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Abstract
To reduce demand and discharge, instead of industrial wastewater being poorly treated and disposed of, it
can be recycled, reused, or recovered if it is properly managed, thus having a substantial decrease in the
water requirement and environmental impacts. The challenge is to select the appropriate process or
combination of processes to achieve this based on the wastewater quality. Consequently, the objective of
this investigation is to review every technology from conventional through advanced, for reliable and
sustainable wastewater treatment and derived sludges, focusing on advantages, disadvantages, and
technical gaps for development. Even though there is a wide range of possible technologies, it was evinced
that there is huge potential to exploit and make them economically and sustainably viable for waste
processing and circular economy, even in the mature massively implemented wastewater treatment
technologies in the industry. Overall, we identify that independently from the technology to be studied, the
future investigations on every unit, especially on those not vastly implemented, should be focused on: (1)
The capacity in removing selected pollutants and decreasing impurities, (2) energy e�ciency, (3)
environmental safety, (4) economic viability, (5) hybrid processes, and (6) sustainability by waste
processing.

1. Introduction
Water use in the industrial sector is estimated to �uctuate between 22–80% of the total supply in developed
countries, whereas in developing countries it was about 4–30%, though there is enough scope for increase
(Ahmetovic et al., 2017; Jana et al., 2018; Piadeh et al., 2014). With this large quantity of freshwater
consumed, nearly 90% is being discharged untreated or partially treated into the ecosystems as e�uents
having unused raw materials and by-products in them (Mahto et al., 2021). To reduce demand and
discharge, instead of industrial wastewater (IWW) being disposed of, it can be recycled, reused, or recovered
if it is properly treated, thus having a substantial decrease in the water requirement and environmental
impacts (Anderson, 2002; Jana et al., 2018). Even though most of the present-day operations do not intend
to reuse, recover and recycle (3R) in IWW treatment unless faced with severe constraints, this has received
more attention recently (Mohapatra & Kirpalani, 2019). Nevertheless, In current practices, the industrial cycle
of resources is generally a linear system since the waste is not recovered to be recirculated (Figure 1)
(Piadeh et al., 2014; Ranade & Bhandari, 2014b; Van de Worp, 2002).

Given the rapid growth of the sector, resulting in a competition for water between industry and agriculture,
and the escalating cost of water thus having more e�cient water use practices and the prevention of
pollution, a greater emphasis on the 3R scheme of IWW and derived sludge treatment are more relevant day
by day (Levine & Asano, 2002; Ranade & Bhandari, 2014a, 2014b). For this reason, more companies are
recognizing the cost implications of water consumption and the bene�ts of reuse rather than disposal. The
cost of recovering, recycling, and reusing water, valuable substances, and energy contained in IWW is also
becoming �nancially more advantageous as resource costs, water supply, and e�uent restrictions increase,
as well as a signi�cant reduction in the environmental impact of industry (Accepta, 1997; Levine & Asano,
2002; Ranade & Bhandari, 2014a; Smol et al., 2020; Strehler et al., 2018). Consequently, unit operations and
processes in wastewater treatment is no longer just an approach to purify water but also an important tool
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for improving cost competitiveness, enhancing energy e�ciency, creating new jobs, and increasing
productivity with the fundamental goal of addressing environmental concern (Ranade & Bhandari, 2014b;
Safferman et al., 2017).

The industry has two main objectives: economic pro�t and continuity. From this perspective, wastewater
management should contribute to these goals. In general, the current practice is to make every effort to
optimize water use and emissions, rather than minimize them. In this circumstance, it is typically supposed
that the only goal of IWW treatment is the removal of pollutants to such levels that it meets the norms of
discharge intending to minimize the cost of treatment (Bhandari & Ranade, 2014; Ranade & Bhandari,
2014a; Van de Worp, 2002). Unfortunately, this approach offers a very limited and impractical scope as it
limits the possibilities of the 3R scheme. Water use has to be related to its quality, not just availability and
economic aspects (Van de Worp, 2002).

As mentioned, the valorization of IWW is generally governed almost entirely by economics (Crini &
Lichtfouse, 2019). Increasingly stringent environmental legislation for environmental protection has created
a hostile economic environment for the industry, nevertheless, greater intensity, e�ciency, and diversity of
treatment technologies have made e�uent reuse and recovery more feasible to overcome these di�culties
(Judd, 2002; Mpofu et al., 2021).

The 3R scheme can take several forms: in-process reusing of IWW with or without treatment; recycling of
IWW, related to the reclamation of water for potable usage by replacing or upgrading the existing plant
designed; resources recovery in wastewater, including inorganic nutrients such as nitrogen and phosphorus,
organic fertilizers, biogas, biopolymers, energy, heavy metals, salts, industrial products, etc. (Judd, 2002;
Smol et al., 2020). These scheme strategies in IWW aimed at closing industrial water cycles and obtaining
valuable components that will in most cases require a combination of wastewater treatment operations
(Figure 2). However, this is a di�cult task because the wastewater contains speci�c pollutants, high organic
matter contents, and poorly biodegradable components (Mels & Teerikangas, 2002; Morales-arrieta et al.,
2021).

For this reason, IWW treatment is a huge area covering numerous physical, chemical, and biological
methods of treatment (Bhandari & Ranade, 2014). The possible combinations of processes, but not limited,
are shown in Figure 3, where generally are classi�ed based on the degrees of treatments (Drewes et al.,
2017). However, the selection of these is the major challenge and will greatly depend on the nature of the
wastewater, like the quality of wastewater, nature of pollutants, and desired level of reduction/recovery of
these pollutants (Ahirrao, 2014; Bhandari & Ranade, 2014). This given that unlike urban wastewater, the
quality of IWW varies enormously among themselves, even in the same category of industries, so there is no
single or universal technology or sequence of these (Buccolieri et al., 2017; Crini & Lichtfouse, 2019;
Woodard & Curran, 2006a).

The 3R scheme still requires a lot of development of technological nature (maturity, reliability,
demonstration, quality control), social (public acceptance), and economic (costs, reimbursements, �nancial
risks); the challenge is to solve them and create possibilities for sustainable development (Baawain et al.,
2020; Jana et al., 2018; Mohapatra & Kirpalani, 2019; Van de Worp, 2002). Consequently, the present state
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of the art addresses the advantages and disadvantages of unit operations and processes in the IWW
treatment �eld, as well as those gaps and potential to exploit for the 3R scheme implementation in the
industry sector.

2. Iww Treatment Technologies.
Several treatment units have been well established in chemical engineering separations and wastewater
treatment in the industry (Ranade & Bhandari, 2014a). Each one presents its limitations not only in the
economic aspect but also in terms of feasibility, availability of equipment or space, removal e�ciency,
reliability, environmental impact, sludge and by-products production, the di�culty of operation, pretreatment
requirements, and the formation of potentially toxic residues (Crini & Lichtfouse, 2019). Despite a large
number of unit treatment alternatives, only a few are common in IWW treatment, and unfortunately, as it
was mentioned, their main reason for selection is the economic one (Crini & Lichtfouse, 2019).

Following, different operations and unit processes for IWW treatment will be presented (Figure 4), which
together and correct sequencing can achieve a 3R scheme technology system. In addition, various
technologies for the treatment of generated sludge (Figure 5), which must be considered within the same
treatment system. Additionally, We classi�ed them into 5 different categories: Research (large scale has not
been completely demonstrated), Emerging (large scale has been demonstrated but it is not fully
implemented), Innovative (large scale has been demonstrated but just some degree of initial use),
Established (large scale has been demonstrated and widely implemented), and Adaptive Use (established
technology but they are still in research and development), which have been covered in the following
sections.

2.1. Conventional Physicochemical treatment units.
This includes all common treatment unit operations that are not based on biological conversion, whose
elimination principles are based on phase separation, molecular separation, or chemical conversion. Usually,
considered in wastewater treatment as the primary process or pretreatment units, but in a 3R scheme, these
could even be considered secondary or tertiary. The advantages, disadvantages, its category, common or
potential industry sector, and gaps for a 3R scheme implementation in the industry are presented in Table 1.
Complete technical descriptions of every technology are already covered somewhere else (Ahirrao, 2014;
Bhandari & Ranade, 2014; Kyzas, 2018; Mai et al., 2018; Mels & Teerikangas, 2002; Nidheesh et al., 2021). 

Technologies as coagulation/�occulation are one of the most widely used treatment methods and are
considered well established, economical, practical, and relatively e�cient in today’s context (C. Zhao et al.,
2021). It is typically employed as a primary or secondary treatment step, depending on the e�uent’s quality,
either in the conventional method (chemically induced coagulation) or relatively less used in the
unconventional method (electro-coagulation or Cavigulation) (Bhandari & Ranade, 2014). Nevertheless,
depending on the industry, this technology is even the key limiting factor in reusing and recovering systems
(Zheng et al., 2021).
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Previously, industrial wastewater treatment plants (WWTP) mainly involved settling and �ltration (Screening,
Coarse media �ltration to a lesser extent rapid �ltration) combine with a biological process (Ranade &
Bhandari, 2014b). Nowadays, these are still extensively used in industry because of their large-scale
experience and simple operation. Other technologies as �otation or chemical precipitation are common
methods for IWW treatment, especially when the goal is to recover metal from it, being used the precipitation
for high content of metals and �otation for low content. These have the bene�ts of simple process, low
investment, mature technology, extensive large-scale experience, and a high degree of automation (Kyzas,
2018; J. Wang, 2018).

In addition to these treatment units, Adsorption is an effective treatment process for recalcitrant impurities
which are hard to remove by biological alternatives in IWW (Mai et al., 2018). It can be considered that this
process, in the same way as those already mentioned, has securely established itself in terms of
commercial use and are also technologically mature, indicating their wide acceptability in the industry and
remained to be one of the most promising recovery options owing to its facile implementation, low cost,
high availability and high removal e�ciencies even at low target metal concentrations (Dawn &
Vishwakarma, 2021; Perez et al., 2019; Ranade & Bhandari, 2014b; J. Wang, 2018).

Other conventional unit operations as absorption, evaporation, and crystallization are generally considered
in secondary and tertiary treatment stages (Ranade & Bhandari, 2014b). However, these are not seen as
unconventional or advanced unit treatment operations but are generally used in conventional recycling and
reuse of wastewater systems (Ahirrao, 2014; Muhammad Yaqub & Lee, 2019).

Based on Figure 6, adsorption processes correspond to the technology with more interest, development, and
potential to exploit. The reason is that these processes are capable to produce high-quality e�uents at low
operational costs compared with other conventional technologies, the high adsorption potential of new
material and fast adsorption of metals, toxic impurities, and persistent organic pollutants (Gupta et al.,
2015; Ramírez Calderón et al., 2020). Other technologies with a special interest in IWW treatment with a
likely view to a 3R scheme are ion exchange and precipitation.

