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Preface

The 2nd International Conference on Strategies toward Green Deal Implemen-
tation – Water, Raw Materials & Energy (ICGreenDeal2021) was organised by the 
Division of Biogenic Raw Materials of the Mineral and Energy Economy Research 
Institute, Polish Academy of Sciences, on December 8–10 2021. Due to the COVID-19 
pandemic the conference was organised as the virtual event (online).

The purpose of the conference was to discuss issues related to climate change and 
methods of preventing it, e.g. through innovative solutions – technological, environ-
mental, social – that can be implemented under the Green Deal.

During the Conference, 16 thematic sessions were held, including both oral and 
poster presentations. The scientific nature of the Conference meant that its main par-
ticipants were representatives of the academic community who deal with research for 
the development of innovative pro-environmental solutions. The conference was also 
attended by scientists and entrepreneurs supporting the development of “green inno-
vations”, and the total number of participants was 1032 people. There were 208 spe-
akers among the above-mentioned participants, who presented works on various 
areas related to the topic of climate change.

The following thematic sessions were the most popular among the participants:
 y green deal strategies,
 y cooperation for climate,
 y sustainable management of water and raw materials,
 y sustainable developments of regions,
 y water and sewage in circular economy,
 y bioeconomy,
 y raw materials and waste,
 y innovative materials for sustainable future,
 y green strategies for waste and energy,
 y actions for climate and circular economy,
 y water – waste – energy in green deal.

The conference made it possible to create a platform presenting knowledge of 
great practical and scientific importance, where Participants from various spheres of 
the environment could exchange their experiences. The initiated project has also con-
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tributed to establishing new contacts between the scientific community and industry, 
which may result in joint research and industrial projects in the future.

The Monograph “Strategies toward Green Deal Implementation – Water, Raw Ma-
terials & Energy” includes the selected papers that have been presented during the 
2nd edition of International Conference on Strategies toward Green Deal Implemen-
tation – Water, Raw Materials & Energy.

I would like to thank all Authors and Reviewers for their valuable work in the 
preparation of papers and their reviews. 

            Prof. Marzena Smol
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Michał Bodzek

Institute of Environmental Engineering Polish Academy of Science; e-mail: michal.bodzek@ipispan.edu.pl

The use of nanoparticles in water  
and wastewater treatment

Abstract: The supply of clean and affordable water to meet human needs is the most important chal-
lenge of the 21st century. Problems with increasing scarcity of water for drinking, domestic 
and industrial purposes are exacerbated by rapid population growth, global climate change, 
deteriorating quality of natural waters and wastewater discharged to the environment. Solving 
this problem requires implementation of new, innovative water and wastewater treatment tech-
nologies. In this context, introduction of nanotechnology into traditional processes, offers new 
opportunities in the development of advanced processes of water and wastewater technology. 
Considering the functions of nanotechnology in unit processes of water and wastewater tre-
atment, nanomaterials are used as adsorbents and photocatalysts and in the production of 
semi-permeable membranes. 

Keywords: nanotechnology, adsorption process, nanocomposite membranes 

Introduction

The world of the science of environmental engineering and nanotechnology are 
moving at a rapid pace today. Depletion of fossil fuel resources, environmental de-
gradation and loss of ecological biodiversity are urging the global scientific domain 
to take visionary steps towards green and environmental sustainability. The vision 
and the sagacity of nanotechnology applications in environmental engineering and 
energy engineering are the forerunners towards a new dawn in the field of sustaina-
ble development today (Palit 2021).

Nanotechnology is a field of applied science, focused on the design, synthesis, 
characterization and application of materials and devices on the nanoscale (Mansoori 
et al. 2008). Nanomaterials (NMs) are commonly defined as materials that at least one 
dimension is smaller than 100 nm (Tesh and Scott 2014). NMs often exhibit novel and 



2nd International Conference 
Strategies toward Green Deal Implementation – Water, Raw Materials & Energy 

8–10 December 2021

10

significantly changing physical, chemical and biological properties due to their size 
and structure (Mansoori et al. 2008). Also, a unique aspect of nanotechnology is the 
“vastly increased ratio of surface area to volume”, present in many nanoscale mate-
rials, which opens new possibilities in surface-based sciences (Mansoori et al. 2008). 
Similar to nanotechnology’s success in consumer products and other sectors, nano-
scale materials have the potential to improve the environment, both through direct 
applications of those materials to detect, prevent, and remove pollutants, as well as 
indirectly by using nanotechnology to design cleaner industrial processes and create 
environmentally responsible products (Mansoori 2008).

One of the main environmental applications of nanotechnology is in the water sec-
tor. As freshwater sources become increasingly scarce due to overconsumption and 
contamination, scientists have begun to consider another source for drinking water, 
e.g. seawater, water reused and so on. Water contamination caused by numerous 
inorganic/organic pollutants can significantly threaten the human’s well-being and 
viability of all. Pesticides, plasticizers, phenols and drug residues are known as the 
most important types of organic pollutants while, arsenic, cadmium, mercury, chro-
mium are considered as the prominent sorts of inorganic contaminants (Pishnamazi 
et al. 2020; Buruga et al. 2019). Therefore, development of promising technologies for 
water purification is of great interest. Many traditional water and wastewater treat-
ment methods do not effectively remove these emerging contaminants, and/or are not 
capable of removing enough to meet increasingly stringent water quality standards. 
Contamination of surface waters also constitutes a risk to water supplies because 
pollutants may penetrate into aquifers, where they can be transported to drinking 
water sources (Adeleye et al. 2016). These challenges, among others, bring into fo-
cus the need for alternative water treatment and pollutant remediation methods to 
complement or replace existing technologies. Thanks of nanoparticles (NPs) size-de-
pendent effects, the current water and wastewater treatment process could be greatly 
improved by introducing NMs into the system (Zhang et al. 2016). The use of NMs 
for water treatment is currently limited to exploring their potential to act as effective 
adsorbents (Sarma et al. 2019; Bodzek et al. 2020a), membranes (Bodzek et al. 2020b), 
disinfectants (Collivignarelli et al. 2018; Bodzek 2022), and reactive agents (Bodzek 
et al. 2021a), although they show promise for full scale water treatment and environ-
mental remediation (Qu et al. 2013; Ren et al. 2013). While some pilot and full scale 
field studies applying nanoscale zerovalent iron (nZVI)-based remediation methods 
have been reported in the literature (Mueller et al. 2012; Kuiken 2010), the majority of 
other remediation and water purification studies with ENMs remain at a bench scale 
proof of concept stage (Qu et al. 2013).

Since the cost for nanomaterials are decreasing, they have become more competiti-
ve for water and wastewater treatment. However, there are still inherent disadvanta-
ges for use of unbounded NPs in water and wastewater treatment processes. Firstly, 
NPs tend to aggregate in fluidized system or in fixed bed, resulting in severe activity 
loss and pressure drop (Lofrano et al. 2016). Secondly, it is still a difficult to separate 
most of the used NPs (except for magnetic NPs) from the treated water for reuse, 
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which would be undesirable in terms of the economical consideration (Al-Hamadani 
et al. 2015, Qu et al. 2013). Thirdly, proper clarification and understanding of the role 
and mechanism of interaction of the nano-material with the living organisms during 
water and wastewater treatment process should be fully understood, and the impact 
of nanomaterials on the aquatic environment and human health is a major issue that 
could hinder the application of nanotechnology (Ganguly et al. 2018). To avoid or 
mitigate the potentially negative effect, it is desirable to develop a material or a device 
that could minimize the release or mobilization of the nanomaterials while mainta-
ining their high reactivity. Nanocomposite materials is proved to be an effective and 
promising solutions and their fabrication is simple by loading desired nanoparticles 
onto various supporting materials, such as polymers or membranes (Petronella et al. 
2016). It could be defined as a multiphase material which at least one dimension of 
the constituent phases is <100 nm (Tesh and Scott 2014). Some of the reported nano-
composites were highly efficient in water decontamination, recyclable, cost-effective 
and compatible with existing infrastructure (Lofrano et al. 2016; Yin and Deng 2015).

The article provides an overview of recent advances in nanotechnologies for water 
and wastewater treatment. The major applications of NMs are critically reviewed ba-
sed on their functions in unit operation processes. This review focuses on various na-
nomaterials used for adsorption, separation and catalytic degradation from water or 
wastewater using both free NPs and nanocomposites. The barriers for their full-scale 
application and the research needs for overcoming these barriers are also discussed. 
The potential impact of nanomaterials on human health and ecosystem as well as any 
potential interference with treatment processes are beyond the scope of this review 
and thus will not be detailed addressed here.

1. Adsorption

Adsorption is a widely used unit process for the removal of organic and inorganic 
contaminants from water and wastewater both organic and inorganic (Mohan et al. 
2008; Kuppusamy et al. 2016, Sharma and Bhattacharya 2017; Crini and Lichtfouse 
2019). Two types of forces are distinguished in adsorption processes, i.e. physical and 
chemical interactions.

In adsorption first of all carbonaceous materials are used to trap pollutants inside 
its pore structure, first of all high quality activated carbon (AC) (Mohan et al. 2008). 
In the last three decades, numerous approaches using non-conventional adsorbents 
have been studied for the development of cheaper and more effective adsorbents to 
eliminate pollutants at trace levels (Crini et al. 2019). Nanomaterials based adsor-
bents, i.e. nanometals and metal oxides, carbon nanotubes (CNTs), graphene and na-
nocomposites, possess large specific surface and corresponding number of active sites 
suitable to sorption, high reactivity, short diffusion path inside particles, fast kinetic 
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and specific affinity to various contaminants and their adsorption efficiencies against 
many contaminants are several times higher than those of traditional adsorbents (Ali 
2012; Khajeh et al. 2013; Tosco et al. 2014; Sharma et al. 2009).

1.1. Metal/metal oxide based nano-adsorbents 

Due to unique sorption properties of metal and metal oxides nanoparticles (NPM, 
NPMO) they are widely used to removal of contaminants from wastewater (Sharma 
et al. 2009). The most popular NPMs and NPMOs are zero-valent iron (Ali 2012; 
Khajeh et al. 2013) and silver (Fabrega et al. 2011) as well as magnetic iron oxides 
(Feng et al. 2012), manganese oxides (Gupta et al. 2011b), titanium oxide (Luo et al. 
2010), etc. (Hua et al. 2013). Many research confirm that NPMs and NPMOs nanopar-
ticles reveal highly efficient and selective sorption of contaminants like heavy metals 
(Lakshmipathiraj et al. 2006; Engates and Shipley 2011; Yu et al. 2014), typical anionic 
contaminants, e.g. phosphates (Wen et al. 2014) and organic contaminants (Fan et al. 
2009). 

Metal oxides nano-adsorbents, mainly iron oxide, titanium dioxide, aluminum 
oxide and other, are efficient and cheap adsorbent for heavy metals like arsenic, lead, 
copper, cadmium, nickel and reveal much higher potential in comparison with AC 
(Sharma et al. 2009). Sorption is mainly controlled by complexation of dissolved me-
tal ions with oxygen from metal oxides, which is the two stage process. In the first 
stage fast sorption on external sorbent surface occurs, while next slower diffusion to 
a particle interior along micropores wall takes place (Trivedi and Axe 2000). Nano-
scale metal oxides possess higher adsorption ability and faster kinetics due to larger 
specific surface, shorter diffusion pathway to particle interior and higher number of 
active sites (i.e. corners, edges and other). For example, when the size of nano-magne-
tite particle is decreased from 300 to 11 nm, its arsenic adsorption capacities increases 
more than 100 times (Yean et al. 2005). Moreover, when particles size is decreased to 
below 20 nm, the specific surface increases and the ability of arsenic sorption by na-
no-magnetite of 11 nm diameter increases three times. This nanoscale effect is related 
with magnetite surface structure change and new active adsorption sites are formed 
(Yean et al. 2005).

The most commonly used iron oxides based nano-sorbents are: nonmagnetic  
goethite (α-FeOOH), hematite (α-Fe2O3), magnetic magnetite (Fe3O4) and maghemite 
(γ-Fe2O3) as well as hydrated iron oxides (HIO) (Madhura et al. 2018; Zhang et al. 
2016a; Lu and Astruc 2018; Sarma et al. 2019; Runowski 2014). Getite and hematite 
possess a range of geochemical and ecological, important oxyanions and cations in 
their complex matrices, thus they are found as effective and cheap sorbents to re-
moval of various contaminants (Gehrke et al. 2015). Due to their small size, however, 
their separation and recovery after wastewater treatment can be troublesome. On the 
other hand, iron oxide based nanoparticles like nano-maghemite (γ-Fe2O3) and na-
no-magnetite, despite their high adsorption ability possess superparamagnetic prop-
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erties. If the size of a magnetic particle is smaller than the critical value (ca. 40 nm),  
its separation and recovery in low gradient magnetic field is easy (Gehrke et al. 2015; 
Runowski 2014). Magnetic NPMOs are composed of a magnetic core and a coating/
shell (Gehrke et al. 2015) and a core can be cobalt, iron, nickel and their oxides or 
alloys of ferromagnetic or superparamagnetic properties, whereas coatings can be 
formed from inorganic components like silica (Mashhadizadeh and Amoli-Diva 2013) 
and aluminum oxide (Karimi et al. 2012) or from organic components like polymers 
(Li et al. 2010a) or surface active agents (Fig. 1). In regard to stability and recycling 
of NPMs and NPMOs coats play very important role (Pandey et al. 2017), especially 
small organic particles, organic polymers (polystyrene, polyaniline or biopolymers 
like cellulose or chitosan) or inorganic supports. NPMs can be used as adsorptive 
filters media and in suspended bed reactors (Madhura et al. 2018; Runowski 2014).

The adsorption of metal ions (Pb(II) and Cd(II), Cu(II), Zn(II)) on nano-hematite 
was studied as a function of sorbent concentration, pH and temperature (Shipley 
et al. 2013). The results showed that 100% Pb, 94% Cd, 89% Cu and 100% Zn were 
adsorbed at an adsorbent dose of 0.5 g/L (Shipley et al. 2013; Hu et al. 2006). The ef-
fect of temperature on adsorption showed the endothermic nature of the reaction for 
Pb(II), Cu(II) and Cd(II), while exothermic for Zn(II). The kinetics and mechanism of 
adsorption of Cu(II) ions on nano-goethite indicate that Cu(II)/goethite complexes are 
formed on the adsorbent surface (Shipley et al. 2013). In the case of hematite, which is 
also highly reactive, the maximum Cu(II) adsorption capacity is 84.46 mg/g. This result 
is lower compared to the adsorption efficiency of nano- goethite (149.25 mg/g Cu(II)), 
although both oxides show similar adsorption kinetics and mechanism (Bodzek et al. 
2020a). Nano-hematite was found to be also a good adsorbent for the elimination ar-
senic(V) and chromium(VI) ions from water (Bodzek et al. 2020a; Shipley et al. 2013). 
In oversaturated solutions, iron compounds hydrolyse, precipitate and aggregate as 
amorphous structures of high porosity forming so called hydrated iron oxides (HIO) 
(Mercer and Tobiason 2008), which possess better possibility of metal ions sorption 
than crystalline oxides like goethite. HIO possess active sites for sorption of vario-

Figure 1.  
The scheme of a nanoparticle composed of a magnetic core and a coat
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us dissolved substances, mainly due to surface complexation and ligands exchange.  
It has been found, that adsorption of Cu(II) or Pb(II) ions on amorphous HIO is in-
dependent of ionic strength, while it increases with pH increase (Zhang et al. 2016a). 
Nano-iron hydroxide [α-FeO(OH)] is stable, mechanically resistant adsorbent of large 
specific surface, which enables adsorption of arsenic from waste and potable water 
(Klein and Pawlik 2012). ArsenXnp (SolmeteX Inc., Philadelphia, PA, US) is available 
on the market as a hybrid medium to ion exchange containing nanoparticles of iron 
oxide and polymers and is very efficient to arsenic removal (Gehrke et al. 2015). Due 
to its small size, recovery and separation of non-magnetic NTMs after wastewater 
treatment can be difficult to carry out.

