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Abstract: The research presented aimed to address the treatment of fluid waste with significant
environmental impact by utilizing plasma technology, specifically plasma arc flow (PAF). The goal
was to develop a novel purification material based on graphene for industrial applications and to
optimize the treatment process. Analysis and monitoring of a submerged arc plasma reactor were
the main goals of this research. This entailed a careful examination of the incoming wastewater
that needed to be treated with the goal of identifying its precise composition characteristics with
the relative tolerances needed for the reactions that were to follow in the reactor. The focus of the
analysis was on input-parameter optimization, production of characteristic curves, and analysis
of the factors affecting hydrogen evolution in syngas. Additionally, the study investigated how to
determine the best viscosity for a particular input matrix by carrying out an evaluation study. The
effects of this parameter were thought to be reduced by preheating the incoming wastewater through
heat recovery. The long-term objective of the research is to create filters that can purify the water used
and produced in gasification processes as well as to characterize the fixed reside from the gasifier
for potential conversion into graphene-based material. In addition, this work acknowledges that
additional experiments are required to validate its purifying capacity on wastewater produced by
various industrial processes. Moreover, the inclusion of plans to model the evolution of hydrogen
in PAF using the CHEMCAD software® and defining guidelines for optimizing parameters for
enhanced energy efficiency showcased the research’s ambition to expand and refine its scope. Finding
the best plant solutions that can significantly reduce electricity consumption is the ultimate goal.
In summary, the study demonstrated significant advancement in the analysis and optimization
of fluid-waste treatment with high environmental impact through the use of plasma technology,
specifically PAF. A thorough and forward-looking approach was demonstrated by the use of modeling
software, experimental studies, and plans for future research. The potential creation of graphene-
based filters and the use of the fixed residue as a useful material further highlight the innovativeness
of this research.
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1. Introduction

The energy sector is a nexus where all facets of public and private productive life, as
well as all production consequences, converge. Agriculture and industry; primary and
secondary economies; crafts; small, medium, and large industries; and transportation all
deal with energy needs and the costs and benefits that national energy plans can predict
and plan for. By its very nature, energy is at the heart of life for both people and the
environment, determining its qualities and perspectives. The growing demand for energy
resources in modern society creates a variety of issues, and the overall picture that emerges
has become broader and more articulated as a result.

The Renewable Energy Directive, 2009/28/EC, has driven a rapid deployment of
renewable energy. In 2012, energy from renewable sources was estimated to contribute
up to 14.1% of EU final energy consumption, while the EU target for 2040 is 50% of EU
primary energy [1–3]. The analyzed plant had many innovative features, and the gas
produced contained hydrogen in a thicker state than under usual conditions. The project
demonstrated a profitable increase in the production of energy from biomass, considering a
lower energy commitment concerning the volumes of wastewater treated. An examination
of the Italian and European situation in terms of management techniques related to the
problem of municipal solid waste was carried out, including the reuse of old combustors
and the adoption of cogeneration technology.

Innovative technologies in sustainable combustion are crucial for companies producing
liquid substances with significant environmental impacts, such as oil consortia. These
facilities must efficiently address global environmental impact, depletion of fossil fuel
reserves, supply security, and energy distribution. The focus is on applying these methods
to energy-production processes. Research that focuses on the production of energy and
recycling is driven by the need for savings related to their means, their efficiency, and their
effectiveness. Human activities have an unavoidable impact on the environment, which can
be minimized and mitigated with proper technologies. To address this slow environmental
deterioration, researchers focus on the production of renewable energies, which are not
directly available energy sources, but rather, are gaseous energies derived from processes
that are already useful in and of themselves.

The European Environment Agency defines pollution as the alteration of the biologi-
cal, physical, chemical, or radioactive elements of the environment that endangers human
health or the security and welfare of all living species [4]. The recent demographic expan-
sion has increased the amount of trash produced, leading to an increase in contaminating
species released into the environment. Researchers are working to find a solution to address
the environmental impact caused by the storage and disposal of the latter.

Fossil fuels, which are still used as an energy carrier, have shown several flaws in
terms of environmental and economic performance. The use of technologies aimed at
improving various types of materials has been grafted into the debate over the use of low-
potential fuels and the optimization of processes related to their full energy enhancement.
Waste-to-energy plants demonstrate how efficiency, as measured by a cost–benefit ratio, is
critical, and the necessity of establishing a circular waste economy in which garbage loses
its status as such, and is instead viewed as a resource to be exploited. Various initiatives
in this direction, such as pyrolysis and gasification, are aimed at integrating a part of the
waste cycle into electricity generation or fuel production. Adequate cleaning of the syngas
through ad hoc devices (scrubbers) is essential for containing emissions and improving
the performance of processes aimed at energy production, but the water that would result
from such a process is configured as special waste.