2.2. Unconventional Physicochemical treatment units.
In the course of recent decades, conventional wastewater treatment unit operation and processes have
succeeded to some extent in treating e�uents for discharge purposes. Nevertheless, improvements and
integration with unconventional technologies are highly necessary to consider recovery and make treated
wastewater re-usable for industrial and other sector purposes (Ezugbe & Rathilal, 2020). These
unconventional physicochemical treatment units correspond to those relatively novel water treatment
processes that are not based on biological conversion. Pros, drawbacks, gaps for a 3R scheme, and other
relevant information are shown in Table 2, for technical descriptions of every technology the followed cited
investigations are recommended (Abdullah et al., 2019; Cui et al., 2010; Devda et al., 2021; Ezugbe &
Rathilal, 2020; Judd, 2002; Poyatos et al., 2010; Saharan et al., 2014; Shrestha et al., 2021; Urbina-suarez et
al., 2021; Xie et al., 2016; Yan et al., 2018b; Ye et al., 2020). 
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Unconventional physicochemical treatment units such as membrane processes are often considered to be
more energy-e�cient, simpler to operate, and yield higher quality products and water with a low impact on
the environment. Membrane technology is emerging as a promising route to recover metals, nutrients, and
other components in IWW (Ali et al., 2021; Shrestha et al., 2021; Xie et al., 2016; Ye et al., 2020). However,
this may not be true in all cases, and there are many limitations, especially in industrial wastewater
reclamation that is strongly constrained by membrane fouling (Bhandari & Ranade, 2014; Tong et al., 2020).

Even though membrane processes are a relatively new type of IWW treatment, several membrane processes,
particularly pressure-driven membrane processes including Reverse Osmosis (RO), Nano�ltration (NF),
Ultra�ltration (UF), and Micro�ltration (MF), are already extensively applied on IWW treatment (Cui et al.,
2010). These are commonly employed as a primary treatment as well as a �ne polishing step in tertiary
treatment. In fact, these are some of the processes that have the huge potential to yield pure water that may
be recycled and reused (Bhandari & Ranade, 2014).

In emerging membrane processes, such as Forward osmosis (FO), Membrane Distillation (MD) and
Electrodialysis (ED), and other electrochemical membrane technologies, such as Membrane Electrolysis
(ME), Electro-Electrodialysis (EED), Bipolar Membrane Electrodialysis (BMED), Membrane-assisted Electron
Ionization (EDI), and Capacitive Membrane Deionization (MCDI), their selectivity is conducive to the fraction
of valuable nutrient, salts, and other substances, and their energy requirements and associated costs are
competitive in comparison with more conventional units, and even the already mentioned pressure-driven
membrane processes (Handojo et al., 2019; Jaroszek & Dydo, 2016a; Mejía Marchena et al., 2020; Wei et al.,
2013; Xie et al., 2016). While almost all these emerging membrane technologies show huge potential, there
are still disadvantages that prevent their implementation on a full industrial scale. Although many
investigations have been performed on the recovery in the industry, most of these focused on synthetic
matrices, which are often very distinct in quality from the real ones (Perez et al., 2019). But in general, all
membrane alternatives are expected to continue growing in investigation and implementation.

Technologies as Advanced oxidation (AO) systems are not widely used in industry, this is not because of
their result treated water but rather because of a general lack of awareness and understanding about the
current advanced oxidation technologies and their applications to different cases (Bhuta, 2014). However,
as shown in Figure 7, AO processes have a huge potential to exploit in improving the performance of IWW
treatment based on the number of publications, hence, the vast implementation of these processes in the
new and/or up-date WWTP in the industry is expected in the future.

Other technologies that have recently undergone a considerable increase in new developments with an
important interest correspond to the electrochemical treatment. It is anticipated that electrochemical
processes will be able to make an important contribution to wastewater reclamation, since these techniques
can be used in a wide variety of ways, such as selective separation technology and/or degrading processes
(Muddemann et al., 2019). However, most recent applications are yet at the laboratory or pilot scale stage
(Muhammad Yaqub & Lee, 2019).

2.3. Biological treatment unit.
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In general, biological treatment is supposed to be more economical than any other type of treatment where
relatively complete treatment is required and wherever it can be made to work successfully (Woodard &
Curran, 2006b). However, in most cases, industrial wastewaters contain extremely high concentrations of
organic compounds, according to biological oxygen demand (BOD) and chemical oxygen demand (COD);
more than ten times the concentrations in municipal wastewater. So, nutrient limitations, the presence of
inhibiting or resistance to biological substances are potential problems for biological treatment of some
IWW (Buccolieri et al., 2017; Ranade & Bhandari, 2014b). A complete list of advantages, disadvantages, and
gaps to overcome in the industry for each biological alternative is presented in Table 3. For technical
descriptions, the cited texts are suggested (Arabi et al., 2020; Hamedi et al., 2019; Moran, 2018; Nidheesh et
al., 2021; Perera et al., 2019; Singh et al., 2019; Thuptimdang et al., 2020; Urbina-suarez et al., 2021; Yildiz
Sizirici, 2012).

In the same way as adsorption technologies, biological processes such as Conventional Activated Sludge
(CAS), Membrane Bioreactor (MBR), and Biological Nutrient Recovery, have securely established themselves
in terms of commercial use and technological maturity, indicating their wide acceptability in the industry
(Figure 8). This, in comparison to mentioned processes namely membrane separation, AO processes, and
coagulation that are considered technologically mature to a lesser extent and require further development
for increasing their use in the industry, but expected an upward rise in the use because of the intensi�cation
of refractory pollutants (Ranade & Bhandari, 2014b).

2.4. Sludge treatment unit.
IWW treatment results in a sludge that is a solid waste, these solids should be an integral part of the
economics in water treatment systems, even if it is considered to be "thrown away" there is a cost involved
(Fytili & Zabaniotou, 2008; Stessel, 1996). The transition towards the implementation of 3R schemes in
industrial processes often involves the assessment of only the water without taking into consideration solid
wastes. However, it could be possible to simultaneously optimize the complete WWTP and consequently
generate a higher economic yield and a reduced environmental impact (Elalami et al., 2019).

On the one hand, the CAS and its different con�gurations, being the most used technology for wastewater
treatment in the world, results in the generation of a considerable amount of excess sludge that must be
eliminated (Guo & Xu, 2011; Yoshino et al., 2020). This sludge contains high volatile solids fractions and
retains large amounts of water, resulting in extremely large volumes of residual solids produced and
signi�cant disposal costs (S. Pérez-Elvira et al., 2006). In fact, the treatment and disposal of this excess
sludge can represent between 25–65% of the total operating cost of a WWTP. Thus, most of the
conventional physicochemical and biological methods turn an IWW problem into a solid waste disposal
problem (Sara Pérez-Elvira et al., 2017; Salehiziri et al., 2018). This is why the management of these solid
wastes must be carried out from a sustainable approach in which some requirements are met in the e�cient
recycling of resources without having an environmental impact (Fytili & Zabaniotou, 2008).

Similarly, as a result of the different physicochemical treatments in IWW, it is common to obtain inorganic
sludge, compounds derived from metal cations, �uoride anions, cyanides, and phosphates, as well as
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synthetic organic compounds such as phenols, detergents, and oily emulsions (Lawrence K. Wang et al.,
2005).

Although the easiest way to treat residual sludge is not to generate it in the �rst place, when there are no
other means to reduce it, it must be treated seeking its reuse, recycling, revaluation, and ultimately its �nal
disposal (Golomeova et al., 2013; Woodard & Curran, 2006c). The most frequent technologies for the
treatment of industrial solid waste, such as incineration or land�ll, are subject to quite strict environmental
quality requirements. Furthermore, the legislation on this application is increasingly stringent to avoid risks
to human and environmental health due to potentially toxic elements in sewage sludge such as heavy
metals, pathogens, and persistent organic pollutants (Sara Pérez-Elvira et al., 2017). However, trends in the
�eld of sludge management correspond to technologies such as wet oxidation, pyrolysis, gasi�cation, and
combustion for later use as an energy source, have generated signi�cant scienti�c interest (Elalami et al.,
2019; Fytili & Zabaniotou, 2008), among other alternatives such as synthesis of nanomaterials and
formulation of building materials (Figure 9) (Anawar et al., 2019; Bernal et al., 2016; Bhatnagar et al., 2014;
Bouargane et al., 2019; Guerra-Rodríguez et al., 2020; Martínez-Martínez et al., 2020; Norambuena-Contreras
et al., 2018; Pérez-villarejo et al., 2015; Tsiligiannis & Tsiliyannis, 2020; Tsiliyannis, 2017; Yoldi et al., 2019).

Within the future 3R scheme implementation, WWTP in the industry should convert to water-resource-
recovery from sludge and wastewater itself. Hence, in the future, sludge should be considered as feedstock
for renewable energy and materials. For this purpose, emerging biological technologies such as dark
fermentation, bioelectrochemical systems (BES), and others are currently under investigation (Elalami et al.,
2019).

Advantages, disadvantages, and the potential to still exploit are presented in Table 4.For complete
descriptions of every technology the followed cited investigation are recommended (Elalami et al., 2019;
Fytili & Zabaniotou, 2008; Golomeova et al., 2013; Mohanty et al., 2018; Safferman et al., 2017; Woodard &
Curran, 2006c). We also recommend the following investigations for minimization of sludge production in
WWTP no cover in the present review (S. Pérez-Elvira et al., 2006; Sara Pérez-Elvira et al., 2017). 

3. General Future Perspective.
As it was already discussed most of the WWTP implemented in the industry have the objective of removing
pollutants from IWW, no recycling nor recovery (Ahmed et al., 2015). However, the cost of wastewater
disposal and resources supply price, expected to increase even more pronounced shortly, will make the
recovery of metals, nutrients and other materials that can be returned to the material cycles remain a
challenge for the future (Burlakovs et al., 2018; Verhuelsdonk et al., 2021). Additionally, the nature of the
recovered pollutant could become attractive and contributes to making an additional value to the existing
industrial process. But still, signi�cant efforts are required to enhance the process e�ciencies and to
develop newer separation options for recovery, recycling, and reuse.

As already seen, IWW treatment is a vast area covering several physicochemical and biological treatment
methods which are commercially available and demonstrated that can recover resources and even produce
energy. The appropriate application of these technologies can reduce pollution, mitigate global climate
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change, and create new industries and jobs since new applications can emerge for converting pollutants to
useful materials rather than just removing and destroying them (Ranade & Bhandari, 2014b; Safferman et
al., 2017).

Emerging technologies, even they are promising for 3R schemes in IWW management, deal with several
major di�culties, already mentioned, that may impair operations or prevent them from being commercially
viable options, principally the energy consumption and general cost compared to the leading established
technologies. For those established ones, they are mostly limited because they are not enough for the 3R
schemes with a low potential less to exploit, at least if they are not complemented with innovative,
emerging, or adaptive use technologies. Nevertheless, it was shown that these established technologies still
have space for improvement.

A proposed solution to all already mentioned problems is the ‘Zero Liquid Discharge’ or even more visionary
the ‘Zero Waste’. These correspond to any process or combination of processes in which there is no liquid
e�uent, waste, or discharge from industry (Ahirrao, 2014). This is attracting interest as a valuable water
management solution for IWW by maximizing water recycling, minimizing wastewater volumes, and
resource recovery (Muhammad Yaqub & Lee, 2019). Nevertheless, Zero Waste is a myth since the current
intensive energy use and usually expensive technology that has not yet been widely implemented, thus has
urged research into �nding alternatives or development of the emerging technologies. Even though, zero
waste will stimulate innovation to develop and implement the 3R scheme in industry (Muhammad Yaqub &
Lee, 2019).

The cases of studies for the 3R scheme in different industries sectors, type of technology, or depending on
the element interested in being valorized are already covered somewher eelse, the following cited papers are
suggested (Goh et al., 2022; Hossain et al., 2020; Muhammad Yaqub & Lee, 2019; Rezende Moreira et al.,
2022; Verhuelsdonk et al., 2021; B. Yadav et al., 2020; G. Yadav et al., 2021).