There are numerous research on the use of nano-maghemite and magnetite to 
heavy metals sorption, including arsenic, chromium, selenium, lead and nickel from 
synthetic (model) and natural aqueous systems (Hu et al. 2006). Maghemite nano-
particles (10 nm) of surface 178 m2/g reveal selective adsorption on ions and fast 
process kinetics, what is confirm by negligible effect of co-ions, e.g. Na+, Ca2+, Mg2+, 
Cu2+, Ni2+, NO3−, and Cl− (Hu et al. 2006). The adsorption mechanism is related with 
electrostatic attraction and ion exchange. Akhbarizadeh et al. (2014) have investiga-
ted maghemite (γ-Fe2O3) nanoparticles as an adsorbent for removal of Cu(II), Ni(II), 
Mn(II), Cd(II) and Cr(VI) from solutions. pH of a solution plays very important role 
in adsorption of Ni(II), Mn(II) and Cd(II), for which alkaline conditions are preferable 
(pH range of 8.5–10), while in case of Cu(II) and Cr(VI) acidic pH is required (pH 
6.5 and 2.6). Nano-magnetite is also used to remove contaminants like Cr(VI), Cu(II), 
Zn(II) and As(III/V), Se(IV) (Hu et al. 2004), as well as methylene blue and dichlo-
rophenol from aqueous solutions (Mak and Chen 2004). The process mechanism of 
metals corresponds to monolayer adsorption according to Langmuir isotherm with 
maximum capacity equal 20–24 mg/g depending on metal type. Adsorption efficien-
cy is in following order: Cu (II) > Cr (VI) > Mn(II) > Ni(II) > Cd(II). The author have 
found that ionic radius and electronegativity play an important role in adsorption 
process. As it was already mentioned, the separation of magnetic adsorbent saturated 
with a metal from treated water could be easily obtained by the simple application of 
magnetic field (Hu et al. 2006).

Titanium dioxide TiO2 nanoparticles are biologically and chemically inert and 
have high oxidative potential and are usually used to photochemical degradation 
of organic contaminants (Anandan et al. 2009) and as the adsorbent for removal of 
heavy metals from water (George et al. 2016). For example nano-TiO2 modified with 
thioglycolic acid and immobilized on silica gel ad well as TiO2 nanotubes have been 
used as adsorbents to remove ions like Ni2+, Cd2+ and Pb2+ from water (George et al. 
2016), whereas TiO2 nanoparticles (Anatase) with activated carbon have been applied 
to remove Cr(VI) (Mani et al. 2015). As conventional semiconductor, TiO2 is most 
commonly used as a photocatalyst with high oxidation potential, often used at acti-
vation with sun light. Photocatalysis with TiO2 results in formation of highly reactive 
hydroxyl radicals (*OH), superoxide anions (O2−) and superoxides (O22−), which can 
decompose organic compounds at UV, visible or sun light radiation (Zhang et al. 
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2016b). Morphological structure, crystalline phase, structure damage, energy gap and 
hydrophilicity can be adjusted by change of TiO2 type, chain length or introduction 
of surface active agent to production process (Zhang et al. 2016b). Photocatalysis 
with nano-TiO2 is widely used in wastewater treatment to decompose and mineralize 
various contaminants and micropollutants like endocrine disruptors, cyanotoxins, an-
tibiotics, pesticides, dyes, polymers, phenolic contaminants, aldrin, polychlorinated 
bisphenols and other (Fagan et al. 2016) as well as in the deactivation of bacteria: 
Escherichia coli, Pseudomonas aeruginosa, Salmonella typhimurium and Enterobacter cloaca 
(Fagan et al. 2016).

Porous nano zinc oxide (n-ZnO) plates of pores diameter 5-20 nm and large speci-
fic surface (147 m2/g) have revealed strong and selective adsorption of cations of toxic 
metals (Wang et al. 2010), including Cu(II) with efficient >1600 mg/g. Such the high 
adsorption capacity results from the high number of polar active sites of nano-pla-
tes with bond hydrated Cu(II) ions by formation of Cu-O-Cu bonds on pores walls 
(Wang et al. 2010). n-ZnO can also effectively remove Cd(II) and Hg(II) ions with ma-
ximum capacity equal 387 and 714 mg/g, respectively (Sheela et al. 2012). Hydroxyl 
groups on n-ZnO surface have been found to play an important role in adsorption of 
various heavy metals. ZnO nanoparticles, next to TiO2, have been accepted as an ef-
ficient and promising photocatalysis to wastewater treatment. Photocatalytic features 
of nano-ZnO are comparable to TiO2 due to the fact, that its energy band is practically 
identical, while it is cheaper and adsorbs sun light in wider spectrum in comparison 
with other semiconductors made of metal oxides (Gomez-Solís et al. 2015).

For the removal od heavy metals other nano-metal oxides are used, mainly alum-
inum oxide (Zhang et al. 2008), manganese oxide (Madhura et al. 2018) and magne-
sium oxide (Tyagi et al. 2017).

Nanoadsorbents formed from metal oxide can be easily regenerated by solution 
pH change (Sharma et al. 2009). In many case adsorption capacity of metal oxides 
nanosorbents can be recovered even after several regeneration and reuse cycles (Hu 
et al. 2006). Relatively low costs of production of metal oxides based nanosorbents are 
also important. High adsorption ability, low cost, easy separation and regeneration 
make metal oxide based nanosorbents technologically and economically advantageo-
us. Thus, metal oxide nanoparticles are efficient and promising nano-adsorbents to 
removal of a wide range of toxic contaminants from wastewater (Madhura et al. 2018; 
Zhang et al. 2016b; Lu and Astruc 2018; Sarma et al. 2019; Runowski 2014).

Table 1 presents some example of performance of metal oxides nanoadsorbents 
(Zhang et al. 2016b; Adeleye et al. 2016).

Recently, information on the use of various metals nanoparticles, mainly iron, 
silver, gold, nickel, aluminum and zinc, to wastewater treatment (Madhura et al. 
2018) can be found in literature.

Zero valent iron (ZVI) is efficient substance to water treatment, especially zero 
valent nano-iron (nZVI). nZVI characterizes with high reactivity with a wide range of 
contaminants due to large specific surface and number of active sites as well as small 
particles size (Tosco et al. 2014) in comparison with regular ZVI. The research have 
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Table 1.  
Metal oxides for contaminant removal from water

Nano-adsorbent Nano-adsorbent properties Pollutant Removal efficiency

Goethite (α-FeOOH) Needlelike particles, length 200 
nm, with <50 nm, 50 m2/g

Cu(II)
F

100%
Capacity 59mg/g

Hematite (α-Fe2O3) Particle – 37 nm, 31.7 m2/g,
Dose 0.5g/L

Pb(II), Cd(II), Cu(II), 
Zn(II)

100% Pb(II) and Zn(II)
94% Cd(II), 89% Cu(II)

Maghemite (γ-Fe2O3) Particle – 10 nm, 198 m2/g
Particle – 10 nm, 178 m2/g

Cr(VI), Cu(II), Ni(II), 
Cr(VI)

Magnetite (Fe3O4) Particle – 10–20 nm Se(IV) Reduction to <5 μg/L

Hydrous ferric oxide 
(HFO) 148 m2/g F

Maximum capacity 6.71 mg F/g at pH 6.5; 
Capacity in column experiments  

3.26 mg/g HFO

Al2O3
Particle – 62–87 nm,  

178 m2/g
Pb(II), Cd(II), Cr(III), 
Co(II), Ni(II), Mn(II)

Maximum capacity of Cr(III), Cd(II) and 
Pb(II) in a mixture of six ion – 100.0, 
83.33 and 100.0 mg/g, respectively

TiO2 Particle – 8.3 nm, 185.5 m2/g
Pb(II), Cd(II), Cu(II), 

Ni(II), Zn(II), dye, 
micro-pollutants

Pb: 2.0 μmol/L(99.9%), 
Cd: 3.9 μmol/L (96.2%), 
Zn: 6.3 μmol/L (98.2%) i

ZnO Particle – 26 nm Zn(II), Cd(II), Hg(II)
Maximum capacity 357, 387,  

714 mg/g for Zn(II),
Cd(II), Hg(II);

ZrO2 – Cd(II) 215 mg/g

Fe3O4/SiO2
Fe3O4/SiO2/NH/Cs2Na

–
– Hg(II) 17 mg/g, 50%;

25 mg/g, 74%

TiO2-In2O3
TiO2 (P25)

TiO2

–
–
–

2-chlorophenol
17 mg/g, 26%/1.5 h;
58 mg/g, 68%/2 h;

248 mg/g, 99%/1.5 h;

Pt/TiO2
SiO2/ TiO2 fibers

–
– Rhodamine B 6.0 mg/g, 95%/5 h;

300 mg/g, 100%/2.7 h;

TiO2
TiO2 nanotubes

–
– Methylene blue 50 mg/g, 100%/0.75 h;

174 mg/g, 87%/0.67 h;

TiO2/SnO2
Ag/TiO2 

–
– Methyl orange 38 mg/g, 95%/12 min;

135 mg/g, 90%/0.8 h;

TiO2 – Chlorhexidine 3200 mg/g, 64%/1 h
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shown, that by the decrease of size of ZVI from microscale to nanoscale, the rate of 
removal of As(V) can be increased by three times (Xu et al. 2012). Additionally, nZVI 
surface can be easily modified, possesses excellent magnetic properties and high bio-
compatibility (Xu et al. 2012). nZVI nanoparticles possess core-coat structure with 
external layer of iron oxides and internal Fe0 core (Fig. 2). The iron hydroxide layer 
around Fe0 core has be found to be the strong adsorbent. Fe0 core can be oxidized to 
iron oxides in reaction with water, and next it can be transformed to as number of cor-
rosion products, including goethite (α-FeOOH), akageneite (β-FeOOH), lepidocrocite  
(γ-FeOOH), magnetite (Fe3O4), maghemite (γ-Fe2O3) or green siderite (FeCO3). The-
se corrosion products also reveal significant adsorption affinity to large amounts of 
contaminants (Fig. 2) (Xu et al. 2012).

nZVI are widely used as an adsorbent to contaminants removal. Hua et al. (2012) 
have shown complete removal of As(V) using adsorbent doses equal to 0.1, 0.2 and 
0.4 g/L of nZVI added to three different types of real wastewater. The research have 
also shown that As(V) adsorption occurs due to complexation at internal nZVI layer 
(Hua et al. 2012). It has also been found that many metals like Cd, Cr, etc. are also 
adsorbed by nZVI due to formation of complexes with internal part of nZVI (Yu 
et al. 2014). Some contaminants like As(III/V), U(VI), Se(VI) can decrease their oxi-
dation state by adsorption on nZVI surface. Crane et al. (2011) state, that U(VI) can 
be removed due to nZVI adsorption to concentration below 10 μg/L (>98% removal) 
within 2 hours, and it can be partially reduced to U(IV) at simultaneous oxidation of 
Fe. Li et al. (2014) have shown, that average adsorption capacity of Cu(II) on nZVI 

Figure 2.  
Core–shell structure of nZVI depicting various mechanisms for the removal 

of metals and chlorinated compounds (Li et al. 2010a)
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equals 343 mg/g due to reduction to metallic copper or cuprite (Cu2O). Ramos et al. 
(2009) have found, that As(V) or As(III) are partially reduced to As(0) after reac-
tion with nZVI. Additionally, As(III) forms As(0), As(III) and As(V) on nZVI surface, 
what means that during the reaction both, reduction and oxidation of As(III) occurs. 
Double redox function of nZVI is possible due to core-coat structure, as the core is 
the metallic iron of strong reduction tendency, while the external layer containing 
thin, amorphous iron hydroxide promotes coordination and oxidation. Despite above 
mentioned ions, nZVI can also remove phosphates (Wen et al. 2014), nitrates (Ryu 
et al. 2011), dyes (Fan et al. 2009) and antibiotics (Fang et al. 2011) due to mechanisms 
of physical adsorption, oxidation, reduction and co-precipitation.

Silver nanoparticles (NPs) are highly toxic to microorganisms, thus it is able to 
destruct fungi (Krishnaraj et al. 2012), bacteria (Kalhapure et al. 2015) and viruses 
(Borrego et al. 2016). Due to this feature Ag NPs are widely used to water disinfection 
also in point-of-use disinfection. Ag NPs sheets reveal efficient antibacterial effects 
to Enterococcus faecalis, Escherichia coli, deactivating bacteria cells during filtration.  
It has been found that Ag NPs interact with bacteria cell walls, next reach the cell 
interior and deform cell’s wall structure increasing its permeability (Sondi et al. 2004). 
During Ag NPs interaction with a cell free radicals can also be formed, thus bacteria 
cell wall is damaged and the cell dies (Sondi et al. 2004). Ag NPs have been efficien-
tly applied to wastewater treatment. The main disadvantage of this material is the 
formation of clusters in water by non-modified Ag NPs, what affects their antibac-
terial properties during long-term use (Li et al. 2011). On the other hand, systems 
integrating Ag NPs with membranes or filters are used to water disinfection due to 
the efficient antibacterial effect and low costs (Quang et al. 2013).

Zinc nanoparticles are found to be an alternative solution for Ag and Fe NPs 
(Bokare et al. 2013). With their highly negative standard reduction potential, Zn NPs 
are much stronger reducer than Fe NPs. Hence, the ability of contaminants degrada-
tion by Zn NPs is faster and more efficient. The use of Zn NPs is related with waste-
water dechlorination, degradation of carbon tetrachloride and octachlorodibenzo-p-
dioxin (Tratnyek et al. 2010). The degradation of the latter in wastewater have been 
investigated using four different metals nanoparticles, i.e. nickel, aluminum, iron 
and zinc. At optimum reaction condition the highest efficiency of octachlorodibenzo- 
p-dioxin have been reached with the use of zinc nanoparticles. 