One of the characteristics of biomass that makes it suitable as an energy source is
that through direct combustion it is often burned in waste-conversion plants to supply
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electricity [5] or in boilers to supply heat at industrial and residential levels [6]. Plasma arc
gasification (PAG) is a waste-treatment technology that uses a combination of electricity
and high temperatures to turn municipal waste (garbage or trash) into usable by-products
without combustion. Gasification is performed by employing a gasifier agent (air, oxygen,
and/or steam) to convert biomass into a combustible gas mixture by partial oxidation
at high temperatures (800–1000 ◦C) [7,8]. The produced gas is named syngas and its
composition depends on various parameters, like feedstock composition, gasification
medium, operating temperature and pressure, or gasifier design. For this reason, it is very
difficult to predict the precise composition of the syngas from the gasifier [9–11] and the
composition of the waste stream can affect the effectiveness of the gasification procedure.

Hydrogen is a form or carrier of energy that cannot be adequately defined as an energy
source. Currently, 500 billion Nm3 of hydrogen is sold around the world, mostly from
fossil fuels [12]. It is mostly created as a by-product of the chemical industry, particularly
in the manufacturing of polyvinyl chloride (PVC) and crude-oil refining. Given the current
state of the energy sector, large growth in hydrogen consumption is projected in the future.
Hydrogen production is a major impediment to industrial development due to its high
cost and selection of optimal production and storage procedures. Technology will be
implemented to produce more hydrogen while also addressing the problem of disposing
of harmful effluent such as leachate. This will be dictated by environmental legislation and
the need to develop other energy sources.

The elimination of time-consuming and expensive experimental methods is another
advantage of mathematical models [13,14]. Plasma gasification uses computational fluid
dynamics (CFD) mathematical models to make more accurate predictions [15]. Thermody-
namic equilibrium, kinetic simulation, computational fluid dynamics, and artificial neural
networks are a few of the mathematical models for gasification that have been created [16].
In the literature, Mirmoshtaghi et al. [17] built a model for biomass gasification during a
fluidized-bed gasifier by air oxidant with quasi-equilibrium temperature (QET), predicting
the quantity fraction of the main components (hydrogen, carbon monoxide, CO2, and
methane) within the produced gas. The temperature range of the gasification was set to
730–815 ◦C, with an equivalence ratio (ER) between 0.22 and 0.53. In addition, Aspen Plus
and MATLAB are two of the most-used simulation tools for biomass gasification in other
papers [18–22]. Ansys Fluent was used by Ibrahimoglu et al. [23] to model a microwave
plasma downdraft coal reactor using an Eulerian–Lagrangian methodology. They used
the SIMPLE algorithm for velocity–pressure coupling, the k-ε model was employed as the
turbulence model, and plasma conditions were derived from experimental data. According
to the findings, the gasifier and syngas had average temperatures of 1350 ◦K and volume
percentages of 18.4% H2 and 37.2% CO.

Giuntini et al. examined the use of biomass-derived syngas in a tissue-paper drying
chamber using numerical simulations by computational fluid dynamics to replace fossil
fuels and decarbonize the plant [24]. It was noted that detailed kinetics and finite-rate
approaches are necessary for syngas in the context of the simulation of the Favre-averaged
Navier–Stokes equations because the fast-chemistry approaches, which are frequently used
in the industry for conventional fuels, produced unreliable results. The combustion cham-
ber malfunctions when powered by syngas and only partially oxidizes carbon monoxide.
Numerical simulations have demonstrated how few changes to the chamber are necessary
to achieve low pollutant emissions, efficient syngas feeding, and the desired flow and
thermal uniformity for the drying process.

In a different study, Quintero-Coronel et al. looked into the co-gasification of biomass
and coal as a potentially effective way to combine the production of syngas with various
gasification feedstocks [25]. This strategy might supplement the natural gas used in
commercial and residential burners. The co-gasification performance of palm kernel shell
and high-volatile bituminous coal was evaluated using a top-lit updraft gasifier with a
moving ignition front. The study discovered that as biomass volume rose, the ignition
front spread more quickly and uniformly. Syngas–natural gas blends containing up to
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15 vol% syngas can burn in atmospheric natural gas burners without any modifications,
according to a gas interchangeability analysis. As a result, the top-lit updraft gasifier has
great potential for co-gasifying biomass and coal.