4. Conclusions
Proper selection of wastewater treatment technology is the key to achieving recovery, recycling, and reuse to
close the cycles of resources in the industry. However, even there is a wide range of possible technologies
that correctly combined can achieve this, it was demonstrated that there is a lot of gaps and potential to
exploit to make them economically and sustainably viable for a 3R scheme, even those mature massively
implemented technologies in the industry. The goal is to implement zero waste systems, where even the
solid waste generated from the water treatment is considered on large scale and much more competitive
than traditional systems where just the disposal is considered. In general, to accomplish this, independent
of the technology to be studied, the future investigation should be focused on: (1) The capacity in removing
selected pollutants and decreasing impurities; (2) energy e�ciency; (3) environmental safety; (4) economic
viability; (5) hybrid processes, and (5) sustainability by reuse, recycle and recover.
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Table 1
Conventional Physicochemical treatment units: Advantages, disadvantages and gaps/potential to exploit.
Technology Advantages (√); Disadvantages (x);

Gaps/Potential to exploit (• ).
Category Common or

Potencial
Industry
Sector

Source

Coagulation/
Flocculation

(conventional)

√ Improves sludge stability.

√ Improves sedimentation rates.

√ Extensive large-scale experience.

√ Simple operation.

√ Signi�cant decrease in COD
(Depending on the content in
solids).

√ E�cient in removing total solid
suspend and colloidal material.

√ Low CAPEX (capital expenditure).

Established Electronic

Nuclear

Petroleum

Pulp and
Paper

Tannery

(Abdullah et
al., 2019;
Bhandari &
Ranade,
2014;
Dayarathne
et al., 2021;
Mels &
Teerikangas,
2002; Ranade
& Bhandari,
2014b;
Varjani et al.,
2020; G.
Yadav et al.,
2021)

x Reagent dosage requirement.

x Requirement of additional
operations for agglomerate solids
removal.

x Additional costs for the treatment
of the sludge.

x The requirement for �occulating
agents can change the chemistry of
the water.



Page 26/116

Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

• New coagulants with speci�c
properties to treat IWW.

• New inorganic coagulants such as
polymers, thus they may provide a
reduction in treatment dosages, and
thereby mitigating some of the
toxicity issues.

• New organic coagulants from
wastes.

• Integration of advantages of
inorganic and organic coagulants in
the form of coagulant formulation
(physical or chemical functional
modi�cation).

• More information in the open
literature on Coagulation/
Flocculation viability in IWW
treatment and techno-economic for
feasibility analysis.

• Research is still required to better
understand how coagulant systems
can be better optimized for various
conditions.

• Explore opportunities to improve
e�ciency in coagulant systems by
better understanding the control
parameters.

• New designs and theoretical
models for predicting performance.

• There is a need to develop more
biodegradable polymer coagulants
for use in the IWW treatment to
reduce issues associated with toxic
and hard-to-treat sludge.

• Performance guarantees for
commercial operations involving
different IWW and a variety of
pollutants.

Settling √ Easy to operate.

√ Low OPEX(Operational
expenditures) and CAPEX.

√ Extensive large-scale experience.

Established Nuclear

Pulp and
Paper

Tannery

(Mels &
Teerikangas,
2002;
Ødegaard et
al., 2002; G.
Yadav et al.,
2021)
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

x Depending on the pollutant, it may
not be e�cient.

x Very area-consuming.

x Mature with little potential less to
exploit.

• New designs and theoretical
models for predicting performance.

• Less space requirement.

• Reduce hydraulic retention times.

• Reuse for the sludge produced.

Flotation √ High selectivity of metals.

√ Low OPEX.

√ Extensive large-scale experience.

√ High removal rate, even of small
and low-density particles.

√ More concentrated sludge, which
means low volume to be treated.

√ Elimination of certain volatile
compounds.

√ Good selectivity and easy
construction systems.

√ Low hydraulic retention time.

√ Potential use in water recovery
systems, such as metal recovery.

Established Battery

Electronic

Petroleum

Pulp and
Paper

Tannery

(Kyzas, 2018;
Mels &
Teerikangas,
2002; Patil et
al., 2016;
Peng et al.,
2019; Varjani
et al., 2020;
G. Yadav et
al., 2021)

x Low recovery rate at high metal
concentrations.

x Requirement of surfactant agents
to improve performance.

x Environmental toxicity limits its
wide application in the
environmental pollution remediation
�eld.

x Additional costs for the treatment
of the sludge.
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

• Even though the progress obtained
in the exploration of green, e�cient
surfactants as collectors for
�otation. There are still a series of
challenges to making this
technology an extensively industrial
application.

• Development of new
biosurfactants with an
environmentally friendly feature,
even in large dosages, and also
short �otation time, and high
e�ciency.

• Development of Nanoparticle as
new collectors.

• Lowering costs and scalable
production research is still needed.

• Performance guarantees for
commercial operations involving
different IWW and a variety of
pollutants.

Screening √ Extensive large-scale experience.

√ Simple operation.

√ It does not change the chemistry
of the water.

√ Low OPEX and CAPEX.

Established Agriculture

Beverage

Food

(Ljunggren,
2006; Mels &
Teerikangas,
2002)

x Limited to relatively large
suspended solid material.

x Irreversible clogging of the �lter
media.

x Mature with little potential less to
exploit.

• There is a need for more
documentation.

• Development of a stronger
theoretical basis.

• Reuse for the sludge produced.
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

Coarse media
�ltration

√ Simple operation.

√ Pumping systems are usually not
needed.

√ Under proper operating conditions,
it can also be considered a
biological treatment process.

√ Depending on the type of �ltering
medium used, it can be considered
an adsorption process.

Established Chemical

Nuclear

Petroleum

(Mels &
Teerikangas,
2002;
Ødegaard et
al., 2002;
Varjani et al.,
2020; G.
Yadav et al.,
2021)

x Low �ltration rates.

x Bulky equipment.

x Additional costs for the treatment
of the sludge.

x Mature with little potential less to
exploit.

• New designs and theoretical
models for predicting performance.

• Higher suspended solids (SS)
removal e�ciency.

• Increase �ltration rates.

• Reuse for the sludge produced.

Rapid
Filtration

√ Extensive large-scale experience.

√ Low OPEX and CAPEX.

√ High �ltration rates.

√ Compact equipment.

√ In some circumstances, other
bene�ts are obtained, e.g., BOD
reduction.

Established Agrochemical

Chemical

Nuclear

(Green &
Perry, 2015;
Ives, 1970;
Mels &
Teerikangas,
2002; G.
Yadav et al.,
2021).

x Additional costs for the treatment
of the sludge.

x Requirement of pumping systems.
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

• New designs and theoretical
models for predicting performance.

• Higher SS removal e�ciency.

• Increase �ltration rates.

• Reduce the requirement of
pumping systems.

• Reuse for the cake produced.

Cartridge
�lters (CF)

√ Extensive large-scale experience.

√ Simple operation.

√ Low CAPEX and OPEX.

√ Modular equipment, it is easily
scalable.

√ Low or no impact on water
chemistry.

Established Chemical

Mining

Nuclear

Petroleum

Textile

(Farhat et al.,
2020;
Williams,
1992; G.
Yadav et al.,
2021)

x Constant change requirement.

x Limited to certain particle size.

• Membranes with chemical
resistance.

• Temperature resistance.

• More sustainable manufacturing
membranes.

• Reusability.

• Recovery of solids.
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

Precipitation √ Low CAPEX.

√ Extensive large-scale experience.

√ Low OPEX (except oxidative
precipitation).

√ Simple operation.

√ High recovery (depends on the
chemical agent and the species).

√ The widely used method in the
industry.

√ Selective recovery (depends on
the species).

√ Potential use in water recovery
systems.

Established Agrochemical

Battery

Chemical

Electronic

Metal

Mining

Tannery

(Abdullah et
al., 2019;
Chen et al.,
2017; Mels &
Teerikangas,
2002;
Mocellin et
al., 2017;
Patil et al.,
2016; Roy &
Bhattacharya,
2014;
Sayilgan et
al., 2010)

x Additional costs for the treatment
of the sludge.

x Reagent dosage requirement.

x It changes the chemistry of the
water.

x Requirement of an oxidation stage
for some complex metals.

x Inviable at very low
concentrations.

• Understanding the precipitation
mechanism from different
wastewater industry scenarios.

• Increase precipitation rates.

• Reduce space requirement.

• Reuse for the sludge produced.
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

Adsorption √ Simple operation.

√ Extensive large-scale experience.

√ It is possible to regenerate the
adsorbent surface.

√ Wide range of contaminants that
can be removed/recovered.

√ Possibility of selectivity
depending on the pollutant.

√ Relatively low OPEX.

√ Wide selection of adsorbents.

√ High research interest.

Adaptive
Use

Agricultural

Mining

Petroleum

Petroleum

Pulp and
Paper

Tannery

Textile

(Abdullah et
al., 2019; Al-
Rashdi et al.,
2011;
Bhandari &
Ranade,
2014; Mels &
Teerikangas,
2002; Patil et
al., 2016;
Perez et al.,
2019; Ranade
& Bhandari,
2014b;
Shrestha et
al., 2021; G.
Yadav et al.,
2021)

x Low-cost or natural adsorbents
have low removal performance.

x Inviable at high concentrations.

x Relatively high CAPEX.

x Low removal e�ciency/cost ratio.

x Post-treatment processes are
required.
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

• Nanomaterial and/or polymer as
adsorbents.

• New adsorbents from biomass and
wastes.

• In general, new, e�cient, and cost-
effective adsorbents for better
performance.

• High capacity for removal of
pollutants with selectivity.

• E�cient ways to regenerate and
reuse adsorbents (fewer chemicals
and energy and avoid producing
secondary waste streams).

• Better theoretical models for
prediction of process performance
and evaluation.

• Performance guarantees for
commercial operations involving
different IWW and a variety of
pollutants.

• A balance between capacity and
renewability must be met to
transcend from lab-scale
experiments to pilot-scale studies
for new adsorbents.

Absorption √ High e�ciency in removal of
metallic species.

√ Allows selective removal of
metals.

√ It is possible to regenerate the
absorbent solution.

√ Extensive large-scale experience.

√ Relatively low CAPEX.

Adaptive
Use

Chemical (Biswas et al.,
2016;
Innocenzi &
Veglio, 2012;
Ranade &
Bhandari,
2014b,
2014a)
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

x Requirement of a complementary
process for the removal/recovery of
pollutants.

x Relatively high OPEX.

x Inviable at low pollutant
concentrations.

x Excessive use of extractants.

x Other risks associated with
organic extracts.

x Limited application in wastewater.

• New biodegradable solvents,
suitable for selective removal of
pollutants.

• New equipment and process
design for extraction and recovery.

• Reduce costs.

• E�cient ways to regenerate and
reuse absorbents (less energy and
avoid producing secondary waste
streams).

• Performance guarantees for
commercial operations involving
different IWW and a variety of
pollutants.

• A better understanding of the
process and enhanced physical
property database.
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

Ion Exchange √ Extensive large-scale experience.

√ An effective system for the
recovery of metals.

√ The system has a high economic
and energy e�ciency.

√ Simple operation

√ There is no generation of sludge.

√ Fast and e�cient process.

√ Can become selective with some
pollutants.