1.2. Carbon based nanoadsorbents

Carbon based nano-adsorbents include carbon nanotubes (CNT), graphene and 
graphene oxide, fullerenes and carbon nitride. They characterize with large specific 
surface area, high thermal stability and ability to adsorb inorganic and organic conta-
minants (Ren and Smith 2013; Wang et al. 2012a). They usability to remove contami-
nants from water usually requires proper surface modification due to relatively poor 
interaction of ions (metals) and other substances with an adsorbent surface.
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Graphene is a layer of tightly packed carbon atoms, which are bond together in 
a honeycomb shape matrix (Fig. 3a), while as it is of a single atom thickness of ca. 
0.3 nm, it structure is simplified to 2D. It is an allotrope of carbon, built of planar 
atoms bond with strong sigma bonds of sp2 hybridization and of very short length 
(0,142 nm) (Cohen-Tanugi et al. 2014; Bodzek et al. 2020c). Graphene characterizes 
with large specific surface, which may be simply modified. Graphene oxide (GO) 
is a single-layer oxidized graphene with oxygen-containing functional groups, ma-
inly hydroxyl, carboxyl, carbonyl and epoxy ones (Fig. 3b) (Bodzek et al. 2020c). Re-
duced graphene oxide (RGO) possesses more defects and smaller conductivity than 
graphene, but its modification with various functional groups is easier (Bodzek et al. 
2020c). Thus, it characterizes with excellent hydrophilicity and better reactivity with 
a number of contaminants (Santhosh et al. 2016). The characteristic feature of GO/
RGO, due to the presence of oxygen atoms in functional groups, are easy electrostatic 
interactions with organic and inorganic contaminants. Adsorption at graphene-based 
nanomaterials may also run due to hydrophobic interactions and π-π, hydrogen or 
covalent bonds formation (Sarma et al. 2019). 

Graphene and its modified forms (GO/RGO) have been widely used to removal of 
such heavy metals like Pb(II), Zn(II), Cu(II), Cd(II), Hg(II) and As(III/V) (Sitko et al. 
2013). Wang et al. (2013a) have investigated the impact of pH, GO dose, presence of 
other ions and contact time on the efficiency of Zn(II) adsorption. The results have 
shown that optimum pH for Zn(II) removal equals 7.0 at relatively fast reaching of 
equilibrium with maximum adsorption capacity amounted to 246 mg/g. Madadrang 
et al. (2012) have found, that GO modification with EDTA allows for efficient ad-
sorption of Pb(II) due to its chelating properties. It has been shown, that adsorption 
capacity can obtain ca. 480 mg/g at pH 6.8, while the equilibrium is reached within 
20 minutes. Huang et al. (2011) have also discussed Pb (II) adsorption using oxidized 
and pure graphene sheets. In the design of composite adsorption materials, graphene 
and graphene oxides nanosheets can be combined with metal oxides to form adsor-
bents suitable to remove various contaminants from wastewater. Kumar et al. (2014) 
have used magnetic nanocomposite of GO with iron(II) manganite to efficient remo-
val of Pb(II) and As(III/V) from contaminated water. The maximum sorption capacity 

       

(b) 

(a) 

Figure 3.  
Two-dimensional model of graphene structure(a), graphene oxide (GO) model (b)
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has been established at 673 mg/g for Pb(II), 146 mg/g for As(III) and 207 mg/g for 
As(V). The advantage of the adsorbent, except for its high capacity, is its simple se-
paration in magnetic field. Ions of toxic metals like lead(II), zinc(II) and cadmium(II) 
have been removed from aquatic environment by means of adsorption with com-
posite material composed of graphene oxide/TiO2 (Lee et al. 2012). The efficiency of 
adsorption of lead(II), zinc(II) and cadmium(II has reached 65.6 mg/g, 88.9 mg/g and 
72.8 mg/g, respectively, at pH 5.6. The adsorption capacity of the composite material 
has been higher than in case of graphene oxide or titanium dioxide themselves. The 
results of the removal efficiency of various metals using GO based adsorbents are 
presented in Table 2 (Madadrang et al. 2012; Kumar et al. 2014; Lee et al. 2012; Hur 
et al. 2015; Nandi et al. 2013; Ozmen et al. 2010; Wang et al. 2013b; Hao et al. 2012; 
Sreeprasad et al. 2011).

Table 2.  
Graphene nanocomposites used in removal of metal ions 

Metal Graphene nanocomposite Adsorption efficiency (mg/g)

Cu(II)

Graphene oxide (GO)/Fe3O4

GO/Fe3O4/sulfanilic acid
GO/Fe3O4

GO/Mn-doped Fe(III)oxide

18.3
50.7–56.8

23.1
129.7

Pb(II)

GO/silica/Fe3O4

GO-MnFe2O4

GO/Fe3O4

TiO2/GO
GO-EDTA

333.3
673

299.4
65.6
479

Cd(II)
GO/silica/Fe3O4

GO/Mn-doped Fe(III)oxide
166.7

87.2

Hg(II)
GO/Fe3O4

MnO2/GNs
4.4

10.8

Except for metal ions removal, graphene-based adsorbents have also been inves-
tigated in regard to adsorption of anionic contaminants (e.g. fluorides, phosphates, 
perchlorates) (Sarma et al. 2019). Graphene was found to be a good adsorbent of 
fluoride with an adsorption capacity of up to 36.5 mg/g at pH 7.02 and 25°C (Li et al. 
2011). The mechanism of adsorption relies on the exchange of fluorides present in 
solution to hydroxyl ions present in adsorbent structure. Vasudevan and Lakshmi 
(2012) have performed systematic research on phosphates adsorption on graphene. 
The experimental results have shown that graphene adsorption capacity reaches 
89.37 mg/g. Zhang et al. (2011) have developed a hybrid composite of graphene-poly-
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pyrrole (Ppy) to remove perchlorates (ClO4−). The composite has characterized with 
higher perchlorates sorption capacity than single Ppy films, while the adsorption 
mechanism has relied only on ion exchange.

The adsorption of humic acids (HA) on GO, at maximum adsorption capacity 
amounted to 190 mg/g, what is much higher than the one of activated carbon (Harto-
no et al. 2009). The adsorption of some dyes (Liu et al. 2012) and antibiotics (tetracyc-
line, oxytetracycline and doxycycline) on GO were also studied and their efficiencies 
were also much higher than those of activated carbon (Yu et al. 2015). Their removal 
results are shown in Table 3 (Wang et al. 2012a; Gao et al. 2012; Liu et al. 2012; Zhang 
et al. 2013a; Xie et al. 2012; Fan et al. 2012; Bai et al. 2012; Bradder et al. 2010; Shi et al. 
2017; Pastrana-Martinez et al. 2012; Ma et al. 2015; Yu et al. 2015; Chen et al. 2015; 
Zhao et al. 2015; Ghadim et al. 2013; Lin et al. 2013). The adsorption mechanism of 
ionic dyes mainly involves electrostatic interaction and covalent bonding.

Carbon nanotubes (CNTs) are an allotropic variety of carbon whose walls are 
made of graphene (a one-atom layer of graphite) coiled into a tubular structure  

Table 3.  
Adsorption of organic contaminants using graphene based materials

Contaminant Graphene based nanocomposite Sorption capacity (mg/g)

Methylene blue

Polyethersulphone/GO
Fe3O4/GO

Sponge GO
RGO/CdS

RGO–MnFe2O4
GO
GNs

 62.5
167.2
397.0
94 (%)
92 (%)
351.0

154–204

Rhodamine B RGO–MnFe2O4
RGO/ZnO

92 (%)
–

Methylene violet GO sponge 467.0

Methylene orange Reduced GO–TiO2 –

Ciprofloxacin
Porous graphene hydrogel
KOH-activated graphene

Single layer GO

235.6
194.6
379.0

Tetracycline
TiO2-graphene sponge

GO
F–GO and MNPs

1,805.0,0
381.8
 39.1

Doxycycline F–GO and MNPs
GO

 35.5
398.4

Oxytetracycline GO
F–GO and MNPs

212.3
 45.0

Chlortetracycline F–GO and MNPs  42.6
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(Ahmad et al. 2012). Carbon nanotubes (CNT) are one of the most important mate-
rial, which has promoted research and development of nanotechnology. There are 
three types of CNTs: single-walled CNT (SWCNTs), multi-walled CNT (MWCNT) 
and composite CNT (CCNT, including functionalized FCNT) (Fig. 4) (Wang et al. 
2012a). SWCNTs consist of a coiled single graphene layer (Fig. 4b), while MWCNTs 
have multiple coaxially aligned graphene sheets (Fig. 4a). The diameter of SWCNTs 
ranges from a fraction to a few nanometers (0.3–2 nm), while MWCNTs range from 
a few to tens of nanometers (2–100 nm) (Bodzek et al. 2021b; Ahmad et al. 2012). 
The length of both types of nanotubes can reach micro- or even millimeter values, 
so the ratio of their length to diameter is remarkably high and is within 103–105, 
which allows them to be classified as one-dimensional objects. SWCNTs consist of 
two separate regions with different physical and chemical properties. The first is the 
sidewall of the nanotube and the second is the end cap (tip) of the tube (Ahmad et al. 
2012). High adsorption efficiency of CNT results mainly from large specific surface 
area and interactions with contaminants. In comparison with conventional granular 
or powdered activated carbon, CNT possess controlled pore size distribution and 
high ration of active surface to volume, what results in unique sorption efficiency. 
Functionalized CNTs are of great importance in adsorption (Fig. 4c). Functionaliza-
tion of CNTs with HNO3, H2SO4, HCl, H2O2, KMnO4, and/or NaOCl results in the 
introduction of oxygen functional groups attached to the sidewalls, cores, and ends 
of CNTs (Ren et al. 2011). The functionalization also aims to eliminate the dispersion 
of CNTs and facilitate the adsorption efficiency in the elimination of anaerobes from 
water or wastewater.

In CNT sorption takes place mainly due to physical interactions of non-polar 
compounds and chemical bonding of polar substances. The ability of sorption of 
CNT mainly depends on the type of an adsorbate and type of functional groups on 
the adsorbent surface, such as carboxylic, hydroxyl, phenolic and amine functional  

Figure 4.  
Structures of multi-walled (a), single-walled (b) and functionalized (c) carbon nanotubes  

(Lu and Astruc 2018; Das et al. 2014a)
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groups (Wang et al. 2008). On the other hand, the sorption ability is also observed for 
CNT, which are not functionalized, for example in removal of nonpolar polyaromatic 
hydrocarbons (Stafiej and Pyrzynska 2007). Strong sorption of many polar organic 
compounds results from various interactions of CNT with contaminants, including 
hydrophobic effect, π-π interactions, hydrogen and covalent bonding and electrostatic 
interactions (Yang and Xing 2010). π-electrons rich CNT surface allows for π-π bonds 
interactions with organic compounds containing C=C bonds or benzene rings, such 
as in case of polyaromatic hydrocarbons (PAHs) and polar aromatic compounds (Lin 
and Xing 2008). Organic compounds, which possess functional groups like -COOH, 
-OH, -NH2 may form hydrogen bonds with graphite CNT surface, which becomes 
an electron donor (Yao et al. 2011). Electrostatic attraction enables adsorption of or-
ganic compounds, which at suitable pH are positively charged, e.g. some antibiotics 
(Ji et al. 2009). Sorption effect of CNT is the highest at high pH in the range of 7 to 10.

CNT has been investigated in regard to removal of dyes from water and wastewa-
ter. For example multi-walled CNT impregnated with chitosan hydrogel have been 
used in research on the efficiency of removal of Congo red from aqueous solutions 
(Chatterjee et al. 2010) with adsorption efficiency of 423.1 mg/g at pH 4.0. Adsorption 
fit to Langmuir model and pseudo second order equation. Single-walled CNT has 
also been used to remove reactive Red 120 dye from textile wastewater in dependen-
ce on pH. At optimal pH = 5.0, adsorption capacity was equal to 426.5 mg/g. It has 
been also found that the dye adsorption efficiency increases with the adsorbent dose 
increase and reaches 882.84 mg/g at equilibrium contact time 180 min (Bazrafshan 
et al. 2013). The adsorption capacity of Procion MX-5B red dye during treatment of 
different types of industrial wastewater with multi-walled CNT has been investigated 
by Wu et al. (2007). The obtained results have shown that adsorption efficiency incre-
ase with temperature increase as mobility of dye particles increases, what confirms, 
that adsorption process is endothermic. At pH 6.5, the maximum adsorption equal 
to 20.93, 22.87, 27.20 and 30.53 mg/g has been reached at temperatures 281, 291, 301 
and 321 K, respectively. It has also been found, that Langmuir isotherm and pseudo 
second order kinetic model are suitable to describe this dye adsorption.

Promising results has been obtained in removal of natural organic matter (NOM) 
from aqueous solutions using multi-walled CNT due to adsorbent’s hydrophobicity 
(Hyung and Kim 2008). NOM in surface and groundwater undergoes ionization at 
pH range 3.0–9.0 and strong adsorption (2.5–50 mgC/L) at CNT surface is observed.

Adsorption of trihalomethanes, i.e. chloroform, dichlorobromomethane, dibro-
mochlomethane and bromoform has also been investigated in different water types 
using multi-walled CNT (Lu et al. 2005). It has been found that chloroform adsorption 
equilibrium has been reached fasted than ones of dichlorobromomethane, dibromo-
chloromethane and bromoform due to smaller size and easier permeation of pores 
interior. Additionally, it has been shown that the increase of temperature from 5 to 
35°C decreases the adsorption efficiency. At 5°C maximum adsorption capacity of 
chloroform, dichlorobromomethane, dibromochloromethane and bromoform has re-
ached 3,158; 2,016; 2,008 and 1,976 mg/g, respectively.
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Functionalized CNT reveal high adsorption capacity toward metal ions. Sur-
face functional groups of CNT (carboxylic, hydroxyl and phenolic ones) are main 
adsorption sited for metal ions, mainly due to electrostatic attraction and chemical 
bonding (Rao et al. 2007). Resulting surface oxidation may significantly increase ad-
sorption ability of CNT. A number of research show that CNT are much better ad-
sorbent than activated carbons in regard to heavy metals (Cu2+, Pb2+, Cd2+ and Zn2+) 
(Table 4) (Li et al. 2002 2003; Anitha et al. 2015; Lu and Liu 2006; Lu and Chiu 2006), 
and adsorption kinetic is higher for CNT due to easily accessible adsorption sites and 
short diffusion path to particle interior. Gupta et al. (2011a) has investigated removal 
of chromium(III) using multi-walled CNT, also containing ferric oxide nanoparticles, 
functionalized with carbonyl and hydroxy group. 

Table 4.  
Adsorption of heavy metal ions at different types of carbon nanotubes (CNT)

Metal ion Nanoadsorbent Adsorption efficiency

Pb(II)

CNTs(HNO3)
CNT-OH

CNT-CONH2

CNT-COO-
MWCNTs (HNO3)

49.95 mg/g at pH: 7.0
2.07 mmol/g

1.907 mmol/g
4 mmol/g

97.08 mg/g at pH: 5.0

Cd(II)
CNTs-COO-

CNT-OH
CNT-CONH2

3.325 mmol/g
1.513 mmol/g
1.563 mmol/g

Ni(II)
MWCNTs
SWCNTs

7.53 mg/g at pH: 7.0
9.22 mg/g at pH: 7.0

Zn(II)
MWCNTs
SWCNTs

43.66 and 32.68 mg/g

Cu(II)

CNTs
CNT-OH

CNT-CONH2

CNT-COO-

1.219 mmol/g
1.342 mmol/g
1.755 mmol/g
3.565 mmol/g

Regeneration is a very important feature, which determines the usability of adsor-
bents. Adsorption of metal ions at CNT is reversible process enabled by solution pH 
decrease. The recovery rate of a metal is usually above 90%, while at pH<2 it often 
reaches 100% (Li et al. 2005). Additionally, the sorption capacity is stable, even after 
regeneration. For example, adsorption capacity of Zn2+ ions indicated for SWCNT 
and MWCNT has decrease by 25% after 10 regeneration cycles and reuse of adsor-
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bent, while for activated carbon it has decreased by 50% already after first regenera-
tion cycle (Lu et al. 2007). 