In wastewater treatment, graphene is a suitable material for the removal of toxic
compounds through adsorption, electrochemical treatment, and photocatalysis due to its
large surface area, high current density, and optical transmittance [26]. It is the material
known as graphene, which was found by Nobel laureates Konstantin Novoselov and
Andrej Gejm [27]. Numerous studies have demonstrated the excellent potential of the
millennium material as a filter element. Lin et al., for instance, used graphene quantum
dots (GQDs) for wastewater nanofiltration [28]. For the electrochemical treatment of
wastewater, photocatalysis, and adsorption, respectively, graphene and its derivatives
have been used as efficient electrodes, photocatalysts, and adsorbents in a variety of
applications [29–31]. The production of surfaces in the order of a few square centimeters
can be accomplished using a variety of frequently expensive technologies. One of the most
effective thermal and electrical conductors ever created, graphene is a two-dimensional
material with mechanical strength 100 times greater than that of steel. Derivatives of
graphene have been synthesized and used for a variety of environmental-remediation
applications, particularly in wastewater treatment.

There have been previous studies of wastewater treatment and purification but there
have been few studies on the usage of graphene-based material as a novel material with
industrial applications, especially in wastewater purification and filter production. The
purpose of this paper was to implement a method for the disposal of wastewater, which
could be integrated with industrial procedures operational in the treatment of special liquid
waste. Despite the environmental decline, the main target of researchers has shifted to
the assembly of renewable energies, obtainable from industrial processes that are already
useful and can also be useful in further particular applications. The appropriate treatment
of wastewater, which is crucial to energy recovery, has been a goal in recent studies. In
this paper, we propose a novel graphene material based on plasma-arc technology, that is
applicable in testing produced filters for rapid reduction in pollutant concentrations and
can lead to the efficient treatment of wastewater leaving the plant and the solid residue.
The analysis also concentrated on input parameter optimization, using experimental data,
and provided guidelines for the optimization of parameters for energy efficiency as a novel
approach in the conversion of the output into electricity.

The rest of the paper is structured as follows: the theory and methods are described in
Section 2, followed by a case study description. The results and discussion are included in
Section 3. Finally, Section 4 provides the main conclusions of the paper and suggestions for
future research.

2. Theory and Methods

We have been working on hydrogen scenarios for many years due to its low environ-
mental impact as a fuel. Hydrogen, as a fuel, produces water vapor and traces of nitrogen
oxides as reaction products, and when used in electrochemical devices, such as fuel cells, it
just emits water vapor. Hydrogen is a non-competitive technology due to its high energy
cost and limited valorization yields. It is found in small quantities in its pure form but is
widely mixed with other elements, making it a non-competitive technology with a high
energy cost (67 kWhe/m3 of gas generated) and limited valorization yields.

The possibility of extracting fuels from waste oils was investigated, with the crux of
the issue being to determine the composition and carbon content of the fuels. Suspended
particles in combustible gases have been demonstrated to be problematic, leading to the
formation of NOx, dioxins, and furans, necessitating the implementation of safeguards.
Co-generators are fixed-point machines, and the presence of various contaminants has an
impact on both life and operation. Proper syngas purification plays a critical role in the
proper performance of energy production. Based on the National Hydrogen Program of the
United States, hydrogen could account for between 1% and 14% of total energy demand
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in the United States, and by 2025, the United States could see a two- or four-fold increase
in hydrogen demand across the nation [32]. Furthermore, in the presence of adequate
extractive technologies, hydrogen would not cause problems, although it is present on the
earth in extremely small quantities and combined with other elements. Extracting hydrogen
from moles of generic external sources (fossil fuels, renewable energies, or nuclear energy)
is one of the main obstacles that prevent its widespread use.

This work aimed to build a plant supply chain based on a large-scale hydrogen
economy, with a focus on lowering production costs and increasing conversion yields,
while maintaining emission control and limiting the environmental impact of the entire
production chain. The future of this industry hinges on the development of energy sources
that are both renewable and environmentally sustainable.

2.1. Plasma Arc Flow

The utilization of the PAF refinery, which represents a crucial factor in the energy
conversion of gases recovered from wastewater treatment, would be the central element
of the identified solution. The PAF plant’s analyzed procedure aims to produce sterilized
water, syngas/biogas with a high concentration of hydrogen, and fixed carbon residue.
The findings suggest that syngas with a discontinuous calorific value in which the primary
element is hydrogen can be produced at a low energy cost. The technology involves a reac-
tor in which liquid is exposed to ultraviolet electromagnetic radiation, which sterilizes it,
carbonizes suspended substances, and decomposes organic substances into molecules/base
atoms. This is done through two electrodes that generate a submerged electric arc. The
electrodes are driven by a high direct current (3040 V; 2500–3000 A for a 100 kWh reactor)
that heats the treated fluid to extremely high temperatures (in the order of 5500 ◦C) to allow
molecular decomposition. The atoms that are liberated naturally create PAF, which is col-
lected and stored and can be assimilated into biogas, with a yield and efficiency comparable
to any other biogas on the market. This reactor can create gas only, decontaminated water
only, or create gas plus decontaminate water, according to predetermined compositions
and with the inclusion of other bespoke technologies. Figure 1 is a simple scheme of the
plasma arc flow gasifier.
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Figure 1. Plasma arc flow gasifier.