Adaptive
Use

Agrochemical

Battery

Chemical

Nuclear

Textile

(Abdullah et
al., 2019;
Bhandari &
Ranade,
2014; Mels &
Teerikangas,
2002; Patil et
al., 2016; Roy
&
Bhattacharya,
2014; G.
Yadav et al.,
2021)

x Resins with limited adsorption
capacity.

x Risk of system clogging.

x Risk of degradation of the resins
depending on the quality of the
wastewater.

x Generally used in solutions with
low metal concentrations.

x Large amounts of chemical
agents are required for the
regeneration of exchange resins.

x The regeneration of resins
generates multiple secondary
pollution problems.

x Commercial resins are not
selective.

x Not effective for emerging
pollutants.

x High CAPEX and OPEX.
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

• Development of low-cost ion
exchange materials.

• Devise more robust, high-capacity,
and high-selectivity exchangers.

• Development of highly selective
materials.

• More experimental and theoretical
information of sorption equilibria is
required.

• More information in the open
literature on adsorption/ion
exchange in IWW treatment and
techno-economic for feasibility
analysis.

Multi-effect
evaporative
crystallization
(MEEC)

√ Extensive large-scale experience.

√ It allows the recovery of
substances of interest with high
purity.

√ High processing speed.

√ Potential use in water recovery
systems.

Established Chemical (De Luna et
al., 2017;
Fernández-
Torres et al.,
2012; Lu et
al., 2017)

x High energy requirement.

x Relatively complex system.

x High OPEX and CAPEX.

• In IWW treatment processes, the
long-term reliability has not
completely been proven.

• Better con�gurations should be
developed to improve the heat
transfer coe�cients. Thus, reduce
OPEX and CAPEX.

• Reduce complexity.

• Residual-heat integration in the
industry.

• Hybrid processes.
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

Mechanical
vapor
recompression
crystallization
(MVRC)

√ Extensive large-scale experience.

√ High thermodynamic e�ciency.

√ It allows the recovery of
substances of interest with high
purity.

√ Con�guration of relatively
compact equipment.

√ Potential use in water recovery
systems.

Established Chemical (De Luna et
al., 2017;
Fernández-
Torres et al.,
2012; Lu et
al., 2017)

x High energy requirement.

x High OPEX and CAPEX.

• In IWW treatment processes, the
long-term reliability has not
completely been proven.

• Better con�gurations should be
developed to improve the heat
transfer coe�cients. Thus, reduce
OPEX and CAPEX.

• Residual-heat integration in the
industry.

Solute
crystallization
(SC)

√ Widely used system in salt
remotion.

√ Simple operation.

√ It allows the recovery of
substances of interest with high
purity.

√ Potential use in water recovery
systems.

Established Chemical (De Luna et
al., 2017; Lu
et al., 2017)

x Cooling systems requirement.

x Limited treatment capacity.

x High OPEX and CAPEX.
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

• In IWW treatment processes, the
long-term reliability has not
completely been proven.

• Better con�gurations should be
developed to improve the heat
transfer coe�cients. Thus, reduce
OPEX and CAPEX.

• Hybrid processes.

Freeze
crystallization
(FC)

√ Simple operation.

√ It allows the recovery of
substances of interest with high
purity.

√ Potential use in water recovery
systems.

Established Chemical (De Luna et
al., 2017; Lu
et al., 2017)

x Cooling systems requirement.

x Not extensive large-scale
experience.

x Di�culty in recovering the solid.

x Limited treatment capacity.

x High OPEX and CAPEX.

• In IWW treatment processes, the
long-term reliability has not
completely been proven.

• Better con�gurations should be
developed to improve the heat
transfer coe�cients. Thus, reduce
OPEX and CAPEX.

• Performance guarantees for
commercial operations involving
different IWW and a variety of
pollutants.

• Hybrid processes.
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

Evaporation √ Simple operation.

√ Well-established unit operation in
the industry.

√ Extensive large-scale experience.

√ Potential use in Zero liquid
discharge scheme.

Established Chemical

Nuclear

(Ahirrao,
2014; G.
Yadav et al.,
2021)

x High OPEX and CAPEX.

x High energy requirement.

x Prone to Fouling.

x Inviable for selective recovery of
some substances.

x Mature technology with little
potential less to exploit.

• Better con�gurations should be
developed to improve the heat
transfer coe�cients. Thus, reduce
OPEX and CAPEX.

• Cleaning in place (CIP) systems
could be improved.

• Residual-heat integration in the
industry.

Stripping √ Simple operation.

√ Simple remotion of gaseous
pollutants.

√ Extensive large-scale experience.

Established Chemical

Petroleum

(Kinidi et al.,
2018; Maurer
et al., 2002;
Srinivasan et
al., 2008;
Varjani et al.,
2020)

x Cooling systems requirement.

x Di�culty recovering pollutants.

x Limited treatment capacity.

x High CAPEX.
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Technology Advantages (√); Disadvantages (x);
Gaps/Potential to exploit (• ).

Category Common or
Potencial
Industry
Sector

Source

• Hybrid processes with membrane
contactors, membrane distillation,
microwave, etc.

• Structure optimization.

• Energy self-su�cient, in some new
con�gurations.

• Performance guarantees for
commercial operations involving
different IWW and a variety of
pollutants.
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Table 2
Unconventional Physicochemical treatment units: Advantages, disadvantages and gaps/potential to exploit.

Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

Advanced
Oxidation (AO)

√ Extensive large-scale
experience.

√ Fast reaction kinetics,
so retention hydraulic
times are very low.

√ Low environmental
impact

√ If it is completed, it
does not introduce new
pollutants.

√ Can treat almost all
organic compounds
and can remove some
heavy metals.

√ It is also considered a
disinfection process.

√ There is no
generation of sludge.

√ It does not
concentrate pollutants,
so it does not usually
require post-treatment.

√ Removal of color and
odor.

√ Potential use in water
recycling systems.

√ Less space is
required in comparison
with conventional
treatment such as
biological treatment.

Emerging Agriculture

Electronic

Medical

Petroleum

Petroleum

Pharmaceutical

Tannery

(Bhandari &
Ranade,
2014; Bhuta,
2014; Bottrel
et al., 2014;
Giwa et al.,
2021;
Helmreich &
Metzger,
2017; Varjani
et al., 2020;
Vogelpohl,
2002; G.
Yadav et al.,
2021)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

x High CAPEX and
OPEX.

x Requirement of
reactants and/or
catalysts.

x Pretreatment is
essential to be e�cient.

x Formation of
unknown intermediate
compounds.

x Depending on
subsequent units or the
use of water, the
remaining oxidizing
agent must be
removed.

• Absence of awareness
and understanding
about the existing
advanced oxidation
technologies and their
applications.

• Database of
successful AO cases at
lab, pilot, and plant-
level should be
prepared.

• Reduce the cost of
materials and
processes.

• Hybrid processes and
process intensi�cation
that result in enhanced
e�ciency, e�cacy, and
sustainability, such as
OA/biological
integration.

• Development of solar
photocatalytic
processes, with a focus
on maximizing visible
light utilization and
minimizing catalyst
deactivation.

• Hydrogen generation.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• Waste minimization.

• Identi�cation of
catalysts that can
address the issue of
sludge generation.

• Study the
combination of AO and
conventional treatment
processes such as
biological to reduce
OPEX.

• Use of up-to-date
reaction engineering
technologies for more
e�cient and effective
AO systems.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Performance
guarantees for
commercial operations
involving different IWW
and a variety of
pollutants.

• Arti�cial neural
networks for modeling
of AO.

• Plasma activation in
photocatalysis
reactions.

• Development of
catalyst structures and
preparation.

• Membrane-based OA
processes.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

Electrocoagulation
(EC)

√ Improves sludge
stability.

√ Improves
sedimentation rates.

√ Extensive large-scale
experience.

√ Does not require
dosing of
coagulants/�occulants.

√ Given the nature of
its application, the
amount of sludge
generated is lower than
that obtained in
conventional operation.

Emerging Agrochemical

Chemical

Electronics

Petroleum

Textile

(Bhandari &
Ranade,
2014; Goh et
al., 2022;
Nidheesh et
al., 2021;
Ramírez
Calderón et
al., 2020;
Simon et al.,
2018;
Tahreen et al.,
2020; Varjani
et al., 2020; L.
Yang et al.,
2021)

x Additional costs for
the treatment of the
sludge.

x Generally, pH
adjustment is required,
thus it is not completely
free of chemical
additives.

x High OPEX.

x Relatively ineffective
in the elimination of
stable, persistent
organic compounds.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• Development of better
electrodes.

• Development of newer
electrochemical reactor
con�gurations.

• Improvements in the
kinetic reactions.

• Reduce energy
consumption.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Development of new
electrodes material.

• Large-scale
development.

• Engineered
electrochemical
recovery equipment
requires to be more
developed.

• Develop electrodes
materials with high-
density active sites and
high selectivity.

• Integration with
renewable energy
sources.

Electro�otation
(EF)

√ High selectivity of
metals.

√ Extensive large-scale
experience.

√ High removal rate.

√ More concentrated
sludge.

√ Elimination of certain
volatile pollutants.

Emerging Battery

Electronic

Petroleum

Tannery

(Mohtashami
& Shang,
2019; Varjani
et al., 2020; L.
Yang et al.,
2021)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

x High CAPEX and
OPEX.

x Generally, pH
adjustment is required.

x Inviable at high
pollutant
concentrations, low
recovery rates were
reported.

x Requirement of
surfactant agents to
improve performance.

x High energy
requirement.

x Additional costs for
the treatment of the
sludge.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Structure
optimization.

• Reduce energy
consumption.

• Development of new
electrodes material.

• Improvements in the
kinetic of
electro�otation.

• Large-scale
development.

• Engineered
electrochemical
recovery equipment
requires to be more
developed.

• Develop electrodes
materials with high-
density active sites and
high selectivity.

Integration with
renewable energy
sources.

Electrochemical
precipitation (EP)

√ Extensive large-scale
experience.

√ Simple operation.

√ High recovery
(Depends on the
species).

√ Selective recovery
(depends on the
species).

Emerging Battery

Chemical

Electronic

Tannery

(Muddemann
et al., 2019;
Roy &
Bhattacharya,
2014; L. Yang
et al., 2021)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

x Inviable at low
concentrations.

x High energy
requirement.

x Additional costs for
the treatment of the
sludge.

x Inviable at low
concentrations.

x High CAPEX and
OPEX.

• Reduce energy
consumption.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Structure
optimization.

• Large-scale
development.

• Engineered
electrochemical
recovery equipment
requires to be more
developed.

• Develop electrodes
materials with high-
density active sites and
high selectivity.

Integration with
renewable energy
sources.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

Capacitive
deionization (CDI)

√ Extensive large-scale
experience.

√ Does not require
dosing of reagent.

√ Compact equipment.

√ Ultrapure treated
water.

√ Low CAPEX.

√ Easy to set up.

√ Low resistance.

√ Potential use in water
recycling systems.

Emerging Beverage

Chemical

Food

Medical

Pharmaceutical

(Folaranmi et
al., 2020;
Oren, 2008)

x High energy
requirement.

x Ion co-adsorption.

x Low charge e�ciency.

x High OPEX.

x Low selectivity.

x Additional costs for
the treatment of the
concentrate.

x High pretreatment
requirement.

x Low adsorption rates
and capacity.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• Reduce energy
consumption.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Develop electrodes
materials with high-
density active sites and
high selectivity.