Fullerene is an allotrope of carbon whose molecule consists of carbon atoms con-
nected by single and double bonds so as to form a closed or partially closed mesh, 
with fused rings of five to seven atoms (Yannoni et al. 1991; Kroto et al. 1985; Tycko 
et al. 1991). Fullerenes with a closed mesh topology are informally denoted by their 
empirical formula Cn, where n is the number of carbon atoms. Among several forms 
of fullerenes, fullerene C60 is the most common and best studied fullerene. C60 is 
a spherical molecule with the carbon atoms arranged at the vertices of a truncated 
icosahedron structure (Fig. 5) (Yannoni et al. 1991; Kroto et al. 1985; Tycko et al. 1991). 
There are other less stable forms such as C70, C76, C78, and C80 used in a multitude 
of biological and medical applications. 60 carbon atoms make up 20 six membered 
rings and 12 five-membered rings, composed of 60 vertices, all carbon atoms are 
equivalent (Yannoni et al. 1991; Kroto et al. 1985). Fullerene C60 is spherical, and the σ 
bond of C60 is different from sp2 hybrid σ bond in graphite and diamond sp3 hybrid 
bond. Fullerene C60 has strong antioxidant and antiviral activity and rich redox prop-
erties (Pan et al. 2020). C60 has a large surface area, are inexpensive, and has been 
used as an adsorbent for environmental remediation (Yang et al. 2006; Cheng et al. 
2005; Gupta and Saleh 2013). The π electrons present in the inner and outer spheres 
of fullerene interact with pollutants by π-π bonds. However, fullerenes have many 
advantages, the dispersion and solubility of fullerenes in solution are not very good. 
Therefore, the modification of fullerenes to obtain their derivatives for photocatalytic 
reaction received great attention (Pan et al. 2020).

Many types of contaminants in water, such as organic dyes and other organic pol-
lutants and heavy metal ions, have been widely studied by photocatalysis, with the 
application of fullerene-based photocatalysts and their derivatives (Pan et al. 2020). It 
has been found that the adsorption efficiency of organics by fullerenes is much higher 
than that of activated carbon or carbon black.

Bai et al. (2014) modified the fullerene with a hydroxyl group to obtain a polyhy-
droxy fullerene, and then combined with TiO2 to prepare a photocatalyst for removing 
the organic dye. For the conditions used, about 17% of 2-chlorophenol and 28% of 

Figure 5.  
Scheme presenting fullerene C60, C70, C78, C80
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“rose Bengal” were removed after 30 min of irradiation (Chae et al. 2014). Adsorption 
studies of polyaromatic compounds (pyrene, naphthalene, and phenanthrene) on C60 
were also carried out (Yang et al. 2006). It was also found that C60 adsorbs phenols 
(phenol 10%, 3,4-dimethylphenol 48%, 2-tert-butylphenol 54%, 2-isopropoxyphenol 
62% and 4-chlorophenol 45%) successfully, polyaromatic compounds (naphthalene 
22%, phenanthrene 37%, anthracene 42% and perylene 62%), and amines (methy-
lethylenediamine 10%, aniline 14% and 1,2-phenylenediamine 28%) (Ballesteros et al. 
2000). Cheng et al. (2005) investigated the absorption potential of naphthalene and 
1,2-dichlorobenzene (1,2-DCB) with nano-sized C60 fullerene aggregates. Pan et al. 
(2020) have found that adsorption of toulene was 99%, benzene 27–87% and nitro-
benzene 10%.

Composites of fullerene with other photocatalysts or polymers show higher ad-
sorption efficiency. Bai et al (2014) used a composite nanomaterial of fullerene C60 
and carbon nitride to degrade dye methylene blue and phenolic pollutants. Compa-
red with pure carbon nitride, the activity of the composite photocatalyst was drama-
tically improved after C60 modification. Long et al. (2009) studied C60-doped TiO2 
nano-rods and found that this photocatalyst had a high degradation efficiency (99%) 
for rhodamine B after 1.5 h of reaction. Ding et al. (2017) and Qi et al. (2016) also 
found that C60/TiO2 and C60-modified SnO2 composites have good degradation ef-
fect on organic dyes. Xu et. al. (2016a) found that C60/Ag3PO4 composites degraded 
acid red 18 (AR18) almost 3.5 times faster compared to the degradation rate of C60 
without modification, and the removal efficiency was 90%. Park et al. (2009) used 
water-soluble fullerol (C60(OH)x) to activation of titanium dioxide under visible light 
to prepare a composite catalyst, which had a good effect on reducing toxic Cr(VI) in 
water to less toxic Cr(III). Examples of photocatalytic applications of fullerenes in the 
degradation of organic pollutants are shown in Table 5.

Carbon nitride (C3N4) is a layered, stable, and polymeric metal-free material that 
has been discovered as a visible-light-response photocatalyst. With a suitable “for-
bidden band” energy value and high chemical and thermal stability, non-metallic 
polymeric graphitic carbon nitride with 2D structure (g-C3N4) is an important photo-
catalytic material for environmental and energy applications (Murugesan et al. 2019; 
Liu et al. 2020). Various strategies have been adopted to enhance the disinfection 
efficiency of pure g-C3N4. Due to its large adsorption surface area, graphitic carbon 
nitride g-C3N4 is a new class of photo-catalysts, which exhibits enhanced activity in 
water and wastewater treatment for a wide variety of synthetic toxic contaminants, 
including microorganisms (Hao et al. 2016; Belver et al. 2019).

The electron-rich surface of g-C3N4 selectively adsorbs cationic dyes (methylene 
dyes) because g-C3N4 behaves as a negatively charged surface in aqueous media (Liu 
et al. 2015). Zhang et al. (2016b) synthesized a g-C3N4 hydrogel (h-CN) and used it to 
adsorption of various cationic (MB, Azure B, Acriflavine, and Safranin O) and anionic 
(RhB, eosin Y, and MO) dyes. The h-CN selectively adsorbs cationic dyes with an 
adsorption efficiency of 99%, because the surface charge of h-CN (zeta potential), is 
much more negative (63.1 mV) than pure g-C3N4 (30–40 mV). Furthermore, it was 
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observed that the active surface area is much higher for h-CN (190 m2/g) than for 
pure g-C3N4 (approximately 50 m2/g). Chemically modified versions of g-C3N4 con-
taining oxygen functional groups (-OH, -COOH and -NO3) were also used to remove 
dyes from water (Liu et al. 2015; Kim et. al. 2016; Ming et al. 2014; Dong et al. 2014). 
The oxidized g-C3N4 shows better dispersion in aqueous media, which increases the 
efficiency of dye removal. Zhang et al. (2018) compared the adsorption capacity and 
photocatalytic remediation of g-C3N4, graphene aerogel-TiO2 (TiO2-GA) and g-C3N-
4-TiO2-GA nano-composite. The g-C3N4-TiO2-GA adsorbed 96.5% of the methylene 
blue dye from the aqueous environment with higher efficiency than the other compo-
sites (TiO2-GA and g-C3N4). The high adsorption potential of g-C3N4-TiO2-GA was 
attributed to the impregnation of g-C3N4, which increases the porosity and thus the 
adsorption of the material. Younis et al. (2016) investigated the removal of various 
dyes (methyl orange (MO), methylene blue (MB) and crystal violet (CV)), using CaO 
and g-C3N4 based nanocomposites They showed that the copolymer exhibited higher 
affinity towards MB adsorption (1915.8 µmol/g) than other adsorbents.

Zhu et al. (2017, 2018) studied the adsorption of heavy metal ions (e.g., Pb (II)) 
using g-C3N4. The higher adsorption capacity of g-C3N4 at higher pH may be at-
tributed to pH-dependent changes in surface charge. At low pH, due to the high 
concentration, H+ ions compete with heavy metal ions for active sites on the g-C3N4 

Table 5.  
Photocatalytic application of fullerene-based photocatalysts in organic pollutants

Photocatalyst Pollutant Effectiveness Amplification factor

TiNTs/C60 TiO2/C60 
TiO2/C60 TiO2/C60 

TiO2/C60

Isopropanol 
methyl orange

 methylene blue 
methylene blue

salicylic acid

99.9% (11 h)
–

 99.5% (1 h) 
99.9% (1 h) 

53 90% (2 h)

2 times than TiNTs
–
–

1.43 times than TiO2
1.63 times than TiO2

SiO2/C60
SiO2/C60

methyl orange
heptene

96% (25 min)
95% (100 min)

–
–

C3N4/C60 rhodamine B 97% (1 h) 1.8 times than C3N4 

BiOCl Bi2TiO4F2/C60 
Bi2TiO4F2/C60
Bi2MoO6/C60

rhodamine B
lignin 

Rhodamine B
bromate ions

99.7% (12 h)
–

90% (2 h) 1
92% (2 h)

9 times than BiOCl
–

5 times than Bi2TiO4F2
1.3 times than Bi2MoO6

LDO-AgCl/C60 Bisphenol A 90% (5 h) 2.17 times than LDO

WO3/TiO2/C60 methylene blue – –

Pt/TiO2/C60 methyl orange 80% (2 h) 1.63 times than TiO2 

Ag3PO4/C60 acid red 90% (1 h) 3.5 times than Ag3PO4

Fe2O3/C60 phenol 98.9% (80 min) –
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surface. In addition, the g-C3N4 surface assumes a positive charge because the free 
electron pairs act as proton acceptors and therefore repel heavy metal ions and have 
a reduced affinity for metal ions. However, at higher pH, a negative charge is formed 
on the surface of g-C3N4 and it effectively attracted positively charged metal ions, 
which are strongly adsorbed through electrostatic interactions.

Photocatalysis based on g-C3N4 in the presence of solar energy has been found to 
be extremely attractive for the degradation of a range of pharmaceutical chemicals, 
including antibiotics (Khan et al. 2018; Li et al. 2019; Chen et al. 2019). Deng et. al. 
(2018) described the degradation of ciprofloxacin using Ag- and P-doped g-C3N4 and 
coupled to the nanophotocatalyst BiVO4 under visible light irradiation. Degradation 
of ciprofloxacin was mainly caused by photogenerated electron holes and superoxide 
anions, with some contribution from hydroxyl radicals. Wang et al. (2018a) used poly-
ester fiber on g-C3N4 support and performed photodegradation of sulfonamide gro-
up antibiotics. Zhu et. al (2018) used Fe3O4/g-C3N4 photocatalyst to degrade several 
antibiotics such as tetracycline, ciprofloxacin, gatifloxacin, tetracycline hydrochloride 
and enrofloxacin hydrochloride. Also naproxen and diclofenac sodium were efficien-
tly degraded to CO2 and H2O using g-C3N4 based photocatalysts (Wang et al. 2018).

2. Membranes and membrane processes 

Membrane separation processes in recent decades have become one of the non-
conventional techniques used to solve fresh water scarcity issues from alternative 
resources (Madhura et al. 2018). In comparison with conventional water and waste-
water treatment processes, they are environmentally friendly and energy efficient. 
Moreover, they can be used in combination with conventional methods as well as sin-
gle stage processes (Bodzek 2019). Crucial features of membrane water treatment and 
water reclamation include high automation level, compact installation sizes, lower 
consumption of chemicals and module configuration enabling flexible design (Bo-
dzek 2019). Ideal membrane should characterize with controllable pore size, high hy-
draulic permeability, high selectivity and chemical resistance in wide pH range. The 
dependence between membrane selectivity and permeability is a serious challenge 
for membrane technologies exploitation. Membranes fouling and lifetime of membra-
nes themselves affect energy consumption and complicates design and exploitation 
of the overall treatment system (Bodzek 2019). The efficiency of membrane systems 
depends mainly on a membrane material and a membrane thickness as well as on 
membrane physicochemical properties.

Different membrane techniques like reverse osmosis (RO), nanofiltration (NF), 
ultrafiltration (UF), microfiltration (MF), electro-dialysis, membrane distillation an 
extraction, pervaporation, capacitive deionization and forward osmosis (FO) can be 
used to water and wastewater treatment (Bodzek 2019; Elimelech and Phillip 2011). 
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Despite relatively good recognition and advantageous features of water and wa-
stewater treatment, including operational costs, environmental impact and limited 
possibilities of water pretreatment as well as used membrane recovery, the growing 
interest in development and modification of these processes is observed (Miller et al. 
2014). The crucial area of research in membrane water and wastewater treatment is 
focused on the development of novel, semipermeable membranes of improved sepa-
ration efficiency and antifouling character (Elimelech and Phillip 2011; Qu et al. 2013). 
The next generation of membranes should met requirements of treatment of specific 
water types by their proper design, what includes structure, hydrophilicity, porosity, 
charge and thermal and mechanical stabilities as well as introduction of novel featu-
res like antibacterial and photocatalytic properties, which allow for the decrease of 
cleaning frequencies and elongate membrane lifetime (Bodzek et al. 2021b).

2.1. Conventional and novel membrane materials

Currently, most membrane techniques use film composite (TFC) membranes 
with of polyamide (PA) skin layer. Typical TFC membrane comprises of three lay-
ers (Fig. 6): dense, polyamide retention layer (skin/active layer), porous support 
usually made of polysulphone (PSF) or polyethersulphone (PES) and non-woven 
fabric for mechanical stability enhancement. Different methods of optimization of 
structure and chemical nature of TFC polyamide membranes are used in order to 
increase their separation efficiency and anti-fouling properties. Typical methods 
cover change of type and concentration of monomer during interfacial polymeriza-
tion (IP), modification of a membrane surface and final processing of manufactured 
membrane (Feng et al. 2014; Arena et al. 2011). However, many of these methods 
allows for insignificant improvement of separation properties, while permeability 
of water of currently used TFC membranes remains relatively low. Except for that, 
other disadvantages of commercial TFC membranes are low selectivity and high af-
finity to fouling (Matin et al. 2011) as well as mechanical and chemical instability  
(Lee et al. 2011). 

Figure 6.  
The schemes of structures of thin film composite (TFC) membrane and thin film nanocomposite (TFN) membrane
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The significant improvement of TFC membrane, developed in 2007, relied on in-
troduction of porous zeolite nano-particles (NaA) of pore size about 0.4 nm to PA 
skin layer during IP process (Dong et al. 2016). In the membrane structure, which was 
named as thin film nano-composite (TFC), porous zeolite nano-particles assured pref-
erable water transportation pathways, lowered hydraulic resistance and influenced 
on retention of dissolved salts. In Figure 6 the structures of thin film composite (TFC) 
membrane and thin film nano-composite membrane (TFN) are compared (Bodzek 
et al. 2021b).