The thermal energy produced by the electric arc is recovered by the device itself. Use
of the reactor should be preceded by customized testing. The reactor can dispose of all
carbon-containing liquid waste, with varying productivity and efficiency depending on the
quality of the liquids. When using the reactor, the following must be known:

a. Percentage of water in the liquid and TSS;
b. Conductivity (not exceeding 1%);
c. Organic content.
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2.2. Case Study

The development of innovative technologies targeted at utilizing knowledge in the
purification sector, as well as getting a gas that is rich in hydrogen obtained from the same
purification process as we have just shown, has a wide range of applications. One of these
is the possibility of purifying water waste and extracting a gas with the following energy
values from the process:

a. Renewability;
b. Low cost of production;
c. Low environmental impact.

Based on a study performed on a PAF reactor that treats 5500 L/h of leachate with
an energy absorption of 200 kWe power, the machine was set to operate in total-linear
mode, producing PAF (20 m3) and decontaminated water simultaneously. When the mass
of gas and solid carbon residue input flow rates were subtracted, the output flow rate was
practically equal to the input flow rate (0.003% less than the incoming flow). After passing
through a single passage in the reactor, the treated matrix had the following composition at
input and output as illustrated in Table 1.

Table 1. Matrix composition at input and output [33].

Leachate 26 October 2013 [33]

Parameter Input mg/L Output mg/L

Linear 100 L·min

SST 1393 630

BOD 3020 1850

COD 9073.4 4633

NH4 1355.2 1724.8

Az. N 2.2 8.6

Rs 105 700 900

Rf 550 530 600

Following the passage of the flow inside the reactor, PAF was formed with the follow-
ing composition as indicated in Table 2.

Experimental evidence allowed us to determine that, depending on the density of
the gas, hydrogen-thickened components could be thickened because their molecular
weight was lighter. Verifying the gas density and ∑ = ρi * xi, it was observed that the
density of hydrogen was 0.20 kg/Nm3, which is about 2.3 times the density of n-hydrogen.
Therefore, it was possible to deduce that the hydrogen contained in this mixture was in a
more thickened state than under standard conditions. Since the PAF produced contained
49.18 percent molar hydrogen, the volumetric flow rate of hydrogen derived from this
process was 9.83 m3, resulting in a mass flow rate of 1966 g.

The energy necessary to generate this quantity, given that the moles of water are equiv-
alent to those of hydrogen and that dissociating the water molecule requires 458.86 kJ/mol,
was 450,214.58 kJ which equals 125 kWhe. Since the density of the syngas varies depending
on the matrix used, the gas’s low calorific value rose when compared to the value derived
only by composition analysis under standard conditions.
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Table 2. PAF gas composition [34].

Composition ASTM D 1946–90 (20068) % Molar Density

Hydrogen 49.18% molar 0.08993 kg/Nm3

Oxygen + argon 1.20% molar 1.607 kg/Nm3

Nitrogen 4.09% molar 1.25 kg/Nm3

Methane 0.57% molar 0.66 kg/Nm3

Carbon monoxide 30.90% molar 1.15 kg/Nm3

Carbon dioxide 12.91% molar 1.98 kg/Nm3

Ethane 0.03% molar 1.356 kg/Nm3

Ethylene (C2H4) 0.54% molar 1.26 kg/Nm3

Propane 0.01% molar 2.003 kg/Nm3

Propylene (C3H6) 0.10% molar 1.81 kg/Nm3

Esani+superior hydrocarbons 0.06% molar

Unidentified hydrocarbons 0.38% molar

Pot. Callus. Sup. (UNI EN ISO 6975-06 [35]) 12,085 kJ/Sm3

“” “ 12,770 kJ/Nm3

Pot. Cal. Inf. (UNI EN ISO 6975-06 [35]) 10,911 kJ/Sm3

“” “ 10,514 kJ/Nm3

Volumetric mass 0.7404 kg/Sm3

Volumetric mass 0.7817 kg/Nm3

2.3. Energy Recovery

We investigated the possibility of achieving energy recovery on-site by employing a co-
generator as a fuel, allowing for the self-consumption of the energy generated to power the
process. Taking note of the gas’s composition, we could see that H2, CO, and a tiny portion
of combustible gases were present in higher percentages and actively participated in the
burning process. Their volumetric flow rate was 17.61 m3 based on the proportion that they
were present in the mixture. The thermal potential obtained from the combustion of the
active fraction of this gas was 272.34 MJ and was instantly available. The power obtained
from the same was 122.58 MJ or 34.08 kWh if a CHP unit with an electrical efficiency of
0.45 was adapted to the plant.