• Non-Faradaic
operation conditions.

• Reduce energy
consumption.

• Hybrid processes.

Cavitation √ Simple scalability.

√ High energy
e�ciency.

√ Minimized toxic
solvent usage.

√ Simple reactor
design.

√ Zero sludge
production.

√ Enhance chemical
reactions such as AO.

Emerging Fracking

Medical

Petroleum

Pharmaceutical

(Bhandari &
Ranade,
2014; Das et
al., 2021)

x High CAPEX and
OPEX due to its age.

x Additional chemicals
and oxidants may be
required.

x Cyclic stress on the
system surface causes
fatigue on equipment.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• New processes and
equipment designs.

• Principles of
cavitation are still not
clearly understood.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Computational �uid
dynamics for better
understanding of �ows

• Better theoretical
models for prediction
of process performance
and evaluation.

• Hybrid processes and
process intensi�cation
that result in enhanced
e�ciency and e�cacy.

• Low cost of operation
and energy.

Micro�ltration
(MF) y
Ultra�ltration (UF)

√ Extensive large-scale
experience.

√ Simple operation.

√ Easily scalable
modular equipment.

√ Relatively low energy
requirement.

√ No sludge is
produced.

√ Relatively low CAPEX
and OPEX.

√ Low or no impact on
water chemistry.

√ Compact equipment.

√ Potential use in water
recovery and recycling
systems.

Innovative Distillery

Electronics

Fracking

Medical

Mining

Petroleum

Pharmaceutical

Textile

(Cui et al.,
2010;
Eykamp,
1995; Goh et
al., 2022;
Nunes et al.,
2020;
Rezende
Moreira et al.,
2022; Varjani
et al., 2020)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

x Additional costs for
the treatment of the
concentrate.

x Limited to certain
particle size.

x Fouling.

• Reduced energy
consumption.

• Increased recovery.

• Improved fouling
resistance

• Development of new
pretreatment and
cleaning strategies.

• Membranes with
higher selectivity,
chemical resistance,
and su�cient
permeance.

• More sustainable
manufacturing
membranes (renewable
raw materials, less
toxic, green solvents, or
no solvents).

• Integration with
renewable energy
sources.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

Nano�ltration (NF) √ Extensive large-scale
experience.

√ Generally, no
additives or other
chemicals are required.

√ No sludge is
produced.

√ Compact equipment.

√ The selective
separation between
monovalent and
multivalent ions is
possible.

√ Easily scalable
modular equipment.

√ Potential use in water
recovery and recycling
systems.

Innovative Medical

Mining

Nuclear

Petroleum

Pharmaceutical

Textile

(Accepta,
1997; Cui et
al., 2010; Goh
et al., 2022;
Helmreich &
Metzger,
2017; Nunes
et al., 2020;
Rezende
Moreira et al.,
2022; Varjani
et al., 2020)

x Relatively high
CAPEX.

x Low remotion of
monovalent salts.

x High pre-treatment
requirement.

x Additional costs for
the treatment of the
concentrate.

x Fouling.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• Reduced energy
consumption.

• Increased recovery.

• Temperature
resistance.

• Narrow pore size
distribution.

• Lower cost
membranes.

• Improved fouling
resistance

• Development of new
pretreatment and
cleaning strategies.

• Higher selectivity
(monovalent vs
divalent selectivity).

• Membranes with
higher chemical
resistance and
su�cient permeance.

• More sustainable
manufacturing
membranes.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Integration with
renewable energy
sources.



Page 55/116

Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

Reverse Osmosis
(RO)

√ Extensive large-scale
experience.

√ Generally, no
additives or other
chemicals are required.

√ No sludge is
produced.

√ Compact equipment.

√ Easily scalable
modular equipment.

√ Remotion of all types
of dissolved salts.

√ Potential use in water
recovery and recycling
systems.

Innovative Battery

Beverage

Chemical

Distillery

Electronics

Food

Medical

Mining

Nuclear

Petroleum

Pharmaceutical

Textile

(Accepta,
1997; Cui et
al., 2010; Goh
et al., 2022;
Helmreich &
Metzger,
2017; Nunes
et al., 2020;
Rezende
Moreira et al.,
2022; Varjani
et al., 2020;
G. Yadav et
al., 2021)

x Relatively high OPEX.

x High pre-treatment
requirement.

x Additional costs for
the treatment of the
concentrate.

x The selective
separation between
monovalent and
multivalent ions is not
possible.

x Fouling.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• Reduced energy
consumption.

• Increased recovery.

• Temperature
resistance.

• Improved fouling
resistance

• Development of new
pretreatment and
cleaning strategies.

• Membranes with
chemical resistance
and su�cient
permeance.

• More sustainable
manufacturing
membranes.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Integration with
renewable energy
sources.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

Membrane
Distillation (MD)

√ High recovery
potential.

√ Generally, no
additives or other
chemicals are required.

√ No sludge is
produced.

√ Very compact
equipment.

√ Low operating
pressures requirement.

√ Very high
temperatures are not
required (30-60°C).

√ Retention of up to
100% of non-volatile
substances.

√ Potential use in water
recovery and recycling
systems.

√ Low thermal
conductivity.

√ Can use waste heat.

√ Lower fouling.

√ High resistance to
chemical degradation.

Emerging Battery

Beverage

Chemical

Food

Fracking

Mining

Nuclear

Textile

(Abdel-Karim
et al., 2021;
Elliott & Ball,
2021; Goh et
al., 2022;
Muhammad
Yaqub & Lee,
2019; Xie et
al., 2016; A.
Yadav et al.,
2022; Yan et
al., 2018a)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

x High pre-treatment
requirement.

x Requirement of an
extraction solution.

x High CAPEX and
OPEX.

x Relatively high energy
requirements.

x Unwanted volatile
compounds.

x Little or no large-scale
experience.

x Fouling.

• Reduced energy
consumption.

• Temperature
resistance.

• Improved fouling
resistance.

• Mechanism of pore
wetting.

• Development of new
pretreatment and
cleaning strategies.

• Membranes with
higher selectivity,
chemical resistance,
and su�cient
permeance.

• Prevention of
breakthrough.

• Lower cost
membranes.

• More sustainable
manufacturing
membranes.

• Integration with
renewable energy
sources.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• Residual-heat
integration in the
industry.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Performance
guarantees for
commercial operations
involving different IWW
and a variety of
pollutants.

• Hybrid processes.

• Draw solution
reconcentration and
recovery process.

• Membrane wetting.

Forward osmosis
(FO)

√ High recovery
potential.

√ Low or no operating
pressures requirement.

√ No sludge is
produced.

√ Compact equipment.

√ Low energy
requirement

√ High resistance to
Fouling.

√ Potential use in water
recovery and recycling
systems.

√ High rejection rates
of various ions and
contaminants.

√ Can use waste
streams as draw
solutions

Emerging Agrochemical

Battery

Beverage

Chemical

Food

Textile

(Elliott & Ball,
2021; Goh et
al., 2022;
Muhammad
Yaqub & Lee,
2019; Xie et
al., 2016; Yan
et al., 2018a)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

x High pre-treatment
requirement.

x Requirement of an
extraction solution.

x Reverse salt �ux.

x High CAPEX.

x Little or no large-scale
experience.

x High Impurities
concentration in draw
solution.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• Increased recovery.

• Improved cleanability.

• Improved fouling
resistance.

• Lower cost
membranes.

• Membranes with
higher selectivity,
chemical resistance,
and su�cient
permeance.

• Reverse solute �uxes.

• Ideal draw solution
and an e�cient
recovery system.

• More sustainable
manufacturing
membranes.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Performance
guarantees for
commercial operations
involving different IWW
and a variety of
pollutants.

• Draw solution
reconcentration and
recovery process.



Page 62/116

Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

Electrodialysis
(ED)

√ Extensive large-scale
experience.

√ Generally, no
additives or other
chemicals are required.

√ No sludge is
produced.

√ Easily scalable
modular equipment.

√ Compact equipment.

√ Treated water of
excellent quality.

√ Potential use in water
recovery and recycling
systems.

Innovative Beverage

Chemical

Food

Textile

(Goh et al.,
2022; Nunes
et al., 2020;
Simon et al.,
2018; Van der
Bruggen,
2018)

x High pre-treatment
requirement.

x High energy
requirement.

x High CAPEX and
OPEX.

x Additional costs for
the treatment of the
concentrate.

x Limited selectivity.

x Relatively low
recovery rates.

x Fouling.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• Reduced energy
consumption.

• Increased recovery.

• Improved fouling
resistance

• Improved cleanability.

• Membranes with
higher selectivity,
Chemical resistance,
and su�cient
permeance.

• Lower resistance.

• Higher selectivity.

• More sustainable
manufacturing
membranes.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Performance
guarantees for
commercial operations
involving different IWW
and a variety of
pollutants.

• Integration with
renewable energy
sources.

Membrane
electrolysis (ME)

√ No sludge is
produced.

√ Easily scalable
modular equipment.

√ Compact equipment.

√ Treated water of
excellent quality.

√ Potential use in water
recovery and recycling
systems.

Emerging Beverage

Chemical

Food

Medical

Pharmaceutical

(Jaroszek &
Dydo, 2016b;
Paidar et al.,
2016)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

x High pre-treatment
requirement.

x High energy
requirement.

x High OPEX.

x The concentration
and purity of the
currents are limited to
the characteristics of
the membranes and
wastewater.

x Types of membranes
are limited given the
abrasive conditions
(High content of acids,
bases, and/or oxidizing
agents).

x Little or no large-scale
experience.

x Fouling.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• Reduced energy
consumption.

• Increased recovery.

• Improved fouling
resistance.

• Lower cost
membranes and
electrodes.

• Improved cleanability.

• Membranes with
higher selectivity,
Chemical resistance,
and su�cient
permeance.

• Higher thermal
stability.

• More sustainable
manufacturing
membranes.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Performance
guarantees for
commercial operations
involving different IWW
and a variety of
pollutants.

• Development of
bipolar membranes.

• Temperature
resistance.



Page 66/116

Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

Electro-
Electrodialysis
(EED)

√ No sludge is
produced.

√ Compact equipment.

√ Treated water of
excellent quality.

√ High purity by-
products.

√ Potential use in water
recovery and recycling
systems.

Research Beverage

Chemical

Food

Medical

Pharmaceutica

(Handojo et
al., 2019;
Jaroszek &
Dydo, 2016b;
Wei et al.,
2013; Wu et
al., 2019)

x High pre-treatment
requirement.

x High energy
requirement.

x High OPEX.

x The concentration
and purity of the
currents are limited to
the characteristics of
the membranes and
wastewater.

x Types of membranes
are limited given the
abrasive conditions
(High content of acids,
bases, and/or oxidizing
agents).

x Low concentration in
product solutions.

x Requirement of a pre-
treatment.

x Little or no large-scale
experience.

x Fouling.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• Reduced energy
consumption.

• Increased recovery.

• Improved fouling
resistance

• Improved cleanability.

• Membranes with
higher selectivity,
chemical resistance,
and su�cient
permeance.

• Lower resistance.

• Higher selectivity
(monovalent vs
divalent selectivity).

• Lower cost
membranes and
electrodes.

• More sustainable
manufacturing
membranes.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Performance
guarantees for
commercial operations
involving different IWW
and a variety of
pollutants.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

Bipolar Membrane
Electrodialysis

(BMED)

√ No sludge is
produced.