In recent years the growing interest in the use of nano-materials to development 
of next generation of membranes (TFN) of advanced antifouling and anti-scaling 
properties for water and wastewater treatment has been observed (Altintas et al. 2016; 
Werber et al. 2016; Song et al. 2018; Anand et al. 2018; Shen et al. 2014; Hinds et al. 
2004; Manawi et al. 2016; Goh et al. 2016). Significant improvements of TFC semi-per-
meable composite membranes in use today, involve the incorporation of nano-partic-
les into the polymeric or ceramic active layer (Jeong et al. 2007) which allows for im-
provement of membrane structure and efficiencies. The most popular materials used 
for membrane modifications are: zeolites, metals, metal oxides, silica, and carbon
-based materials (Song et al. 2018; Anand et al. 2018), i.e. graphene, graphene oxide 
and nanotubes (CNT) (Hinds et al. 2004; Manawi et al. 2016). In the TFN membrane 
structure, nano-particles provide preferential pathways for water transport, lower hy-
draulic resistance and higher dissolved salt retention. The production of membranes 
with nano-particles is based either on introduction of nano-materials to active layer 
of TFC membranes by means surface modification method or on their introduction to 
membrane matrix during phase inversion production process (Madhura et al. 2018; 
Qu et al. 2013).

2.2. Membranes with zeolites  
and metal/metal oxides nanoparticles

Nano-zeolites are the most often used in TFN membrane preparation, as they 
allow for formation of more permeable, negatively charged and thicker active layer 
of polyamide (Lind et al. 2009), large specific surface, hydrothermal stability and 
high number of micropores. The permeability of TFN membranes containing zeolite 
is almost twice as high as the one of conventional TFC membranes (without zeolite), 
because the small, hydrophilic pores of the nano-zeolite create preferential channels 
for water transport. Moreover, NaCl retention coefficient remains unchanged i.e. 94% 
(Dong et al. 2016). Nano-zeolites have also been used as antibacterial substances car-
riers, including Ag+ ions, which give antifouling properties to a membrane (Dong 
et al. 2016). The addition of zeolite nano-particles can be simply adapted to exist-
ing membranes manufacturing lines, which are originally designed to production 
of polyamide TFC membranes (Qu et al. 2013). Hence, TFN membranes with zeolite 
have gained early commercialization stage (e.g. zeolite based membranes LG Nano-
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H2O®). QuantumFlux TFN membranes for seawater desalination by RO method are 
also available on the market (Qu et al. 2013).

Nano-silica is material of narrow particles pore size distribution and large specific 
surface. Its introduction to a membrane structure improves membrane lifetime and 
chemical resistance. Kebria et al. (2015) have prepared TFN NF membranes by adding 
nano-SiO2 to membrane casting solution. The water flux has equaled 13.3 L/m2·h,  
but the removal of crystal violet have slightly decreased in comparison with the 
reference membrane. Yin et al. (2012) have found that by using mesoporous SiO2 
particles of pore size up to 3 nm, TFN membranes of increased water flux can be ob-
tained, whereas the retention remains unchanged compared to reference TFC mem-
branes. Composite UF membranes made of polyvinylidene fluoride and polysulfone 
(PES) containing nano-SiO2 are highly stable at high temperature and more selective 
in water treatment (Yu et al. 2009; Ahn et al. 2008). 

The incorporation of nano-titanium dioxide (TiO2) nanoparticles into TFC mem-
branes improves the antibacterial, anti-fouling, and photocatalytic properties, as well 
as membrane permeability, and NaCl retention from 70% to 84% (Mollahosseini and 
Rahimpour 2014; Lee et al. 2008a). When the concentration of nano-TiO2 exceeds 
5 wt%, the permeate/water flux increases at the expense of reduced retention, sug-
gesting the formation of defects in the active layer. After UV irradiation, TFN mem-
branes containing nano-TiO2 can degrade organic substances and inactivate micro-
organisms, which reduces organic and biological fouling. Kowalik-Klimczak et al. 
(2018) have presented results of the research on the modification of PA membranes 
with the use of TiO2 and ZnO nano-particles, in order to make the membranes resis-
tant to biofouling. Modified membranes with nano-ZnO reveal stronger antibacterial 
properties than membranes modified with nano-TiO2. Hoseinin et al. (2017) have 
used TiO2 nano-particles containing different amounts of cobalt (12–15 nm) to pre-
pare photocatalytic membranes made of PES by means of phase inversion. Permeabil-
ity tests have confirmed, that the addition of TiO2 nano-particles containing 1.34 wt.% 
Co to PES matrix improves 2,4-dichlorophenol degradation and permeate flux. The 
best separation results (flux: 7.62 L/m2h and retention: 96.62%) have been reached 
for a membrane containing 1wt.% of Co/TiO2 nano-particles (1.34 wt.%), which has 
been radiated with visible light. Esfahani et al. (2015) have investigated properties of 
UF membrane made of PSF with admixture of nano-TiO2 and single-walled CNTs. 
The results have shown that the membrane changes its properties in dependence 
of the amount of introduced nano-particles. When the ration of nano-TiO2 and sin-
gle-walled CNTs equals 1:1 (1 wt.% in total), the obtained membrane characterizes 
with the highest permeability, the highest humic acid retention coefficient and anti-
fouling character.

Zinc oxide (ZnO) is one of very important photocatalyst and antibacterial mate-
rial. Advantageous features of nano-ZnO are low costs and high surface to volume 
ratio. Due to these characteristics, it is used in modification of TFC membranes. More-
over, introduction of nano-ZnO to a membrane matrix may solve fouling of the mem-
branes (Madhura et al. 2018). The recent research have shown that UF membranes 
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made of a mixture of ZnO nano-particles and PVC characterize with higher hydro-
philicity, what results in high water flux (Rabiee et al. 2015). Composite hollow fiber 
NF membranes have been modified by introducing ZnO nano-spheres to poly(pip-
erazyn-amide) layer during interfacial polymerization (Li et al. 2016), which reduces 
agglomeration of nano-particles and improves dispersion. The results have shown 
that modified membranes of low concentration of ZnO nano-spheres (1.5 wt.%) have 
characterized with higher flux (33.8 L/m2·h) and good retention of MgSO4 (92.2%). 
ZnO nano-spheres have also allowed for better resistance of NF composite membrane 
to chlorine in regard to reference membrane, which have not contained ZnO. Nov-
el composite membranes composed of chitosan/ZnO nano-particles (CS/nano-ZnO) 
have been prepared by casting of solution containing all components, whereas na-
no-ZnO have been disperses in chitosan matrix (Li et al. 2010b). The results of the 
research have shown that nano-ZnO influences on mechanical properties of CS/na-
no-ZnO membrane and antibacterial resistance of membranes containing 6–10 wt.% 
of ZnO toward Bacillus subtilis, Escherichia coli and Staphylococcus aureus is significant-
ly improved.

Membranes made of nano-ferric oxide and mixed polymers, i.e. PES and polyani-
line nanoparticles have been prepared using phase inversion method and the amount 
of nano-particles has been changed (Madhura et al. 2018). It has been noticed, that 
membrane containing 0.1wt.% of nano-particles reveals the maximum removal of 
cupper(II) at the lowest pure water flux. It is caused by the fact, that nano-parti-
cles placed in surface pores of a membrane during its preparation block the pores 
entrance. The research with scanning electron microscope and atomic force micro-
scope have showed, that separation mechanism is based on adsorption. Szymański 
et al. (2018), by using wet phase inversion method, have prepared PES membranes 
modified with nano-particles of Fe3O4–trisodium citrate (FeCTNC). It has been found 
that the addition of 1 and 2 wt.% of FeCTNC results in the maximum permeate flux 
obtained during UF of pure water in refer to results obtained for non-modified mem-
brane. The analysis of fouling in BSA presence have shown, that membranes modi-
fied with 1 and 3 wt.% of FeCTNC characterize with much improved permeate flux 
in reference to non-modified membranes. In case of membranes modified with higher 
amount of FeCTNC (4 wt.%) the significant fouling has been observed. 

Nano-particles and ions of silver are used to modification of membranes and bio-
fouling prevention (Maheswari et al. 2012). Such the effect is obtained due to release 
of Ag+ ions and generation of products containing reactive oxygen species (Zhang 
et al. 2016c). Ben-Sasson et al. (2014) have presented a novel method of introduction 
of Ag nano-particles on the surface of TFC RO membrane. The reaction of silver salt 
with a reducer on a membrane has resulted in uniform and irreversible coating of 
the surface with Ag nano-particles. Retention of salts as well as surface roughness, 
hydrophilicity and zeta potential have remained unchanged after Ag nano-particles 
introduction, while slight decrease in permeability (to 17%) has been observed. The 
layer of nano-particles formed at the membrane surface has resulted in strong anti-
bacterial properties, what has been confirmed by 75% reduction of amount of three 
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species of model bacteria attached to the surface. Yang (2009) has proposed modi-
fication of RO membrane surface as well as spacers in the membrane module with 
nano-Ag layer. Modified membranes and spacers have been tested in regard to their 
antifouling properties in flat sheet module operated. The obtained results have shown 
that flux decrease during filtration has been much lower in case of coated membrane 
than in case of non-modified one, while the retention of salts has been slightly higher. 
Additionally, the antibacterial effect of membranes coated with Ag has been obtained 
and neither on the membrane nor on spacer any growth of bacteria has been detected, 
while bacteria cells attached to the membrane has been quickly deactivated.

Zodrow (2009) has introduced silver nano-particles to the UF membrane made of 
PSF (nAg-PSF) in order to make the membrane efficiently resistant to wide range of 
bacteria, including Escherichia coli K12, Pseudomonas mendocina KR1 and bacteriopha-
ges MS2. The introduced nano-silver has also increased the membrane’s hydrophilici-
ty making it less susceptible to another type of fouling. Antibacterial UF membranes 
made of PSF have been prepared by introduction of different silver nano-particles to 
the casting solution (Mollahosseini et al. 2012). Additionally, SEM analysis has also 
shown, that addition of silver nano-particles causes decrease of pores entrance. The 
filtration of bacteria containing solution has showed that membrane with smaller 
silver nano-particles possesses better antibacterial activity. Mozia et al. (2018) have 
investigated the impact of titanate nanotubes modified with silver (Ag/TNT) on trans-
port and antibacterial properties of UF membranes made of PES formed by means 
of wet phase inversion method. In order to determine antibacterial efficiency of Ag/
TNT the research with Escherichia coli and Staphylococcus epidermidis used as model 
bacteria has been carried out. The highest antibacterial activity and permeability have 
been revealed by membranes containing 11. 13 wt.% of Ag, whereas for non-modified 
membranes any zone of antibacterial activity has not been observed. In order to mini-
mize biofouling, MF membranes made of PES has been modified by silver nano-par-
ticles (AgNps) (Ferreira et al. 2015). Antibacterial properties have been analyzed in 
refer to Pseudomonas fluorescens with 20-30% limitation of activity of microorganisms. 
Also bacteria of coli group removal rates have been established at 99.9 and 99.999% 
for non-modified and modified membranes, respectively.

2.3. Membranes made of carbon-based nano-materials

Membranes made of carbon-based nano-materials i.e. carbon nanotubes (CNT) 
(Das et al. 2014b; Goh et al. 2013; Tian et al. 2015), graphene based nanomaterials 
(Goh and Ismail 2015; Akin et al. 2014), i.e. nanoporous graphene (NPG) (Goh and 
Ismail 2015; Akin et al. 2014; Surwade et al. 2015; Cohen-Tanugi and Grossman 2015) 
and graphene oxide (GO) (Wang et al. 2016; Hu and Mi 2013) are possess huge po-
tential in sustainable development of membrane technologies, especially in regard to 
desalination and water and wastewater treatment. They have also been found to be 
very promising membrane materials, due to their unique and advantageous features 
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like water transport rate through films containing CNT, NPG and GO (Bodzek et al. 
2020c; Holt et al. 2006; Abraham et al. 2017). Retention properties of films containing 
carbon based nano-materials are strongly dependent on size of channels to water 
transport as well as on chemical modifications (e.g. presence of functional groups) 
(Holt et al. 2006; Abraham et al. 2017). Unique hybridization features of carbon based 
nano-materials enable preparation of membranes for different separation processes. 
Novel composite membranes to desalination and water and wastewater treatment 
made of CNT, NPG and GO can be divided into two categories (Bodzek et al. 2020c):

 y Membranes made only of CNT, GO or NPG, known also as freestanding,
 y Polymeric membranes modified with CNT, GO or NPG.

In the first group nano-material is directly used as a separation layer, while in the 
second it is used to modification of membrane surface or nano-particles are introdu-
ced to polymeric matrix.

Freestanding membranes made of GO/NPG may be described as a set of nano- 
-sheets, which are arranges in a series of layers, packed and situated one on another 
and properly distanced from each other (Miller et al. 2014). Water/solvent molecu-
les are transported through neighbour hooding nano-channels, while dissolved sub-
stances are retained. The effective thickness of one nano-sheet of GO/NPG equals 
0.5 nm, while the site thickness may vary from hundreds of nanometres to dozens of 
micrometres (Hu and Mi 2013). Freestanding GO/NPG membranes are flexible and 
mechanically stable (Smith et al. 2019; You et al. 2016; Nair et al. 2012). The water 
permeability and selectivity of “free-standing” membranes depend on the GO/NPG 
nanostructure. i.e. the pore size of NPG and the spacing between GO sheets (Bodzek 
et al. 2020b,c), whereby increasing the porosity and distances between nano-sheets 
can increase the permeability of GO/NPG membranes. The spacing between nano- 
-sheets can be increased when immersed in a polar liquid (e.g., NaOH), but also 
decreased by reducing GO or by covalently bonding GO sheets to small-molecule 
compounds (Yuan et al. 2017). For example, GO membrane after carboxylation with 
glycine (GO-COOH) reveals higher retention of salt and permeability as negative 
GO-COOH surface favours electrostatic repulsion, characterizes with increase hy-
drophilicity and higher number of channels for water transport (Yuan et al. 2017). 
Hydroxyl and epoxy functional groups attached to GO/NPG nanosheets have also 
been shown to be responsible for maintaining sheet spacing (Bodzek et al. 2020b,c). 
“Free-standing” membranes made of GO, approximately 10 nm thick, can be used 
in water desalination with 100% salt retention, whereas water permeation is twice as 
high as one observed for commercial RO membrane (Song et al. 2018; Nicolaï et al. 
2014). Table 6 shows examples of the characteristics and performance of free-standing 
GO/NPG membranes (Bodzek and Konieczny 2021). 

Xu et al. (2013) have use vacuum filtration technique to form GO/TiO2 membranes 
by introduction of TiO2 nano-particles between GO nano-sheets. It has been found 
that TiO2 nano-particles interact with GO nano-sheets what finally elongates distance 
between nano-sheets and enlarges channels dedicated to water transport through 
the membrane. GO-TiO2 nanofiltration membranes have characterize with complete 
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retention of methyl and rhodamine B what confirms they usability to removal of dyes 
from water.