Assuming the machine’s absorption does not alter during operation at full capacity,
we may recover roughly 17% of the energy used in the entire purifying process; otherwise,
a higher percentage of self-consumption is attained. It is possible to use an energy quota
directly on-site without having to absorb it from the grid in this configuration, resulting in
cost savings and CO2 reduction. Note that while the energy obtained from the combustion
of the gas in question was equal to 272.34 MJ, it takes 7.88 m3 of natural gas to provide the
same amount, which corresponds to 7.44 m3 of methane as it is the predominant element
in the mixture, present in a volumetric percentage of about 94.38%.

Because each mole of methane produces the same amount of CO2 in the combustion
process, obtaining the same amount of energy provided by PAF using natural gas produces
around 7.44 m3 of CO2. Using the produced gas in the combustion chamber, however, the
amount of CO2 produced was 6.18 m3, resulting in a CO2 savings of 17%. The process
is more energy-efficient than conventional methods if the gas generated is not used for
self-consumption but rather as a processing byproduct for potential hydrogen extraction.
This is because for each cubic meter of H2 brought back to standard conditions, 5.16 kWh
would be needed with the new machine that treats the same amount of waste but with a
consumption halved.



Processes 2023, 11, 2307 8 of 17

The analysis of ancillary systems for the control and abatement of harmful substances,
such as CO2 and NOx, for the environment and humans will be correlated by the identifica-
tion of similarities and differences in the different processes through the study of alternative
solutions currently implemented in Italy and Europe. Finally, will focus on a review of the
current cogeneration and trigeneration systems for energy recovery that are suitable for
syngas conversion systems. An acceptable design of solutions for the implementation of
these systems associated with the plant under investigation will be realized. This study
provides a cost estimate for the feasibility based on the kind of wastewater and plant used.
Exploring the possibilities of using the plant in operation with these wastewaters by com-
bining an ad hoc co-generator to optimize the process of valorization of the gases produced
while recovering a portion of the energy required for the purification process through
cogeneration is considered innovative. Before arriving at assessments based on detailed
analysis, care must be taken to carry out a series of investigations aimed at understanding
the efficiency and the operating conditions when working with an alternative material that
is not endowed with particular combustible attitudes, in the sense that it does not burn in
most cases and presents the not insignificant problem of emissions.

Molecular dissociation is a promising new technology that uses a plasma arc hadronic
process with a low energy cost. To achieve this, the definition of BAT (best available
technique) is established. BAT is a treatment that can make waste reusable or recoverable
with the least amount of environmental impact. It can help explain why one solution
to an environmental problem is chosen over another. Large waste-to-energy plants are
more efficient than gasification machines but require more sophisticated monitoring and
pollution purification equipment. This is due to the furnaces operating on oxygen and at
temperatures where nitrogen can also participate in combustion, resulting in the generation
of NOx, SOx, and chlorinated organic compounds.

2.4. Characterization of Wastewater and Filter Production

The primary objective off this research was to verify whether it is possible to extract
a substance from the fixed residue to be used in the production of filters for wastewater
purification, to implement circular economy technology. This part of the study focuses on
two aspects:

Focus 1: Purification of water used in the production processes of fuels obtained
from the gasification of industrial waste of various kinds, with different pollutant content,
depending on the initial input matrix. The classification of the chemical composition of the
water exiting the gasification plant is the first step in the testing process, and determines the
most appropriate systems for maximum contaminant abatement and the use of innovative
graphene filters.

Focus 2: Recovery and use of the solid residue, consisting mainly of carbonaceous
agglomerates. This work aims to qualify the fixed residue leaving a gasifier, determine its
composition, and evaluate the possibility of using it to produce graphene. A filter material
has been developed using carbonaceous materials derived from eco-friendly matrices,
such as sweet lignin mass. The material has produced great results in the filtration of
water from various industrial environments, displaying good effectiveness for both organic
and inorganic contaminants. Following the acquisition of the material, its composition is
assessed and its filtering capacity on gasifier effluent is confirmed.

The water used in these activities must meet certain conditions as defined in Annex 5
of Legislative Decree No. 152/2006 before it can be discharged into the environment. To
optimize and limit water use, it is important to make industrial operations as efficient as
possible. The leachate’s composition varies depending on the type of waste that generates
it and the operational features of the syngas conversion process (pyrolysis temperature).
The main issue with landfills is the production of leachate and the emission of foul-smelling
gases as the organic fraction decomposes. Leachate is a liquid produced primarily by
infiltrating water into a waste heap or by the breakdown of the waste mass. The average
characteristics of the leachate produced by each waste sent to the landfill are usually
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evaluated through pH, BOD, COD, and metal-content indicators which indicate the amount
of organic matter contained in the wastewater under investigation. Physical features and
pollutant content, such as turbidity, surfactants, mineral oils, COD, phosphorus, suspended
and sentimental materials, metals, and dyes can be used to categorize industrial wastewater.
Markers such as pH, BOD, COD, and metal concentration are used to assess the average
characteristics of wastewater. BOD and COD are indicators of the amount of organic matter
contained in the wastewater under investigation.