√ Compact equipment.

√ Treated water of
excellent quality.

√ High purity by-
products.

√ High rate of water
separation.

√ Potential use in water
recovery and recycling
systems.

Emerging Beverage

Chemical

Food

PharmaceuticalMedical

(Nowak et al.,
2014;
Pisarska,
Jaroszek, et
al., 2017;
Pisarska,
Mikołajczak,
et al., 2017; C.
Yang et al.,
2003)

x High pre-treatment
requirement.

x High energy
requirement.

x High OPEX.

x The concentration
and purity of the
currents are limited to
the characteristics of
the membranes and
wastewater.

x Types of membranes
are limited given the
abrasive conditions
(High content of acids,
bases, and/or oxidizing
agents).

x limited application in
divalent metals.

x Low concentration in
product solutions.

x Little or no large-scale
experience.

x Fouling.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• Reduced energy
consumption.

• Increased recovery.

• Improved fouling
resistance.

• Improved cleanability.

• Membranes with
higher selectivity and
su�cient permeance.

• Lower resistance.

• Lower cost
membranes and
electrodes.

• Performance
guarantees for
commercial operations
involving different IWW
and a variety of
pollutants.

• More sustainable
manufacturing
membranes.

• Development of
bipolar membranes.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

Membrane-
assisted electron
ionization (EDI)

√ Extensive large-scale
experience.

√ Generally, no
additives or other
chemicals are required.

√ No sludge is
produced.

√ Easily scalable
modular equipment.

√ Compact equipment.

√ Ultrapure treated
water.

√ High recovery rates.

√ Potential use in water
recovery and recycling
systems.

Research Beverage

Chemical

Food

Medical

Pharmaceutica

(Handojo et
al., 2019)

x High pre-treatment
requirement.

x High energy
requirement.

x High CAPEX and
OPEX.

x Little or no large-scale
experience.

x Additional costs for
the treatment of the
concentrate.

x Limited application in
wastewater.

x Fouling.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

• Reduced energy
consumption.

• Increased recovery.

• Improved fouling
resistance.

• Improved cleanability.

• Membranes with
higher selectivity and
su�cient permeance.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• Performance
guarantees for
commercial operations
involving different IWW
and a variety of
pollutants.

Capacitive
membrane
deionization
(MCDI)

√ Generally, no
additives or other
chemicals are required.

√ Extensive large-scale
experience.

√ Compact equipment.

√ Ultrapure treated
water.

√ Higher selectivity
concerning capacitive
deionization (CDI).

√ High adsorption rates
and capacity.

Emerging Beverage

Chemical

Food

Medical

Pharmaceutical

(Folaranmi et
al., 2020;
Porada et al.,
2013; R. Zhao
et al., 2013)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to
exploit (•).

Category Common or Potencial
Industry Sector

Source

x High pre-treatment
requirement.

x High OPEX.

x High resistance in the
system.

x Additional costs for
the treatment of the
concentrate.

x ⎦ Fouling.

• Reduced energy
consumption.

• Increased recovery.

• Improved fouling
resistance.

• Improved cleanability.

• Membranes with
higher selectivity and
su�cient permeance.

• In IWW treatment
processes, the long-
term reliability has not
completely been
proven.

• More sustainable
manufacturing
membranes.

• Performance
guarantees for
commercial operations
involving different IWW
and a variety of
pollutants.
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Table 3
Biological treatment units: Advantages, disadvantages and gaps/potential to exploit.

Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

Conventional
activated sludge
(CAS)

√ Simple technology,
economically attractive.

√ Extensive large-scale
experience.

√ High e�ciency in the
removal of biodegradable
organic matter.

Established Agriculture

Beverage

Distillery

Electronics

Food

(Bhattacharya
et al., 2017;
Fernández-
alba, 2006;
Ranade &
Bhandari,
2014b;
Stanbury et
al., 2016;
Yildiz Sizirici,
2012)x High generation of sludge.

x High energy requirement.

x It is required to achieve
optimal operating
conditions.

x Relatively slow process.

x High CAPEX.

x Complex degradation
mechanism.

x Generally, post-treatment is
required.

x Additional costs for the
treatment of the sludge.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• New microorganisms, that
can degrade emerging and
refractory pollutants more
effectively.

• New equipment designs,
especially for increased
effectiveness and less space
and sludge production.

• Hybrid processes and
process intensi�cation that
result in increased e�ciency
and e�cacy, thus the
implementation of the 3R
scheme.

• Reduce the cost of
operation and energy
requirement.

• Performance guarantees
for commercial operations
involving different IWW and
a variety of pollutants.

• Properly managed biomass
and exploited toward
recovery and reuse.

• Reduce sludge volume
produced.

• Reuse for the sludge
produced.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

Aerobic trickling
�lter (ATF).

√ Relatively simple
technology.

√ Extensive large-scale
experience.

√ High e�ciency in the
removal of biodegradable
organic matter.

√ Reduces the air injection
requirement.

√ Generally, it does not
require recirculation of
sludge.

√ Biomass concentrations in
the bioreactor are higher
than in conventional
reactors.

Established Agriculture

Beverage

Distillery

Food

(Moran, 2018;
Stanbury et
al., 2016;
Yildiz Sizirici,
2012)

x High generation of sludge.

x The assistance of a settler
is still required, given that the
biomass is capable of
detaching from the support
surfaces.

x High energy requirement
for movement of mechanical
parts.

x Risk of system clogging.

x It is required to achieve
optimal operating
conditions.

x Relatively slow process.

x High CAPEX.

x Complex degradation
mechanism.

x Complex maintenance,
which implies higher OPEX
cost.

x Generally, post-treatment is
required.

x Additional costs for the
treatment of the sludge.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Low cost of operation and
energy.

• New microorganisms, that
can degrade emerging and
refractory pollutants more
effectively.

• Hybrid processes and
process intensi�cation that
result in increased e�ciency
and e�cacy, thus the
implementation of the 3R
scheme.

• Non-complex equipment to
reduce maintenance costs.

• New design to reduce the
necessity of assistance
settler.

• Biomass is properly
managed and exploited
toward recovery and reuse.

• Performance guarantees
for commercial operations.

• Reuse for the sludge
produced.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

Membrane
bioreactor (MBR)

√ Extensive large-scale
experience.

√ Biological technology with
the highest growth.

√ High e�ciency in the
removal of biodegradable
organic matter.

√ Less generation of sludge.

√ Higher quality e�uents.

√ Shorter retention times.

√ Longer bio-mass retention
times.

√ Potential use in the
assistance of anoxic
systems.

√ Does not require a
secondary clari�er.

√ Compact plants.

√ Potential use in water
recovery and recycling
systems.

Innovative Distillery

Electronics

Medical

Petroleum

Pharmaceutical

Textile

(Asif et al.,
2018; Galinha
et al., 2018;
Hamedi et al.,
2019;
Iorhemen et
al., 2016; G.
Yadav et al.,
2021; Yildiz
Sizirici, 2012)

x High energy requirement.

x High CAPEX and OPEX.

x Fouling.

x Complex degradation
mechanism.

x Additional costs for the
treatment of the sludge.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Development of low-fouling
membrane systems.

• Investigation of the
characterization and
mechanisms of the fouling
phenomenon.

• New microorganisms, that
can degrade emerging and
refractory pollutants more
effectively.

• Performance guarantees
for commercial operations
involving different IWW and
a variety of pollutants.

• Properly managed biomass
and exploited toward
recovery and reuse.

• Reuse for the sludge
produced.

Integration with renewable
energy sources.

Bio�ltration √ Simple design.

√ Low energy requirement.

√ Non-complex equipment.

√ Higher treatment potential.

√ Low production of sludge.

√ Clogging risk reduction.

√ Relatively low CAPEX and
OPEX.

√ Potential use in a reuse
water system.

Innovative Agriculture

Beverage

Distillery

Food

(Singh et al.,
2019;
Thuptimdang
et al., 2020)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

x Application has been very
limited to the IWW treatment.

x High sensitivity towards
high salinity, pH, heavy
metals, pesticides, and other
pollutants.

x Low e�ciency and
productivity in IWW
treatment.

x It cannot be operated in
submerged conditions
(Vermi�lter).

• Performance guarantees
for commercial operations
involving different IWW and
a variety of pollutants.

• Limited to IWW from the
food and beverage
industries.

• New equipment designs,
especially for increased
effectiveness and less space
and sludge production.

• Emerging contaminants
remotion.

• Understanding of bio�lm
development and
morphological properties.

• Development of novel
support material.

• Performance guarantees
for commercial operations.

• Hybrid processes and
process intensi�cation that
result in increased e�ciency
and e�cacy, thus the
implementation of the 3R
scheme.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

Anaerobic contact
Process (ACP).

√ High process e�ciency,
even with wastewater with a
high organic load.

√ Extensive large-scale
experience.

√ Low energy consumption.

√ Low production of sludge.

√ Low nutrient requirement.

√ Obtaining biogas with
potential use in energy
generation.

√ Obtaining fertilizers.

√ Possibility of plant
shutdown without affecting
the system.

Established Agriculture

Beverage

Distillery

Food

Petroleum

(Fernández-
alba, 2006;
Hassan et al.,
2013; Varjani
et al., 2020)

x Low effectiveness in
eliminating pathogens and
nutrients.

x Generation of odors.

x High hydraulic residence
times.

x Generally, high CAPEX.

x Generally, post-treatment is
required.

x Additional costs for the
treatment of the sludge.

x Slight deviations from the
optimal conditions might
result in destabilization.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Improve the process
reliability.

• Control of odor production.

• A better understanding of
refractory organic
degradation.

• Reduce hydraulic residence
time.

• Reduce sensibility.

• A better understanding of
fundamentals (microbiology
and biochemical
components).

• Improve the control of the
system.

• Improve the performance in
those cases of treatment of
high solids or high
fat/protein content
wastewater.

• Control of pathogens.

• Improve biogas quality.

• Reuse for the sludge
produced.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

Up-�ow anaerobic
sludge blanket
reactor (UASB)

√ High process e�ciency,
even with wastewater with a
high organic load.

√ Extensive large-scale
experience.

√ Low energy requirement.

√ Low sludge production.

√ Obtaining fertilizers.

√ Less nutrient requeired

√ Obtaining biogas with
potential use in power
generation.

√ Possibility of plant
shutdown without affecting
the microorganism.

Established Agriculture

Beverage

Distillery

Food

Petroleum

Pulp and Paper

Tannery

(Bhattacharya
et al., 2017;
Hassan et al.,
2013;
Stanbury et
al., 2016;
Varjani et al.,
2020; G.
Yadav et al.,
2021)

x High Residence times.

x Low effectiveness in
eliminating pathogens and
nutrients.

x High startup times.

x Di�culty in reaching
optimal operating
conditions.

x Generally, high CAPEX.

x Generally, post-treatment is
required.

x Additional costs for the
treatment of the sludge.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Improve the process
reliability.

• Reduce startup times.

• Reduce sensibility.

• A better understanding of
fundamentals.

• A better understanding of
refractory organic
degradation.

• Performance guarantees
for commercial operations.

• Control of pathogens.

• Improve biogas quality.

• Reuse for the sludge
produced.

Anaerobic �lter (AF) √ High process e�ciency,
even with wastewater with a
high organic load.

√ Extensive large-scale
experience.

√ Low energy requirement.

√ Low sludge production.