Two main types of carbon nanotube (CNT) freestanding membranes may be di-
stinguished, i.e. isoporous and buckypaper ones (Sears et al. 2010). The main advan-
tages of such CNT membranes are the presence of very large porous 3D net and large 
specific surface.

Iso-porous CNT membranes form vertically aligned cylindrical pores in an im-
permeable matrix (e.g., polymer film), and fluid flow occurs only through the hollow 
interiors of the CNTs (Hinds et al. 2004). They have fluid flux 2–3 orders of magni-
tude higher than the one resulted from fluids flow theory. It has also been noted 
that CNT selectivity and fluids flow control through CNT pores may be increased 
by CNT edges functionalization (Sears et al. 2010). Holt et al. (2006) have examined 
isoporous CNT membranes of pore size 2 nm and they have stated that water flux 
is three orders of magnitude higher than the value predicted by hydrodynamic mo-
del and several times higher than the one determined for polycarbonate commercial 
membranes. Hummer et al. (2001) have shown that the chain of water particles may 
permeate fast, frictionless through CNT, what results from hydrogen bonds present 
in water particles chain, which are introduced to hydrophobic interior of CNT, while 
interactions between carbon and water particles occurring inside CNT are insignifi-
cant. Thomas and McGaughey (2009) have been found, that increase of CNT diame-
ter from 0.66 to 0.93 nm decreases retention ions from 100 to 95%. Baek et al. (2014) 
prepared iso-porous membranes by incorporating CNTs, with a pore diameter of 

Table 6.  
Effectiveness of GO/NPG free-standing membranes (Bodzek and Konieczny 2021)

Membrane type Process/ conditions Flux Retention

GO/PAA/PAN NF/5 bar 0,84 L/m2hbar 43,2% Na+, 92,6% Mg2+

GO/PSF NF/3,4 bar 27,6 L/m2hbar 46% Na2SO4, 93–95% rhodamine

GO-COOH NF/1,5 MPa – 48,2% NaCl, 91,3% Na2SO4

GO-PAN nano-fibres NF/1-3 bar 2 L/m2hbar 56,7% Na2SO4, 100% Kongo red

GO on various matrix NF/5 bar 21,8 L/m2hbar >99% dyes, ~20–60% salts

GO/PVDF UF 80–100 L/m2hbar Natural organic matter

Nanoporous graphene RO/17 kPa 106 g/m2s ~100% monovalent ions

PAA – polyallamine; PAN – polyacrylonitrile; PSF – polysulfone, PVDF – poly(vinylidene fluoride).
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4.8 nm, into a polymeric epoxy matrix. The modified membrane had almost 3 times 
higher performance compared to commercial UF membranes with similar retention 
(78% and 82%, respectively). The modified membranes showed better bioresistance 
and bacterial reduction (approximately 2 log) than the control UF membrane.

“Bucky paper” CNT membranes can be described as the random distributed 
CNTs in a non-woven paper-like structure (Sears et al. 2010). In BP-CNT membra-
nes, CNTs are hold by means of Van der Waals forces, which are responsible for 
strong aggregation of CNTs, thus they form coherent structure of high specific surface 
arranged in a large 3D lattice. Peng et al. (2007) created “free-standing” CNT mem-
branes using vacuum filtration of a suspension of oxidized SWCNTs through a poly-
carbonate membrane. After immersion in ethanol, the ultra-thin films were removed 
from polycarbonate (PC) support to form CNT membranes with average thicknesses 
of tens to hundreds of nm. Dumée et al. (2010, 2011) have prepared freestanding 
CNT membranes to direct contact membrane distillation (DCMD). They have cha-
racterized with higher porosity (90%), hydrophobicity (contact angle 113°), heat flux 
(2.7 kW/m2h) and salt retention equal 99% and distillate flux 12 kg/m2h (seawater 
35 g NaCl/L) in comparison with polytetrafluoroethylene (PTFE) membrane. Bhadra 
et al. (2013) have used MWCNTs functionalized with –COOH groups to preparation 
of freestanding CNT membrane dedicated to membrane distillation (MD). The use of 
MWCNTs with carboxylic groups increases polarity and interaction between mem-
brane surface and water vapor, what results in the increase of desalination. Distillate 
flux equal 19.2 kg/m2h measured for MWCNT membrane is higher than the one ob-
tained for conventional membranes made of PVDF. 

A modification of polymeric membranes may be made by introduction of a nano-
-material either to a membrane’s surface or to casting solution followed by membrane 
formation from the mixture of a polymer and a nano-material (Bodzek et al. 2020c).

Modification of a membrane surface may be performed by direct introduction 
of nano-material by means of layer by layer method, vacuum filtration (Wang et al. 
2016; Hu and Mi 2014) or interfacial polymerization (IC) with TFC membrane sur-
face resulting in formation of TFN membrane (Yang et al. 2018). Nano-material can 
also be bundled with membrane surface by means of covalent (Perreault et al. 2014), 
electrostatic (Choi et al. 2013) or coordination bonding. Modification of polymeric or 
ceramic membrane surface using graphene and its derivatives may improve mem-
brane properties, including antifouling and antibacterial ones (Liu et al. 2011). Addi-
tionally, membranes with modified surface are more resistant to chlorine, while the 
effectiveness of membrane process is maintained. Modification of membrane surface 
requires relatively low amount of nano-material, what is economically beneficial and 
limits the impact of nano-material production on environment.

Membranes from PAN containing GO show high retention of dyes (about 100% 
for Congo red) and moderate retention of divalent ions (about 56.7% for Na2SO4), 
and water permeability approximately 2 L/m2hbar (Wang et al. 2016). Similarly, PSF 
membrane containing covalently bounded GO nanosheets had water permeabilities 
ranging from 8 to 27.6 L/m2hbar, with relatively low retention of mono- and divalent 
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ions (6-46%) and high retention of dyes (93–95%) (Xu et al. 2016b). On the other hand, 
ceramic membranes made of alumina coated with polydopamine and containing GO 
on the surface showed a high capacity of 48.4 l/m2h, with a NaCl retention of 99.7% 
(Hu and Mi 2013). Carboxylic and amine groups on GO surface are responsible for 
negative charge of GO particles dispersed in water. Kim et al. (2013) have coated 
membrane surface with negatively charged GO nano-particles and next deposited 
positively charged functionalized with amine groups GO layer on the negative layer. 
The modified membrane has revealed high water flux equal to 28 L/m2·h and 98% 
retention of salt. Choi et al. (2013) have modified polyamide (PA) membrane surface 
with GO and amine functionalized GO (aGO) nano-sheets. The modified membrane 
has shown good resistance to chlorine degradation due to the presence of protec-
tive GO layer on PA membrane surface. Also, the resistance to fouling of modified 
membrane has significantly increase and the flux has been 10% higher, while NaCl 
retention measured during filtration of water solution containing 2,000 mg/L of salt 
has decreased by 0.7%.

One of the main issue in membrane exploitation to water treatment is fouling, 
which significantly limits the wide use of membrane technologies. NPG and GO re-
veal ability to inactivate bacteria in direct contact with their cells (Lee et al. 2008b; 
Liang et al. 2009), by initiation of physical damage of cell’s membrane (Liu et al. 
2011) followed by eventual extraction of lipids out of the cell (Tu et al. 2013). Per-
reault et al. (2014) have investigated the impact of modification of membrane with 
GO to improve the antibacterial features of thin film composite (TFC) membranes 
made of PA. GO nano-sheets have been bonded with membrane surface using am-
ide and carboxylic groups interactions. It has been shown that 65% of E.Coli cells 
becomes deactivated during direct contact with the membrane within 1 hour. Such 
the antibacterial behaviour of the modified membrane does not cause any loses in its 
transport properties. Sun et al. (2015) have presented research describing prepara-
tion of composite membranes made of CA modified with graphene containing silver 
nano-particles (GO-AgNP) of anti-biofouling properties. Composite GO-AgNP mem-
branes efficiently prevent bacteria growth and formation of biofilm on the membrane 
surface causing 86% Escherichia coli inactivation after 2 hours contact the membrane. 
Ma et al. (2017) have introduced copper nano-particles (CuNPs) on polyamide RO 
membrane in order to decrease its biofouling. Zhang et al. (2013a) have connected 
GO with oxidized CNT to modify PVDF membrane. Modified GO-CNT membrane 
has shown much higher hydrophilicity and antifouling properties than membranes 
modified only with GO or only with CNT. Water flux of membranes modified with 
GO and CNT in weight ratio equal 1:1 has been increased by 252% in comparison 
with PVDF reference membrane.

Due to difficulties with preparation of membranes containing vertically oriented 
CNT, many researchers have focused on preparation of TFN membranes based on CNT, 
in which CNT are introduced to retention layer (e.g. during IP of polyamide) (Xue 
et al. 2016; Chan et al. 2016). As CNT are hydrophobic and non-reactive, what often 
causes incompatibility with polymeric matrices, a number of methods of chemical 
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or physical modification have been developed to improve CNT dispersion in coat-
ing solution (Park et al. 2010). Among them the use of an acid is found to be the 
most efficient method as it allows to form hydroxyl (-OH) and carboxylic (-COOH) 
groups at CNT ends making them more hydrophilic and more reactive (Balasubra-
manian and Burghard 2005). Functionalized CNT may be next introduced to thin 
skin layer made of polyamide (Xue et al. 2016), what may significantly influence 
on physico-chemical properties of membranes (e.g. hydrophilicity, porosity, charge 
density and additional water channels) (Yin et al. 2015). A number of research 
have also shown that TFN membranes based on CNT characterize with improved 
antifouling properties (Manawi et al. 2016) as CNT possess strong antibacterial  
properties.

Chan et al. (2013) have introduced positively and negatively charged CNT using 
vacuum filtration to produce high quality RO membranes. The obtained CNT con-
taining membranes have characterized with four times higher water permeability 
(1.3 L/m2·h·bar for TFN vs. 0.3 L/m2·h·bar for TFC) and retention almost identical 
than non-modified membranes (98.6% for TFN vs 97.6% for TFC). Xue et al. (2016) 
have functionalized MWCNTs with three different functional groups, i.e. carboxylic 
(-COOH), hydroxyl (-OH) and amine (-NH2) ones, and next they prepared TFN mem-
branes. At the optimum concentration 0.01% of MWCNT, all membranes have revealed 
higher permeability of pure water and higher retention of salts. Among three types of 
MWCNTs membranes, TFN MWCNT-OH membrane has revealed the highest water 
flux and Na2SO4 retention equal to 41.4 L/m2·h and 97,6%, respectively. Amini et al. 
(2013) have modified TFC PA membrane surface with MWCNTs functionalized with 
amine (0.01, 0.05 and 0.1%) using IP technique. The high retention of salt and water 
permeability have been observed during testing of modified membranes in forward 
osmosis (FO) process with 10 mM NaCl solution as a feed and 2 M NaCl solution as 
a draw solution. It has been found that permeate flux of modified membrane is 160% 
higher than the one of conventional TFC membrane.

The most widely used method to introduction of carbon nanomaterials into the 
polymer membrane matrix is the phase inversion process (Bodzek et al. 2020b, c, 
2021b). The wet phase inversion method is mainly used to obtain ultrafiltration or 
microfiltration membranes, while the dry phase inversion method is used for nanofil-
tration and RO membranes. The introduction of carbon nano-materials to polymeric 
membrane matrix influences on its structure and antibacterial properties as well as 
hydrophilicity, retention and mechanical strength (Zhang et al. 2013b; Ganesh et al. 
2013; Zhao et al. 2013a, b; Aba et al. 2015; Chung et al. 2017; Lee et al. 2013; Yu et al. 
2013; Xu et al. 2014). In comparison with conventional membranes (without nano-ma-
terial), surface of modified membrane characterize with dense pore structure. The si-
gnificant increase of membrane hydrophilicity results in increased water permeation 
of modified membrane. Hence, the introduction of carbon nano-materials creates the 
opportunity of membranes exploitation in dry state without permeability affection, 
what is especially important in regard to membrane resistance to microorganisms 
and enhances transport. 
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Lee et al. (2013) have explained the role of nano-materials in membrane casting 
process by means of phase inversion. When nanomaterial is absent, polymer solution 
quickly solidifies at phase boundary between polymer and non-solvent during phase 
separation due to concentration gradient and fast interaction of all components. In 
non-stable spots of forming polymeric surface damages and scratches can appear 
due to constant shrinking caused by desolvatation. The introduction of hydrophilic 
substances (nano-materials) to casting solution increases its hydrophilicity and in-
fluences on the exchange rate between solvent and non-solvent during phase sepa-
ration, and thus more porous membrane structure is formed. As a result, number of 
damages and macro-holes are minimized. The use of small amounts of functionalized 
nano-materials leads to increase of porosity and pore size of a membrane, but only 
to some critical point. It has been found that if the amount of nano-material exceeds 
0.5%, the porosity of membrane noticeably decreases (Xu et al. 2014; Yin et al. 2013). 
This trend correspond to permeability tests results, which also increases with nano- 
-material addition up to critical point, after exceedance of which it starts to decrease. 
This decrease is related with pores blocking and decrease of their size caused by 
high concentration of nanomaterial in membrane matrix. The high content of nano- 
-material increases solution viscosity, slows down precipitation and leads to forma-
tion of dense skin layer on a surface accompanied with formation of wider pores, size 
of which increase with distance from skin layer (Liu et al. 2011).

The research carried out by Lai et al. (2016) has shown the increase of permeate flux 
and retention of salt caused by non-functionalized GO to PSF support covered with 
polyamide layer. Membranes prepared with casting solution containing 0.3wt% GO 
have characterized with retention of Na2SO4, Mg2SO4, MgCl2 and NaCl equal 95.2, 
91.1, 62.1 and 59.5%, respectively. Zinadini et al. (2014) have prepared NF GO/PES  
membranes of different GO doses. The research on membrane resistance to fouling 
during filtration of powdered milk solution (8,000 mg/L) has shown that the membrane 
containing 0.5 wt% GO possesses the best resistance to biofouling. Additionally, this 
membrane characterizes with high permeate flux (ca. 65.2 kg/m2h) and high dye reten-
tion (99%). Zhao et al. (2013a) have produced modified UF membranes of GO/PVDF type, 
which characterize with increased permeate flux and BSA retention equal 26.5 L/m2h  
and 44.3%, respectively. Membranes are also less vulnerable to fouling due to high 
hydrophilicity (the contact angle of modified membrane is 61° lower than one of 
reference PVDF membrane 73°) and characterize with proper surface morphology.

By using phase inversion technique, Lee et al. (2013) have prepared GO/PSF mem-
brane to treat wastewater in membrane bioreactor (MBR). The authors have found 
that introduction of 1wt% of GO nano-particles to polymeric matrix decreases mem-
brane fouling and decreases chemical membrane cleaning frequency 5 times. GO in-
creases hydrophilicity of membrane matrix and limits biofouling, due to low energy 
interaction between feed and membrane surface. Additionally, negative charge of 
membrane surface decreases adhesion forces and accumulation of substances respon-
sible for biofouling. It may allow for production of GO based membranes of high 
fouling resistance, which can be used to treat wastewater in MBR.
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Fryczkowska (2018) has presented results of research on the use of ultrafiltration 
composite GO-PAN membranes containing 0.8, 4.0 and 7.7 wt% of GO in PAN matrix 
to remove dyes (Indigo – IS; methylene blue – MB and anionic dyes thymol blue – TB; 
Congo red – CR) from industrial wastewater. Composite GO/PAN membranes can 
be used to complete removal of anionic TB and CR dyes, while cationic dyes (IS and 
MB) are removed in 60–95%.