Figure 2 shows FT-IR analysis of wastewater to investigate the quality and possible
compositions that were used to compare with our case. Moreover, an elemental analysis
was extracted and is shown in Table 3 [36].
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Table 3. Wastewater characterization and elemental analysis [36].

Parameter Substances

TC (mg L−1) 5868 ± 293

TIC (mg L−1) 2450 ± 196

TOC (mg L−1) 3227 ± 252

TN (mg L−1) 2905 ± 87

TSS (g L−1) 0.17 ± 0.02

TS (g L−1) 13.5 ± 1.7

pH 8.2 ± 0.1

Conductivity (mS cm−1) 32.1 ± 0.4

TC (mg L−1) 5868 ± 293

TIC (mg L−1) 2450 ± 196

N-NH4+ (mg L−1) 2615 ± 99

Chloride (mg L−1) 3316 ± 60

Sodium (mg L−1) 3379 ± 124

Potassium (mg L−1) 2049 ± 88
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Table 3. Cont.

Parameter Substances

Magnesium (mg L−1) 236 ± 47

Calcium (mg L−1) 156.5 ± 29.4

Iron (mg L−1) 0.4 ± 0.04

Nitrate (mg L−1) 58.9 ± 1.2

Zinc (µg L−1) 512 ± 29.2

Chromium (µg L−1) 670 ± 16.8

Lead (µg L−1) 4.6 ± 1.1

Cadmium (µg L−1) 15.5 ± 2.5

Cobalt (µg L−1) 113 ± 17

Copper (µg L−1) 47 ± 12.5

Mercury (µg L−1) 1.2 ± 1

3. Results and Discussion
3.1. Case-Study Analysis

The evidence gathered reassures us because, in each case, the leachate in question at
the exit becomes wastewater that can be used in a variety of ways, including as residential
water, irrigation water, or water that can be discharged into the sewer. The composition of
the liquid phase exiting the plant is shown in Table 4, indicating that the resulting water
cannot be released into surface water or the sewer system, as required by Italian regulation:

The proposed solution is to install a chemical−physical purification system down-
stream of the gasification plant, with a capacity appropriate for the effluent produced
(100 L/min). Following that, the wastewater from the purification plant will be character-
ized. If the legal limit values are not met, the solution is to implement a finishing filtering
system that uses special filters with the innovative, graphene-based material, which is
based on functionalized graphene, resulting in cost and time savings.

The filters made of graphene-based material were tested with industrial wastewa-
ter, and the measured values of pollutant concentrations entering the purification system, as
well as the effects produced by the purification finesse process, following chemical−physical
treatment, are reported in the following table (Table 5).

3.2. Chemical/Physical Characterization of Graphene-Based Material

The graphene-based system is a graphene composite product for water treatment that
is the first and only solution for large-scale applications on the market. The graphene-
based material is a micro-mesoporous filtering device made up of functionalized graphene
and graphene nanosheets embedded in an activated carbon matrix containing gaps and
dislocation defects. It is a material with unrivalled properties and performance in terms
of contaminant-removal capacity, with extremely high efficiency for the decontamination
of a wide range of pollutants. It is stable and inert regardless of the aggressiveness of the
chemical matrix, making it an excellent material for use in water purification treatment to
achieve concentration targets of pollutants within the limits established by law. It has also
shown a particular efficacy in the treatment of prefiltration with a significant improvement
compared to treatments operated with reverse osmosis and ultra-filtering membranes, with
a significant reduction in fouling and biofouling phenomena (Figure 3).
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Table 4. Annex 5 to Legislative Decree no. 152/200.

Parameter Number Substances Units of
Measurement Discharge into Surface Water Discharge into