√ Shorter retention times
compared to conventional
contact reactors.

√ Low nutrient requirement.

√ Obtaining biogas with
potential use in power
generation.

√ Possibility of plant
shutdown without affecting
the microorganisms.

Established Agriculture

Beverage

Distillery

Food

Tannery

(Bhattacharya
et al., 2017;
Moran, 2018;
Stanbury et
al., 2016; G.
Yadav et al.,
2021)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

x Low effectiveness in
eliminating pathogens and
nutrients.

x Risk of system clogging.

x Generally, high CAPEX.

x Generally, post-treatment is
required.

x Additional costs for the
treatment of the sludge.

• Process reliability.

• A better understanding of
fundamentals.

• A better understanding of
refractory organic
degradation.

• Performance guarantees
for commercial operations.

• Control of pathogens.

• Improve biogas quality.

Anaerobic �uidized
bed reactor (RALF)

√ High process e�ciency,
even with wastewater with a
high organic load.

√ Low energy requirement.

√ Low sludge production.

√ Low nutrient requirement.

√ Obtaining biogas with
potential use in power
generation.

√ Possibility of plant
shutdown without affecting
the microorganisms.

√ Shorter retention times
compared to conventional
contact reactors.

√ Greater COD removal.

Established Agrochemical

Chemical

Distillery

Petroleum

(Bhattacharya
et al., 2017;
Hassan et al.,
2013; G.
Yadav et al.,
2021)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

x Low effectiveness in
eliminating pathogens and
nutrients.

x Limited large-scale
experience.

x Di�culty in reaching
optimal operating
conditions.

x High CAPEX.

x Generally, post-treatment is
required.

x Additional costs for the
treatment of the sludge.

• Process reliability.

• Control of odor production.

• A better understanding of
fundamentals.

• A better understanding of
refractory organic
degradation.

• Control of pathogens.

• Large-scale studies.

• Improve biogas quality.

• Reuse for the sludge
produced.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

Nutrient Digester:
Nitrogen removal
bioreactor (NRB)
and Phosphorus
removal bioreactor
(PRB).

√ Extensive large-scale
experience.

√ Improvement of the quality
of the treated water.

√ Avoid eutrophication
problems in case of
discharge.

√ The density of the
generated sludge increases.

√ Decrease in the amount of
sludge generated.

√ Greater COD removal.

√ Potential use in water
recovery and recycling
systems.

Established Agriculture

Agrochemical

Beverage

Distillery

Food

Tannery

(Ahmed et al.,
2015;
Fernández-
alba, 2006;
Luz &
Bashan, 2004;
Yorkor &
Momoh,
2019)

x Relatively high energy
requirement.

x High CAPEX.

x Increase in greenhouse gas
emissions, mainly nitrous
oxide.

x Additional costs for the
treatment of the sludge.

• Improve nutrient quality
recovered.

• Reduce sludge volume
produced.

• Reduce greenhouse gas
emissions.

• Reduce energy requirement.

• Reuse for the sludge
produced.
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Table 4
Sludge treatment units: Advantages, disadvantages and gaps/potential to exploit.

Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

Composting √ Signi�cant reduction in the
volume of sludge, therefore
its transportation costs.

√ Extensive large-scale
experience.

√ Elimination of pathogens.

√ Reduction of odors.

√ It leads to a slow release
of nutrients.

√ Biosolids as a product for
potential use in
agribusiness.

√ Low cost.

Established Agriculture

Beverage

Food

Other with
biosludge
generation

(Colón et al.,
2017; Fytili &
Zabaniotou,
2008; Tran et
al., 2021)

x High land area
requirement.

x High operating times.

x Limited to residues with a
high content of organic
matter.

x Limited by the presence of
heavy metals or other
persistent contaminants.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Research on optimizing
operational parameters.

• Control strategies (odorous
and toxic gases).

• Understanding the
biodegradation
mechanisms.

• Understanding microbial
diversity and structure
changes along with the
composting processes.

• Reduction in composting
time.

• A better understanding of
fundamentals.

• Temperature control.

• Performance guarantees
for commercial operations
involving solids/sludge from
different IWW and a variety
of pollutants.

Vermicomposting √ Signi�cant reduction in the
volume of sludge, therefore
its transportation costs.

√ Reduction of odors.

√ Improves water holding
capacity.

√ It leads to a slow release
of nutrients.

√ Biosolids as a product for
potential use in
agribusiness.

Innovative Agriculture

Beverage

Food

Other with
biosludge
generation

(Colón et al.,
2017; Varjani et
al., 2021)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

x High land area
requirement.

x There is no elimination of
pathogens.

x High operating times.

x Not applicable in sludge
with low content of organic
matter.

x Limited by the presence of
heavy metals or other
persistent contaminants.

x Limited to residues with a
high content of organic
matter.

x Suitable growth conditions
for worms should be
maintained

• Research on optimizing
operational parameters.

• Understanding the
biodegradation
mechanisms.

• Understanding microbial
diversity and structure
changes along with the
vermicomposting processes.

• Reduction of process time.

• A better understanding of
fundamentals.

• Temperature control.

• Performance guarantees
for commercial operations
involving solids/sludge from
different IWW and a variety
of pollutants.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

Anaerobic
digester

√ High process e�ciency.

√ Extensive large-scale
experience.

√ Signi�cant reduction in the
volume of sludge.

√ Obtaining biogas with
potential use in energy
generation.

√ Obtaining fertilizers.

√ Possibility of plant
shutdown without affecting
the microorganisms.

√ Generally, low OPEX.

Established Agriculture

Beverage

Food

Other with
biosludge
generation

(Colón et al.,
2017; Varjani et
al., 2021)

x Low effectiveness in
eliminating pathogens and
nutrients.

x Generation of odors.

x High residence times.

x Generally, high CAPEX.

x Generally, post-treatment is
required.

x Additional costs for the
treatment of the sludge.

x Slight in range of
temperature control.

x Limited to residues with a
high content of organic
matter.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Reduce startup times.

• Reduce sensibility.

• Control of odor production.

• Reduce hydraulic residence
time.

• A better understanding of
fundamentals

• Improve the control of the
system.

• Improve Biogas quality.

• Temperature control.

Performance guarantees for
commercial operations
involving solids/sludge from
different IWW and a variety
of pollutants.

Acidic or alkaline
hydrolysis

√ High recovery.

√ Reduction of waste
volume.

√ Destruction of pathogens.

Established Batteries

Chemicals

(Guerra-
Rodríguez et al.,
2020)

x High consumption of
chemicals.

x High energy requirement.

x Limited capacity.

x Hydrolysis Agent is
required.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• A better understanding of
the process and enhanced
physical property database.

• Reduce the cost of
processes.

• Reduce reagent
consumption.

• In sludge treatment
processes, the long-term
reliability has not completely
been proven.

Performance guarantees for
commercial operations
involving solids/sludge from
different industries.

Dark
fermentation

√ Low energy requirement.

√ Successful experience on
a large scale, but of limited
application.

√ Simple reactor
con�guration.

√ Signi�cant reduction in the
volume of sludge.

√ Obtaining biohydrogen.

Emerging Agriculture

Beverage

Food

Other with
biosludge
generation

(Bastidas-
Oyanedel et al.,
2019; Elalami et
al., 2019)

x Low effectiveness in
eliminating pathogens and
nutrients.

x High generation of by-
products that reduce the
quality of the products.

x Low performance in
hydrogen production.

x Generally, high CAPEX.

x Limited to residues with a
high content of organic
matter.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Integration of dark
fermentation with other
bioprocesses.

• Liquid Fuel Production.

• Fine Chemical Production.

• Syngas Dark Fermentation.

• Large-scale development.

Hydrothermal
treatment

√ High energy and e�ciency.

√ It can use different raw
materials at the same time.

√ Unnecessary deployment
of microorganisms and
enzymes.

√ Potential combination with
other techniques.

Established Mining

Chemical

Metal

(Costa et al.,
2020; Wikberg &
Jermakka,
2015;
Yoshimura &
Byrappa, 2008)

x High temperatures and
pressure steam are required.

x Coke and tar formation.

x Obstruction of the reactor.

x Di�culty in recycling and
regenerating the catalysts.

x High CAPEX.

• Reduce temperatures,
pressure steam, or vacuum
requirement.

• Processing of
nanoparticles.

• Multi-energy-hydrothermal
technology

• Supercritical hydrothermal.

• Reduce reagent
consumption.

• Performance guarantees
for commercial operations
involving solids/sludge from
different industries.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

Bioelectric
systems (BES)

√ Generation of
biohydrogen.

√ Power generation.

√ Effective COD removal.

√ Greenhouse gas emissions
control.

√ Polishing wastewaters.

Emerging Agriculture

Beverage

Food

(Cecconet et al.,
2020; Elalami et
al., 2019; Zhang
& Tremblay,
2016)

x Energy to stimulate
microbial activity is required.

x Low production rate and
limited e�ciency.

x Long residence times are
required.

x Low or no large-scale
experience.

• Water desalination.

• IWW treatment.

• Hydrogen production.

• Large-scale development.

• A better understanding of
electroactive microbial
catalyst, electrochemical
reactor components, and
design.

• Development of models for
proper design and approach.

• Robust and proper BES
design.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

Incineration √ Extensive large-scale
experience.

√ For biological sludge, its
calori�c value is relatively
high, offering the opportunity
for energy recovery.

√ Minimization of odors.

√ Thermal destruction of
toxic organic compounds.

√ Ability to deal with a vast
diversity of wastes.

Established Agrochemical

Batteries

Chemical

Electronics

Medical

Petroleum

Pharmaceutical

Plastics

Tannery

(Colón et al.,
2017; Fytili &
Zabaniotou,
2008; Goli et al.,
2021; Ma &
Rosen, 2021)

x It does not constitute a
method of total disposal of
the waste since 30% of this
remains as ash.

x High energy requirement.

x Requirement of a post-
treatment for the resulting
ashes.

x Requirement of a
sophisticated air quality
control system.

x High CAPEX and OPEX.

x Dehydration requirement.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Reuse for the slag/ ash
produced during
incineration.

• Heavy metal recovery.

• Nutrient recovery.

• Waste to energy
development.

• Reduce energy requirement.

• Reduce costs.

• Analysis on a case-by-case
basis (based on industry
waste).

• Novel heating approaches

• Control of toxic gas
emissions.

Pyrolysis √ For biological sludge, its
calori�c value is relatively
high, offering the opportunity
for energy recovery.

√ Minimization of odors.

√ Thermal destruction of
toxic organic compounds.

√ Low emission.

√ Extensive large-scale
experience, but of limited
application.

√ Usually, the process is self-
sustaining.

√ Production of biofuels and
other materials of interest.

√ Relatively lower operating
temperatures than other
thermal processes.

√ Some elements can be
recovered from the resulting
ash.

√ Minimal amounts of
generated waste.

innovative Agriculture

Beverage

Food

Other with
biosludge
generation

(Bhatt et al.,
2021; Colón et
al., 2017;
Kamali et al.,
2022; Naqvi et
al., 2021; Ponsa
et al., 2017;
Shyam et al.,
2022; G. Wang
et al., 2020;
Zaharioiu et al.,
2021)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

x Since a reduced
atmosphere is required, the
products can be highly
corrosive, thus leading to
higher maintenance costs.

x High energy requirement.

x High CAPEX and OPEX.

x Limited to residues with a
high content of organic
matter.

x Dehydration requirement.