In order to limit membranes biofouling, GO-Ag composites are introduced to 
membrane casting solution further processed in phase inversion method. Modified 
membranes reveal higher permeability and improved hydrophilic and mechanical 
properties in reference to non-modified membranes. Improved antibacterial features 
and prevention of biofilm formation are especially observed and confirmed by conven-
tional inhibition and anti-adhesive bacterial tests. Wu et al. (2017) have bonded silver 
nano-particles with GO nano-sheets forming PSF membranes of different silver content  
(0.00–1.00 wt.%) by means of phase inversion method. The optimum amount of silver 
in GO, for which the best membrane performance has been observed, has been equal 
to 0.5 wt.%, what has been confirmed by lower contact angle, higher capacity and 
porosity. Additionally, surface of modified membrane has characterized with higher 
NOM and bacterial fouling resistance in comparison with reference membrane.

3. Final remarks and development opportunities

A number of research on the use of nanomaterials to adsorption of organic and 
inorganic contaminants have been performed. The most investigated and preferable 
materials are nanosorbents made of metal oxides, especially iron, and carbon-based 
nanomaterials, first of all nanotubes. Chemical modification often changes character 
of nano-sorbents surface, what significantly improves adsorption abilities. Recently, 
an increasing interest in removal of metal ions from aquatic environment by means 
of composite nano-adsorbents have been observed, due to their potential use in indu-
strial scale. Properties of nanocomposites surface can be modified in regard to specific 
requirements, what assures their proper selectivity. There are no reports to date on 
the commercial applications of nanoadsorbents in water and wastewater treatment. 
The difficulties of regenerating depleted nano-particles and their toxicity to living 
organisms are cited as reasons. The reduction of production costs and a thorough re-
view of the environmental impact of nano-adsorbents are crucial for the development 
of nano-materials-based water treatment technologies.

Novel composite membranes containing NPG/GO and CNT can be divided into 
two categories: 

 y membranes made only of carbon nano-materials known as freestanding mem-
branes,

 y polymeric/ceramic membranes modified with these nano-materials. 
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Modification of polymeric membranes can be made either by introduction of na-
no-material on a membrane surface or its addition to a membrane casting solution 
followed by membrane formation from a mixture of a polymer and a nano-material.

Polymeric or ceramic membranes containing NPG/GO and CNT used in pressu-
re-driven processes characterize with very high water/permeate flux and possess 
unique antifouling and antibacterial properties as well as high mechanical and ther-
mal stability. The capacity of nano-membranes is higher than one of conventional RO 
or NF membranes, while retention of low molecular weight compounds is similar. 
The efficiency of membranes containing NPG/GO and CNT is beneficial in regard to 
removal of dyes, separation of monovalent ions from bivalent ones and dewatering of 
water-solvent mixtures. Additionally, membranes containing carbon based nano-ma-
terials have been successfully applied to pervaporation, forward osmosis, capacitive 
deionization, electro-dialysis or in photocatalytic membrane formation due to their 
stability and high efficiency.

The future development of membranes containing NPG/GO and CNT should be 
focused on separation efficiency improvement using different production strategies 
and more attention should be given to their potential disadvantages like mechanical 
instability, aggregation, non-uniform distribution and surface damages. Additionally, 
scaling up related with industrial production of commercial ultrathin membranes of 
high capacity made of graphene is one of the greatest scientific and technical challen-
ges. If successful, the use of such membranes at industrial scale will lead to significant 
energy saving in RO installation as well as in other processes. The key to success is to 
find the balance between production costs and manufacture simplicity. Additionally, 
such membranes should be resistant to fouling and scaling, what assures high flux 
long term operation and savings in operational and capital costs. Moreover, the rele-
ase of nano-materials from membrane and their eventual toxicity should be carefully 
investigated, especially in regard to their practical use in desalination processes.
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The use of ultrasound to remove 4-tert octylphenol 
by hydrogen peroxide assistance

Abstract: Endocrine disrupting compounds (EDCs) was recognized as a large group of diverse conta-
minants which are widely spread in environmental compartments. According to the literature 
reports, they have a significant impact on human health even in very small doses thus recently, 
removing EDCs from the aquatic environment attract the attention of many researchers. 4-tert 
octylphenol (OP) is a compound identified as EDCs that causes many harmful health effects 
such as reduction of testosterone and sperm production. Moreover, it can significantly affect the 
reproductive system. OP is widely used in dispersants, detergents, emulsifiers, wetting agents, 
and solubilizers. Literature data showed, that conventional wastewater treatment methods can 
be not sufficiently effective in EDCs removal, so other techniques should be developed.
In this study, the removal effectiveness of OP from the urban sewage treatment plant synthetic 
effluent by using ultrasound was evaluated. Furthermore, the effect of hydrogen peroxide ad-
dition was determined. Research revealed that the degradation rate of OP was proportional to 
the amplitude, sonication time, and hydrogen peroxide dosage. To evaluate the process effecti-
veness, the gas chromatography method (GC-MS) was used preceded by solid-phase extraction 
(SPE). The analysis has shown that after 45 min of sonication removal of OP reached 88%. Re-
search revealed also that combined ultrasonication and hydrogen peroxide dosage were more 
effective than these methods used as a single process. At the dosage of 12 mg L–1 hydrogen 
peroxide, OP removal was 57% while in the combined process it was enhanced by 10% during 
1 min sonication.

Keywords: ultrasound, hydrogen peroxide, Endocrine disrupting compounds, wastewater treatment, 
advanced oxidation processes, AOPs

Introduction

As a consequence of anthropogenic activity, many undesirable substances are re-
leased into the environment. Nowadays, they can be identified in water even at very 
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low concentrations due to the development of analytical techniques. In recent years, 
the attention of scientists has attracted a wide group of organic pollutants recognized 
as contaminants of emerging concern including endocrine-disrupting compounds 
(EDCs) (Bohdziewicz et al. 2016; Gavrilescu et al. 2015; Kudlek 2018). These substances 
were found in various matrixes, such as water, wastewater, soils, sediments, sludges, 
gases, aerosols, and even body fluids and tissues (Metcalfe et al. 2022). Noteworthy, 
these substances could be harmful to human health even in very low concentrations. 
EDCs are known as substances able to block or mimic hormones that are responsible 
for the proper functioning of the human body. Moreover, contact with ECDs can lead 
to alterations in the endocrine system and affect other human body systems (Vieira 
et al. 2021). 4-tert octylphenol (OP) which is a common endocrine-disrupting chemi-
cal used in many consumer products such as epoxy resins and polycarbonate plastic 
can cause serious health problems. For instance exposure to OP is associated with 
neonatal size reduction at birth, and idiopathic infertility (Chen et al. 2013; Lv et al. 
2016). Furthermore, it was reported in the literature that OP exposure could lead to 
problems with brain development (Tran et al. 2020). OP reduced bromodeoxyuridine 
(BrdU. OP is widely spread in the aquatic environment. It could be found in surface 
waters, groundwaters, bottled water, and in biological matrices such as human urine, 
breast milk, blood, and food (Acir and Guenther 2018).

Literature data showed that conventional treatment such as adsorption, floccula-
tion, and coagulation can be ineffective and time-consuming in OP degradation un-
like advanced oxidation processes (AOPs) which were found to be an interesting and 
effective alternative in many micropollutants removal (Ahmedchekk at et al. 2021; 
Dudziak et al. 2018; Kudlek 2018; Kudlek et al. 2017). Recently acoustic cavitation as 
one of the AOPs was found to be effective in the removal of many harmful substances 
such as bacteria, fungi, dyes, viruses, algae, polycyclic aromatic hydrocarbons (PAHs) 
as well as pesticides, pharmaceuticals and personal care products (PPCPs) and in-
dustrial chemicals. Also, OP was effectively removed from distilled water, seawater, 
natural water, and sewage water by Ahmedchekk at et al. (Ahmedchekkat et al. 2021). 
They proved that after 60 min sonication at 278 kHz OP was eliminated at the level 
of 90%. Acoustic cavitation phenomena (ultrasonication) is described as the forma-
tion, growth, and implosion of bubbles generated by periodic pressure changes in 
the medium caused by ultrasonic waves (Yasui 2018). During bubble collapse several 
sonochemical and hydrodynamic effects can occur, namely hydroxyl radicals forma-
tion, the occurrence of shear stresses, microjets, high temperature, pressure, and shock 
waves. Due to these effects, harmful substances could be eliminated (Dular et al. 2016; 
Merouani et al. 2015; Zhang et al. 2011). Nowadays, to increase the efficiency of the 
treatment there is a tendency to combine this technology with other AOPs such as 
ozone addition, UV irradiation or hydrogen peroxide treatment (Gągol et al. 2018). 

The aim of this study was to evaluate the efficiency of OP ultrasonic treatment 
from urban sewage treatment plant synthetic effluent at different operational param-
eters. The effect of hydrogen peroxide addition (H2O2) combined with sonication on 
OP degradation was also examined.
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1. Materials and methods

1.1. Experimental setup, materials and reagents

The OP standard (purity higher than 99%) used in the study was purchased from 
Sigma-Aldrich (Poznan, Poland). The experimental setup used in the research con-
sists of an ultrasonic system, a cooling setup to prevent overheating, and stirrer. In 
the study, ultrasonic processor Sonics VCX 500 (Vibra Cell Sonics, Sonics & Mate-
rials, USA) with a maximum power of 500 W and frequency of 20 kHz was used. 
Primarily, the effect of ultrasonication as a single process on the OP removal process 
was investigated. In the second stage, a 30% solution of analytical grade hydrogen 
peroxide (H2O2) obtained from Stanlab (Lublin, Poland) was added to the treated 
solution at different dosages. In all experiments, 13 mm diameter titanium sonotrode 
was immersed at a fixed depth of 2 cm. The experiments were carried out at different 
levels of intensity, the volume of the sample and dosage of oxidant. Moreover, soni-
cation time during the treatment varied from 1 to 45 min. Literature data shown that 
ultrasonic technique could be effective even at short time (Ahmedchekkat et al. 2021; 
Pokhalekar and Chakraborty 2016).

The concentration of OP in the tested urban sewage treatment plant synthetic ef-
fluent was maintained at the level of 0.5 mg L–1, the temperature of the samples was 
kept at a constant level of 20°C and the volume of the treated samples varied from 
50 to 250 mL. The concentration of OP which was added to the water matrix was 
relatively high to increase the measurement precision. In the prepared samples basic 
physicochemical parameters were determined, namely pH, turbidity, UV absorbance, 
and conductivity. 

1.2. Gas chromatography analysis 

The effect of contaminant reduction was evaluated using a gas chromatograph 
(GC) 7890B provided by Perlan Technologies (Warsaw, Poland). Gas chromatography 
analysis was preceded by Solid Phase Extraction (SPE) Method using SupercleanTM 
ENVITM – 18 tubes were applied with an Octadecylsilane (C18) as a cartridge bed. In 
the conditioning and washing phase, 5 mL of Acetonitrile (ACN) and 5 mL of Meth-
anol (MeOH), and 5 mL of deionized water were used, respectively. During elution, 
1.5 mL of ACN and MeOH were employed. The negative pressure during the SPE 
process was set to 5–10 kPa, while the flow rate was 1 mL/min. During GC analysis, 
the temperature of the ion trap was 150°C, the ion source was 230°C, and the oven 
temperature was 80 to 300°C. The flow rate of Helium, which was used as a carrier 
gas was kept at 1.1 mL min–1. Each sample were measured two times and the deg-
radation rate of OP was calculated based on the average peak areas obtained in GC 
analysis which were compared to the data collected during calibration. 
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1.3. Biological assay

Samples after mentioned AOPs were subjected to toxicological analysis using 
Lemna sp. Growth Inhibition Test. According to OECD Guideline 221 (OECD 2006), 
toxicity was assessed based on plants morphological changes after 7 days of expo-
sure to 6000 lux light at the 25°C temperature. After this period, Lemna minor frond 
number could change as a result of contact with post-treated samples. In the study, 
toxicity E was calculated as a percentage of inhibition of the Lemna minor growth 
following equation 1:

 c t

c

L L
E

L
100

−
= ⋅

where:
E – toxicity, %,
Lc – number of fronds in the control sample,
Lt – number of fronds in the tested sample.

Toxicity measurement were performed two times – at 5 and 15 min of post – 
treated sample exposure and in the study the average values are presented. Obtained 
results allowed to classify the toxicity values to particular toxicity classes according 
to Dudziak and Werle (Dudziak and Werle 2013).

2. Results and discussion

2.1. Effect of ultrasound intensity and sonication time on OP removal

Before the samples sonication, basic physicochemical parameters of the solution 
containing 0.5 mg L–1 were measured. The properties of OP and water solution with 
added contaminant are listed in Table 1.

In the study, relatively high intensities from 10 to 75 W cm–2 were used which 
corresponds to 20–100% of maximum device amplitude. To evaluate the influence of 
this parameter on OP removal efficiency by ultrasound, 0.5 mg L–1 concentration of 
the contaminant was used, and the samples were sonicated for 1 min. As expected, 
It was noted that ultrasound intensity is proportional to the degradation rate of solu-
tion. As illustrated in figure 1. at the intensity of 10 W cm–2 removal of OP was the 
lowest and it was 1%. Increasing the intensity to 23, 41, and 57 W cm–2 resulted in 
a degradation rate equal to 3 20, and 29%, respectively. Maximum degradation of OP 
(38%) was obtained at 75 W cm–2. 
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Table 1.  
Selected physicochemical properties of OP, and tested samples before treatment

OP properties

Compound name 4-tert-octylphenol

CAS no. 140-66-9

Molecular formula C14H22O

Chemical structure

Molecular weight, g mol –1 206.32

Water solubility, g L–1 0.01

Vapour pressure, mmHg 0.0005

Melting point, °C 79–82

Boiling point at 4 mmHg, °C 150

Properties of tested sample

pH 7.0

Turbidity, NTU 0.8

Color, mg Pt L–1 9

UV absorbance 0.02

Conductivity, μS cm–1 688

Obtained relation between degradation rate and intensity is common in the lite-
rature data (Al-Juboori et.al 2015; Copik et al. 2021; Lim et al. 2014). It is connected 
with the increase of bubble collapsing events and more hydroxyl radicals generation. 
Moreover, at a higher amplitude, bubble collapse is more violent due to changes in 
bubble collapse time, pressure in the bubble, and the transient temperature (Ahmed-
chekkat et al. 2021; Thompson and Doraiswamy 1999). Results indicated also, that 
sonication time was proportional to the OP removal efficiency in treated samples 
(Fig. 1). After 45 min of the treatment, the degradation rate of OP was 88% while after 
15 and 30 min it was respectively 45 and 68%. The effectiveness of the process was 
proved by the decrease in conductivity of the treated samples (from 688 to 630 μS cm-1  
at the sonicated time of 45 min.). Moreover, the pH value increased from 7.0 to 7.6 
which indicates the improvement of water matrix quality. However, it was noted that 
the treated time was proportional to the turbidity and color values which may be 
related to some intermediates generation. Toxicity analysis showed that after 1 min 
of sonication, solution toxicity decreased from 60% (toxic) to 40% (low-toxic). After 
45 min the post-treated solution was non-toxic (the toxicity effect decreased to 20%).
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2.2. Effect of sample volume and H2O2 dosage on OP removal

It is well known fact, that a decrease in the operating volume during sonication 
is attributed to the increase of ultrasound power density, thus degradation of con-
taminants could be faster. Moreover, decreased volume is related to the occurrence 
of areas where the cavitation activity is low (dead zones). The presence of the dead 
zones could be increased during usage of horn-type ultrasound equipment, due to 
the non-uniform distribution of the ultrasound field which is located mainly close to 
the probe (Desai et al. 2008). It was proved in the literature, that power density could 
be the most significant parameter to control harmful substances removal efficiency 
(Zhang et al. 2011).