Sewerage Network

1 PH 5.5–9.5 5.5–9.5

2 Temperature C −1 −1

3 Color Not perceptible with dilution
1:20

Not perceptible with
dilution 1:40

4 Smell Must not be a cause of
harassment

Must not be a cause of
harassment

5 Coarse materials Absent Absent

6 Total suspended solids mg/L ≤80 ≤200

7 BOD (as O2) mg/L ≤40 ≤250

8 COD (as O2) mg/L ≤160 ≤500

9 Aluminum mg/L ≤1 ≤2.0

10 Arsenic mg/L ≤0.5 ≤0.5

11 Barium mg/L ≤20 -

12 Bromine mg/L ≤2 ≤4

13 Cadmium mg/L ≤0.02 ≤0.02

14 Total chromium mg/L ≤2 ≤4

15 Chromium VI mg/L ≤0.2 ≤0.20

16 Iron mg/L ≤2 ≤4

17 Manganese mg/L ≤2 ≤4

18 Mercury mg/L ≤0.005 ≤0.005

19 Nickel mg/L ≤2 ≤4

20 Lead mg/L ≤0.2 ≤0.3

21 Copper mg/L ≤0.1 ≤0.4

22 Selenium mg/L ≤0.03 ≤0.03

23 Tin mg/L ≤10

24 Zinc mg/L ≤0.5 ≤1.0

25 Total cyanides (as CN) mg/L ≤0.5 ≤1.0

26 Free active chlorine mg/L ≤0.2 ≤0.3

27 H2S mg/L ≤1 ≤2

28 SO3 mg/L ≤1 ≤2

29
SO4 mg/L ≤1000 ≤1000
−3

30
Chlorides mg/L ≤1200 ≤1200

−3

31 Fluorides mg/L ≤6 ≤12

32
Total phosphorus (as P) mg/L ≤10 ≤10

−2

33
NH4 mg/L ≤15 ≤30
−2
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Table 5. Result of the graphene- based material.

Input to Graphene-Based
Material

Output from
Graphene-Based Material

COD <800 ppm <200 ppm

BOD <700 ppm <150 ppm

SST <300 ppm <10 ppm

Heavy metals (summation) <50 ppm <5 ppm

Chlorinated solvents
(summation) <100 ppm <5 ppm

Total hydrocarbons <50 ppm <1 ppm
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The following (Tables 6 and 7) are the key chemical−physical features of the graphene-
based material, as determined by the characterization investigations:

Table 6. Physical properties.

0.20–0.25 cm3/g total pore volume 500–560 m2/g specific surface area (BET analyses)

0.5–0.6 cm3/g bulk density 0.18–0.21 cm3/g (t-plot method) micropore volume

Table 7. Chemical properties.

18–20% fewer layers of graphene in graphene-based material <1% wt moisture content <1% max ash content

>98% purification (X-ray fluorescence spectroscopy) 4–6 pH

94–96 atomic wt% carbon content 3–5 atomic wt% oxygen
content

0.1–0.2 atomic wt% sodium
content
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3.3. Morphological and Compositional Investigation

The morphological and compositional investigation was performed with a scanning
electron microscope in an electron microscopy laboratory in Italy. By depositing a layer of
powder on the sample holder, the observed sample was obtained (Figure 4).
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3.4. Water Purification Mechanism from Contaminants

The graphene-based material removes the contaminant by the synergistic effect of two
phenomena: by absorption (absorption, adsorption, physisorption, and chemisorption) and
by its action as a separation membrane. The flow of water is conveyed into the filtering
device, consisting of oxidized regions, and graphene-based material plates, alternating with
pure graphene. The motion of the fluid is slowed down by hydrogen bonds between water
molecules, in pristine and oxidized regions. The stages of the decontamination process are
as follows:

a. Mesopores: provide a capillary effect by allowing big and small particles of con-
taminating substances to flow through the adsorbent surface. The main concept of
the graphene-based material membrane’s decontaminating activity is this propulsive
influence on the fluid’s motion.

b. The monolithic structure: the filter bed is prepared in a monolithic structure which
ensures the geometric stability of the graphene nano-channels during the decontami-
nation process. Therefore, the purification mechanism consists of the combined action
of the absorption of mesoporous graphene and the action of membrane separation.

c. Absorption process: includes chemisorption, adsorption, absorption, and p−p interac-
tion mechanisms between graphene sheets and sorbates, van der Waal’s forces, and
London forces.
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d. Separation membrane effect: Some contaminants get caught inside the nano-channels
produced between two or more layers of graphene, usually those with a molecular
size of above 0.4 nm. The separation membrane can be thought of as a molecular sieve.
Purification has a clearance effectiveness of greater than 99.9% for most pollutants.

3.5. Conceptual Filtration Model

The leachate transport channel through the filter material is formed within the function-
alized graphene sheets as an interlayer of intermediate gaps, pores, and non-homogeneity
(Figure 5).
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First, the graphene-based material improves the hydrophilicity of graphene nanosheets,
increasing the available filtering surface of each nanosheet and therefore its ability to retain
contaminants. Secondly, the surfaces of the nanosheets are modified to maximize the
electrostatic interactions between graphene-based material and sorbate, improving their
absorption capacity. Electrostatic interaction is the main driving factor for the adsorption of
positively charged substances (such as heavy metals) by negatively charged functionalized
carbon nanosheets. The effectiveness with which certain pollutants, particularly heavy
metals, are removed is highly influenced by pH changes. This phenomenon is explained by
the fact that the carboxylic acid groups on the material’s surface have a pH of around 4–5.
As a result, leachate with a pH greater than 5.5 has the highest ability to remove pollutants.
The carboxyl groups are deprotonated under these conditions, resulting in a high electric
charge in the substance. The graphene-based material has more negative charges on its sur-
face at higher pHs, which dramatically improves its electrostatic interaction with positively
charged dye molecules.