• Large-scale development.

• Improved understanding of
co-pyrolysis mechanism.

• Reduce energy requirement.

• Integration with renewable
energy sources.

• Biochar and other by-
product applications.

• Reduce costs.

• Waste to energy
development.

• Development of e�cient
adsorbents.

• Control of Nitrogen
emissions and air pollution.

• Novel heating approaches

• More kinetic evaluation
studies.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

Gasi�cation √ Extensive large-scale
experience, but of limited
application.

√ Production of biofuels.

√ Low emission.

√ Minimal amounts of
generated waste.

√ Energy e�ciency
technology.

√ Usually, the process is self-
sustaining, so under certain
operating conditions and
waste to be treated, no
energy is required.

Emerging Agriculture

Beverage

Food

Other with
biosludge
generation

(Janajreh et al.,
2021; Ponsa et
al., 2017;
Zaharioiu et al.,
2021)

x High temperatures
requirement

x It does not constitute a
method for the total disposal
of waste.

x The formation of other
compounds such as NH3,
HCl, H2S, and some aromatic
compounds, implies bad
quality of the biofuel.

x Requirement of a fuel post-
treatment.

x Limited to residues with a
high content of organic
matter.

x High CAPEX and OPEX.

x Requirement of a post-
treatment for the resulting
ashes

x Heavy metals end up in the
ashes, complicating their
treatment.

x Dehydration requirement.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Waste to energy
development.

• Control of air pollution.

• Novel heating approaches.

• Hybrid processes and
process intensi�cation that
result in enhanced e�ciency
and e�cacy.

• Development of plasma
gasi�cation, supercritical
water gasi�cation, co-
gasi�cation.

• Reduce energy requirement.

• Reduce costs.

• Improved understanding of
gasi�cation reactions.

• Tar valorization.

• Feedstock versus gasi�er
type studies.

• Gasi�er sizing, and the
different zonal in�uence
(drying, combustion, and
reduction) studies.

Wet oxidation
(WO)

√ Extensive large-scale
experience, but of limited
application.

√ An alternative solution to
combustion.

√ The gaseous product does
not contain dangerous
compounds.

√ The resulting wastewater
is constituted of
biodegradable compounds
and ammonia.

Emerging Agriculture

Beverage

Food

(Fytili &
Zabaniotou,
2008; Genc et
al., 2002; S.
Pérez-Elvira et
al., 2006; Sara
Pérez-Elvira et
al., 2017)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

x High energy requirement.

x High OPEX.

x Post-treatment is required
for the �nal product.

• Hybrid processes.

• Reduce costs.

• Reduce energy requirement.

• Database of successful WO
cases at lab, pilot, and plant-
level should be prepared.

• Database of successful WO
cases at lab, pilot, and plant-
level should be prepared.

• Hybrid processes and
process intensi�cation that
result in enhanced e�ciency
and e�cacy.

• Performance guarantees
for commercial operations
involving different IWW
sludges and a variety of
pollutants.

Solidi�cation
Stabilization
(S/S)

√ Reduction of pathogens.

√ Reduction of the
availability of metals.

√ Extensive large-scale
experience.

√ Simple operation.

√ Recovery of nutrients.

√ Relatively low CAPEX and
OPEX.

Established Agriculture

Beverage

Food

Mining

(Colón et al.,
2017; Ponsa et
al., 2017; Wong
& Selvam,
2006)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

x High requirement of
stabilizing agents.

x Not applicable in sludge
with low content of organic
matter.

x Drying requirement.

x Limited by the presence of
heavy metals or other
persistent contaminants.

• Recovery of heavy metals
and other pollutants.

• Reduce the reagents
requirement.

• Improve nutrient recovery.

• Performance guarantees
for commercial operations
involving different IWW
sludges and a variety of
pollutants.

Conventional
leaching

√ Extensive large-scale
experience.

√ Relatively low CAPEX and
OPEX.

√ Low energy requirement.

√ Simple and easy-to-
operate equipment.

√ Lower water requirement
compared to other
technologies such as
�otation.

Established Agrochemical

Batteries

Chemical

Electronics

Metals

Mining

(Ghorbani et al.,
2016; Veit &
Bernardes,
2015)

x High environmental
impact.

x High solvent requirement.

x Requirement of a post-
treatment for the solvent.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• New biodegradable
solvents, suitable for
selective recovery of
pollutants.

• New equipment and
process design for extraction
and recovery.

• Reduce costs.

• E�cient ways to regenerate
and reuse absorbents.

• Performance guarantees
for commercial operations
involving different IWW
sludge and solid wastes.

• A better understanding of
the process and enhanced
physical property database.

Bioleaching √ Lower environmental
impact compared to
conventional absorption
technologies.

√ There is a large-scale
experience for the recovery
of metals but of limited
application.

Emerging Batteries

Electronics

Metals

Mining

(Colón et al.,
2017; Johnson,
2018; Mohanty
et al., 2018; Veit
& Bernardes,
2015)

x Despite having large-scale
experience, it is not a very
widespread technology.

x Removal rate lower than
traditional methods.

x High CAPEX and OPEX.

x Slow process compared to
traditional methods.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Increase in removal rate.

• Reduce cost.

• Reduce residence times.

• New equipment and
process design for extraction
and recovery.

• Sulfur-Enhanced
Bioleaching.

• Deep In Situ Biomining.

Supercritical �uid
leaching

√ The greater absorption
capacity of the solvents
since a higher mass transfer
rate is achieved.

√ Relatively low operating
times.

√ Solvents are easy to
recover.

√ There is mitigation in
environmental impacts
compared to conventional
methods.

√ Selective removal/recovery
can be achieved.

Emerging Batteries

Electronics

Metals

Mining

(Knez et al.,
2019; Veit &
Bernardes,
2015)

x Relatively high CAPEX.

x A high level of expertise is
required for its design and
operation.

x Requirement of high
operating pressures, which
implies high OPEX.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Research on the use of sub
or super-critical water and
other unconventional
solvents.

• Reduce the temperature in
separation processes.

• Reduce pressure
requirement.

• New types of reactors.

Others synthesis
of materials or
chemicals

√ There are multiple success
stories for different types of
industrial waste, even on an
industrial scale.

√ Mitigation of
environmental impacts
compared with the �nal
disposal of inorganic sludge.

√ Decrease in the
requirements of raw
materials from primary
sources.

√ Reduction in footprint (In
comparison with primary
sources).

Adaptive
Use

Agrochemicals

Batteries

Chemicals

Electronics

Plastics

(Burlakovs et
al., 2018;
Elalami et al.,
2019)

x Implementation is limited
by impurity content in the
substances recovered from
wastewater.

x Limited in terms of
treatment and disposal costs
compared with raw materials
from primary sources.

x Limited depending on the
available treatment
technology.

x High consumption of
chemicals.

x Release of gases.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Improve selectivity in
separation processes.

• Reduce costs to make
waste valorization feasible.

• From waste to resource
development.

Thermal drying √ Simple operation.

√ Extensive large-scale
experience.

√ Low operating times.

Established Agriculture

Beverage

Chemical

Food

(Colón et al.,
2017; Ponsa et
al., 2017)

x High energy requirement.

x High OPEX.

• Novel heating approaches

• Residual-heat integration in
the industry.

• Reduce energy requirement.

Bio drying √ Low or no energy
requirement.

√ Low OPEX.

√ Extensive large-scale
experience.

Emerging Agriculture

Beverage

Food

(Tambone et al.,
2011; L. Zhao et
al., 2010)

x Limited to residues with a
high content of organic
matter.

x Limited to residues with
high moisture content.

x Limited to highly porous
residues.

x Residence times greater
than thermal drying.

x High land area
requirements.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

• Reduce residence times.

• Reduce land area
requirement.

• Study feasibility for
different IWW sludges.

Solar drying √ Low or No power
requirement.

√ Low OPEX.

√ Extensive large-scale
experience.

Emerging Agriculture

Beverage

Food

(Bennamoun,
2012;
Kamarulzaman
et al., 2021;
Mohsin et al.,
2011)

x Residence times longer
than thermal drying.

x High land area
requirements.

x Operational limitations.

• Reduce residence times.

• Reduce land area
requirement.

• Increase e�ciency on
designs, especially with the
enhancement of the solar
absorber designs,
con�gurations and material,
integration of thermal
storage, and applications of
different thermos �uids.

Cement and
construction
aggregates
production base

√ It may imply a signi�cant
decrease in energy
requirements for cement
production.

√ It reduces the requirement
of raw materials from
primary sources.

√ Reduction in the Carbon
footprint (In comparison with
other alternatives).

√ It is considered a green
construction material.

√ It reduces the need for new
land�lls.

Innovative Construction

Metal

Mining

(Bernal et al.,
2016; Martínez-
Martínez et al.,
2020;
Papatzani,
2019)
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

x In general, only residues
with a high content of lime,
silica, alumina, and iron
oxide come to be considered
viable.

x It could downgrade the
quality in terms of
mechanical resistance and
water adsorption.

x The content of some
species may limit the
application of waste as a
base material in the
production of cement or as a
construction aggregate.

x The content of metals and
other pollutants can be
released from the element,
implying an environmental
impact on the environment.

x It may require pretreatment
systems for the removal of
contaminants in the waste.

x It is not considered as such
a system of use for valuable
components since the
technology consists of
stabilizing and
encapsulating the waste.

• Recycling industry.

• Speci�cations and
guidelines for industry
sludge/wastes.

• Improve the quality of
industry sludge/wastes to
minimize o even improve the
�nal quality in terms of
mechanical resistance and
water adsorption.

• Improved the
understanding of the
performance of waste to
aggregates or cement
production.
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Technology Advantages (√);
Disadvantages (x);
Gaps/Potential to exploit (•).

Category Common or
Potencial
Industry Sector

Source

Disposal in
land�lls

√ Extensive large-scale
experience.

√ Low OPEX.

√ Easy to operate.

√ Easy to deal with
sludge/waste.

Established Agrochemical

Beverages

Chemical

Food

Medical

Pharmaceutical

Pulp/paper

Tannery

Textile

(Blair &
Mataraarachchi,
2021; Varjani et
al., 2021;
Woodard &
Curran, 2006c)

x It goes against the
principles of sustainable
development.

x Loss of resources.

x The residue may still
require pre-treatment.

x Requirement of specialized
land�lls.

x Drying requirement.

x Leachates are di�cult and
expensive to treat.

x Pollutes the soil.

x It could contribute to
groundwater pollution and
deforestation.

• GHG estimation and
reduction.

• Leachate treatment.

• Material recovery after
closure.

• Control of in�ltration.

• Restoration of soil.

Figures
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Figure 1

Traditional cycle in industrial process. 
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Figure 2

Ideal cycle in industrial process with a 3R scheme WWTP.

Figure 3

General combinations of unit operations and processes for a treatment system with recovery and
revaluation of water and other contained elements.
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Figure 4

Wastewater treatment technologies.
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Figure 5

Derived sludge treatment technologies.
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Figure 6

Number of publications of conventional wastewater treatment technologies.

Sources: Scopus by Elsevier.
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Figure 7

Number of publications of unconventional wastewater treatment technologies.

Sources: Scopus by Elsevier.
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Figure 8

Number of publications of biological wastewater treatment technologies.

Sources: Scopus by Elsevier.
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Figure 9

Number of publications of sludge from wastewater treatment technologies.

Sources: Scopus by Elsevier.


