freeze drying activation)
Nanokeratin-urea
nanocomposite (bio- Chicken feathers Ultrasonication No catalyst 119
fertilizer)
Vertically-oriented . . . . No catalyst (directly on
graphene walls Citrus sinensis essential oil RF plasma thermally oxidized SiO») 138
Mi I
Graphene nanoflakes Ethanol icrowave p ?sma No catalyst 175
decomposition
Antimicrobial polymers Melaleuca alterr'ufolla (tea Radio-frequency No catalyst 192
tree) oil plasma

Carbon nano-onions Citrus sinensis essential oil Radio-frequency No catalyst 82

plasma

Nanoporous carbon Microwave-enabled No catalyst (chemical

. Banana peels . - . 201
materials pyrolysis activation using NaOH/KOH)
Bi tibl
locompatio’e Groundnut shells Pyrolysis No catalyst 204
nano-carbons
Vertical graphenes Waste lard oil ICP CVD process No catalyst 205
Pl -enabled

Graphenes nanowalls Sugarcane bagasse asma-enable No catalyst 206

technology
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Graphene Natural graphite flakes DBD plasma exfoliation No catalyst 89

Vertically oriented Waste oil from the waste oil Inductively coupled

. No catalyst 208
graphenes processing plant plasma reactor

Here we can conclude that the problem of converting bio- and food wastes containing considerable amount of
mineral impurities into a high-quality functional nanomaterial requires further studies, yet many conversion
processes are capable of reducing the percentage of unwanted impurities in the final product, and the high-
quality nanomaterials still could be produced from biowastes. Importantly, the mineral elements contained in the
biowastes could be use directly as catalysts since some plants are capable of hyperaccumulating transition
metals.[24%241 The adverse effect of mineral impurities on the formation and behaviour of catalysts also requires
further studies, but in the general case the mineral impurities do not poison catalysts in the catalytic reactions,
and moreover, many plasma-based technologies are catalyst free and thus could not be affected by mineral
impurities at the synthesis stage.

Catalysts and other parameters used in the waste conversion process are important for selecting the proper
technology. To form a wide view in this aspect, we have present here a table where the produced materials, type
of wastes, used technology, type of used catalysts and the relevant references are summarized (Table 3).
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