The functionalized graphene sheets absorb higher-molecular-weight organic com-
pounds on the outside surface, while smaller molecules are absorbed inside the micro
holes. The interlayer tunnel can boost the capillary effect and cross-flow from the pores
within the graphene sheets and between the intermediate space of neighboring sheets due
to the low porosity and ratio between the edge and surface of the graphene or graphene-
based-material sheets. The water has a lateral blocking effect, allowing a noticeable flow
transverse to the layers of uncontaminated graphene that alternate with the oxidized por-
tions of the graphene-based sheets. The hydrogen bonds between the water molecules in
the uncontaminated and oxidized portions slow down the flow during motion.

The pore size distribution and membrane effect have been extensively researched to
optimize the removal of a diverse spectrum of pollutants—polar and non-polar, organic
and inorganic. The material is a good fit for applications that require a quick reduction in
pollutant concentrations. Its main aptitude is its use as a finishing means for the removal
of a wide range of contaminants. The result of the substances test has been summarized
in Table 8.
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Table 8. Tested substances.

Type Contaminants

Heavy metals and metalloids As, Cd, Cr (III), Cr (VI), B, Ba, Tl, Sr, Cu, Zn, Mn, Fe, Se, Sb, Sn,
Hg, Ti, V, Pb, Co, Hg, Mo

Hydrocarbons All of them (BTEX, PAHs, C<12, C>12)

Chlorinated solvents
All of them (CF, DCM, CM, HCA, CM, PCA, 1,1,1,2-TeCA,

1,1,2,2-TeCA, 1,1,2-TCA, 1,1,1-TCA, 1,2-DCA, 1,1-DCA, CA,
PCE, TCE, cis-DCE, trans-DCE, 1,1-DCE, VC)

Emerging contaminants PPCPs, detergents, fire retardants, pesticides,
hormones, antibiotics

Radionuclides 137Cs, 99Tc, 131I (others not yet tested)

Others
MTBE, ETBE, TBA, pesticides, PCDF, PCDD, NOM, DBPs,

anionic and nonionic surfactants, phenols and polyphenols,
PFASs, COD, BOD, iodine, acetone, THF

4. Conclusions

This research aimed to analyze and optimize a procedure for treating fluid waste
with high environmental impact, using plasma technology or plasma arc flow. It also
aimed to find commonalities with similar technologies and create a novel graphene-based
material for purification treatment in industrial applications. The goal of the research was
to analyze and monitor the submerged arc plasma reactor. This involved analyzing the
incoming wastewater to be treated, and identifying precise composition characteristics
with relative tolerances for the reactor’s next processes. The analysis focused on optimizing
input parameters, producing characteristic curves, and searching for specifications that
govern the evolution of hydrogen in the syngas. Additionally, guidelines were provided
for optimizing parameters for energy efficiency, characterization of the syngas produced,
and identification of plant solutions for the conversion of the output into electricity. In
short, these phases will be generated through modeling of the gasification process using the
CHEMCAD software®, which will allow the upper temperature to be limited; avoid energy
waste due to unnecessary heat administration; control inlet temperatures and precipitation
of the solid part; and allow optimal-temperature-range identification for the reactor to
operate, based on the liquid state of the incoming wastewater

Subsequently, for a given input matrix, the investigation will be oriented to the deter-
mination of the optimal viscosity through an evaluation study aimed at reducing the effects
of this parameter by preheating the incoming wastewater by heat recovery. The research
phases will be developed to:

a. Identify the characteristic parameters of the molecular dissociation phenomenon;
b. Identify the energy- (e.g., self-consumption) and economic- (e.g., self-consumption for

operation, maintenance, personnel) balancing assumptions;
c. Allow parametric comparative study within the incentive range of the specific input

matrix;
d. Identify and resolve issues that were not apparent during the presentation phase.

Further experiments to validate its purifying capacity on wastewater produced by
different types of industrial processes will be the subject of future studies, therefore the list
should be regarded as incomplete. The creation of filters capable of purifying the water
used and produced in the gasification processes of various types of industrial waste is the
future goal of our research work. Following that, the fixed residue from the gasifier will be
characterized to ensure that it can be processed and turned into graphene-based material.
In the future, it is also planned to use the CHEMCAD software® to model the evolution of
hydrogen in PAF, which has already been adequately characterized, as well as to define
guidelines for the optimization of parameters for the best energy efficiency, to identify the
best plant solutions to reduce electricity consumption.
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Abbreviations

PAF Plasma arc flow
PAG Plasma arc gasification
PVC Polyvinyl chloride
CFD Computational fluid dynamics
QET Quasi-equilibrium temperature
ER Equivalence ratio
GQD Graphene quantum dots
BOD Biological oxygen demand
COD Chemical oxygen demand
TSS Total suspended solids
BAT Best available technique
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