To evaluate the volume of the treated solution influence on OP degradation, the 
sonicated sample volume was set to 50, 100, 150, and 250 mL. The volume used in the 
study corresponds to 1.52, 0.76, 0.51, and 0.30 W mL–1 power densities. As expected, it 
can be seen from the Figure 3, that also in this study, the OP removal from the solution 
was inversely proportional to the volume of the sample. After 1 min ultrasonication 
of 50 mL sample degradation rate was equal to 50% while the sonication of 250 mL  
sample resulted in 16% OP removal. Furthermore, toxicity analysis revealed that the 
toxic effect in post-treated samples decreased from 60% (toxic) to 40% (low-toxic). 

In the last stage of the treatment, the effect of H2O2 addition was examined, both as 
a single process and combined with 1 min ultrasound treatment (H2O2 + US) (Fig. 4). 
The dosage of the oxidant varied from 3 to 12 mg L–1. The study revealed that as 
the H2O2 concentration increases during ultrasonication, the degradation rate of OP 
also increased. Moreover, the research provided further evidence that ultrasonication 
could enhance the treatment efficiency of other AOPs. 

Figure 1. 
Effect of ultrasound intensity on OP removal from synthetic urban sewage treatment plant effluent  

(time 1 min., volume of the sample 100 ml, pH = 7.0, initial OP concentration 
0.5 mg L–1, temperature 20°C 20 kHz frequency)
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Degradation of OP by H2O2 addition varied from 53 to 58% while treatment by 
using H2O2 + US as a combined process resulted in the enhanced degradation rate of 
OP. At 12 mg L–1 degradation rate was 10% higher and it was equal to 68%. However, 
during using ultrasonication as a single process, the degradation rate of OP was lower 
(29%) than in treatment by H2O2 dosage alone. As commonly recognized, acoustic ca-
vitation phenomena is related to hydroxyl radicals (OH’), and H2O2 formation during 
bubble implosion in so-called compression phase following the equations (Doosti 
et al. 2012; Nie et al. 2008).

 H2O → H’ + OH’ (1)

 H’ + OH’ → H2O (2)

 H’ + H’ → H2 (3)

 OH’ + OH’ → H2O2 (4)

The hydroxyl radicals (OH’) are generated mainly in the bubble interior in which 
very high temperature and pressure conditions occur. As a result of the reaction be-
tween (OH’), H2O2 can be produced (mainly at the bubble-liquid interface), however 
formed H2O2 amount was not evaluated in this study. Due to the very high oxida-
tion potential of these compounds, they can directly remove organic pollutants. The 
H2O2 addition to the treated samples could be treated as its secondary source, and 
it is considered in literature data as one of the most effective additives enhancing 
ultrasonication.

Figure 2.  
Effect of ultrasound sonication time on OP removal from synthetic urban sewage treatment 

plant effluent (volume of the treated sample 100 ml, pH = 7.0, 57 W cm–2 intensity, 
initial OP concentration 0.5 mg L–1, temperature 20°C 20 kHz frequency)
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Conclusions

To conclude, OP is one of the EDCs which could be very harmful to human health 
even at small doses. It can be released to the different matrices of the environment as 
a result of anthropogenic processes and urbanization. Importantly it could not be re-
moved effectively from water by using classical treatment methods. The study revealed 
that ultrasonic treatment could be an effective method for OP removal from the urban 
sewage treatment plant synthetic effluent. The research emphasized that H2O2 addition 

Figure 3.  
Effect of treated sample volume on OP removal from synthetic urban sewage treatment plant effluent by using 

ultrasonication (volume of the treated sample 100 ml, pH = 7.0, 57 W cm–2 intensity, 
1 min sonication time, initial OP concentration 0.5 mg L–1, temperature 20°C 20 kHz frequency)

Figure 4.  
Effect of H2O2 dosage on OP removal from synthetic urban sewage treatment plant effluent by using 

ultrasonication (volume of the treated sample 100 ml, pH = 7.0, 57 W cm–2 intensity, 
1 min sonication time, initial OP concentration 0.5 mg L–1, temperature 20°C 20 kHz frequency)
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to the ultrasonicated solution increased the OP removal efficiency from the solution 
which was proved by toxicological analysis. The degradation rate of OP during ultra-
sonication was proportional to the ultrasound intensity, sonication time, and dosage 
of the oxidant. Although ultrasonication is considered a promising technology, further 
research is needed for its further development such as scaling it up and high energy 
requirements. Moreover, attention should be paid to intermediates identification which 
could be generated during the process, which may be harmful to human health.
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Application of circular economy in E-waste 
management – a review with an Indian perspective

Abstract: The current rate at which natural resources are being extracted to meet the demands of the 
growing population is not sustainable for future generations. The linear economy approach ba-
sed on the take-make-dispose ideology is being replaced by the circular economy (CE) approach 
to manage the demand and create a balance between the available resources. The concept of 
circular economy is believed to be very relevant for E-products and E-waste as it strives to design 
out the waste by better products, practices, and business models.
This paper aims to study how CE can be applied in E-waste management with the implementa-
tion of various concepts like the 3Rs, reverse logistics, and urban mining. As the study is focused 
on India, the current E-waste management practices and legislation support have been discussed 
in this paper. The paper further explains the complexities prevalent in the E-waste management 
system in India due to the presence of a huge informal sector primarily responsible for the 
collection and disposal of E-waste. Finally, the paper present certain strategies that could be 
helpful to overcome the challenges in the successful implementation of the Circular economy 
in E-waste management in India.

Keywords: circular economy, e-waste, urban mining, reverse logistics

Introduction

People all around the world are facing detrimental effects due to environmental 
issues like climate change, deforestation, air and water pollution, soil erosion and 
contamination and depletion of natural resources. These issues not only impact the 
environment but also restrict the sustainable development of social and economic 
growth. Over the last 50 years, the global population has increased at a tremendous 
rate from 3.7 billion in 1970 to over 7.8 billion people in 2020 (Gill and Verma 2021). 
To satisfy the needs of the growing population and the upliftment of standard of 
living, the demand for natural resources is increasing. The linear economy model fol-
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lowed by most industries has tripled the rate of extraction and processing of natural 
resources leading to the scarcity and the threat of total exhaustion of these resources. 

Organizations have realized that the linear economy approach, based on the con-
cept of ‘Take-Make and Dispose’, is not sustainable and creates an imbalance in the 
supply chain of the natural resources. The companies following the linear economic 
model extract the factory inputs from the environment, use energy and human re-
sources to manufacture a product and sell it to a consumer who then disposes it into 
the environment after a single use (Goyal et al. 2018). This model is not sustainable 
in the long term and will create a major deficit of natural resources and also overlook 
the great value which is embedded in the used material (Ravindra and Mor 2019). 

Governing bodies around the world are realizing the growing stress that the plan-
et earth is facing, and hence they are focusing on developing various models and ap-
proaches that could lead to the sustainable development of society. One such model 
that has become popular is the Circular Economy (CE) (Tiwari et al. 2019). Figure 1 
shows the linear economy and the circular economy models.

The electronic and electrical industry is the world’s largest growing production 
commerce. As the production of electric and electronic equipment (EEE) increases, 
the waste generated during the manufacturing and the usage by the consumers also 
increases. Electronic waste (E-waste) comprises wastes generated from used elec-
tronic devices and household appliances like discarded computers, office electronic 
equipment, entertainment device, electronics, mobile phones, television sets, and re-

Figure 1.  
The Linear economy model vs the circular economy model
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frigerators, which are not fit for their original intended use and are destined for reco-
very, recycling or disposal (Thagela 2019; Shagun and Arora 2013; Tiwari et al. 2019). 

Increasing at a rate of 3–4% every year, E-waste is one of the fastest-growing waste 
categories on earth. According to the Global E-waste Monitor 2020 report, a record 
53.6 million metric tons (Mt) of electronic waste were generated worldwide in 2019 
(Forti et al. 2020). India generated 3.2 million tons of E-waste in 2019, ranking third 
after China (10.1 million tons) and the United States (6.9 million tons) (Mehta 2020; 
Herat 2021). 

E-waste is a non-homogenous waste consisting of a variety of components across 
different categories and a range of constituents being labeled as hazardous and non
-hazardous. It contains many precious metals like iron, copper, gold, silver, alumi-
num, manganese, chromium, and zinc along with various rare earth elements (Ahi-
rwar and Tripathi 2021) that can be recovered by recycling E-waste. The rate at which 
these abiotic resources are extracted is significantly higher than the rate of their for-
mation in nature. In India, despite the formulation of various policies and setup of 
infrastructure for the E-waste management, the actual figures for formal collection 
and recycling (only 10–15% of the total generation) are not satisfactory which can be 
attributed to various reasons like gaps in the policy developed, public awareness, lack 
of research in the cost-efficient recovery methods, etc. (Garg and Adhana 2019). The 
CE model approach promotes recycling the waste, identifying and quantifying pre-
cious and perilous substances and improving the recuperation of minerals to build 
up a sustainable solution for E-waste management in a developing country like India 
(Barapatre and Rastogi 2021).

This paper is divided into the following sections- Introduction to circular econo-
my, situation analysis of the E-waste generation in India, the various impact it has on 
human health, detailed discussions on the legislation initiatives towards application 
of the CE in the E-waste management and the challenges faced. Finally, the paper also 
discusses some strategic approaches which can help to improve and fill the gaps in 
the CE approaches towards E-waste management in India. 

1. Materials and methods

The methodology adopted in the paper is conceptual in nature. Extensive research 
of various research papers, books, articles, reports from the publication databases and 
the internet was conducted on topics related to the circular economy, E-waste, urban 
mining, reverse logistics etc. After an extensive review of the literature, the problems 
faced by developing countries like India with regards to E-waste management were 
identified and certain strategies were formulated to fill the gaps and promote the 
success of CE in E-waste management.
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2. Circular Economy

There are various definitions of the CE model available in the literature. It has a clo-
se association with various concepts like the green economy, industrial ecology and 
industrial symbiosis (Cecchin et al. 2020). According to the World Economic Forum 
& Ellen MacArthur Foundation (2016), a circular economy is a systemic approach to 
economic development designed to benefit businesses, society, and the environment. 
It is a concept that eventually reduces the EEE consumption rate while circulating the 
waste material within the system for the longest possible time and minimizing and 
eliminating their re-generation via smarter product designing and business modeling 
(Parajuly 2017). CE is accompanied by three principles called the circular economy 
principles. The first principle is to preserve and enhance natural capital stock through 
restoration and regeneration. The focus of the second principle is to achieve resource 
efficiency in both biological and technical cycles. The third principle promotes the 
elimination of negative externalities in the environment (Camacho-Otero et al. 2018).

Figure 2 shows the chronological analysis of the main concepts of the CE and 
sustainability. All the concepts emerged from the Carrying Capacity term coined by 
Odum (1953). The new concepts like the Extended Producer Responsibility (EPR) 
and Integrated Product Policy (IPP) are based on the thought of how to effectively 
use the available resources to meet the current and future demands. The latest of the 

Figure 2.  
Chronological analysis of sustainability and the 

circular economy (Xavier et al. 2019)
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concepts, CE also promotes sustainable development and effective use of the availa-
ble resources. The 3Rs, Reverse logistics and Urban mining are the most important 
methodologies that support the success of the CE (Xavier et al. 2019).

2.1. Reverse logistics

Reverse logistics also referred to as “aftermarket supply chain” in the circular 
economy is the process of collecting and aggregating products, components, or ma-
terials at the end-of-life from the point of consumption and managing the reverse 
flow to their origins where they can be recycled, reused, or disposed of (Fig. 3) (De 
Mattos et al. 2018). Take-back programs, warranties and product defect returns, all 
require reverse logistics to get the product from the consumer back to the manufac-
turer (Jayaraman and Luo 2007). 

2.2. 3R (Reduce, Reuse and Recycle)

The core principle of the CE is the 3R concept of reduce, reuse and recycle used 
in the efficient management of the waste and improving the resource efficiency that 
promotes the return of the secondary resources into the product lifecycle, and redu-
ces the waste emissions (Awan et al. 2020).

Reducing the usage of resources and eliminating the waste/pollution during the 
manufacturing, distribution and consumption of products.

Reusing the scrap material diligently in the workplace itself. Reusing the discar-
ded products after the repair, refurbishment as the product itself, or using parts from 
it as spare parts for other products.

Figure 3.  
The conceptual framework of the concept of reverse logistics
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Recycling the waste into the raw material for making a new product.
The 3R-based CE approach promotes sustainable economic growth and decouples 

the relation between economic development and increased use of biotic and abiotic 
resources.

2.3. Urban mining of E-waste

Urban mining is the process of recovering the rare and precious metals from the 
discarded E-waste of a society (Arya and Kumar 2020). The scarcity of rare and pre-
cious metal resources and the limitation of the earth to reproduce them have led to 
the emergence of urban mining to recover the critical materials from the E-waste. 

For the success of the urban mining process, the manufacturers must produce 
recyclable products (Xavier et al. 2019). Also, the E-waste collection system should 
be in place along with the advanced technology-based recycling centers where the 
precious reusable materials can be recovered from the waste. 

Figure 4 shows integrated urban mining at the core of a circular economy model 
that closes the metals loop, recovers energy, and manages environmental issues 
related to hazardous materials from the E-waste (Tesfaye et al. 2017). As shown in 

Figure 4.  
Model showing the integrated urban mining at the core of a CE (Tesfaye et al. 2017)
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the figure, collection, preprocessing and recovery are the three basic stages in urban 
mining. The first stage of collection is highly dependent on the collection systems 
that are in place and also on the consumer awareness as they have to return the 
End of Life (EOL) EEEs (including the smallest of them) to the collection centers 
for recycling. Organizations need to run campaigns to spread awareness among 
the people about the E-waste and why it needs to be sent (particularly the mobile 
phones and tablets as they are bought/upgraded quite often) to a recycling facility 
instead of stockpiling them at home. Incentives like free pickup or free coupons 
should be complemented to the people if they hand over their EOL EEEs to the 
collection centers.

The second stage, i.e. preprocessing includes manual dismantling of the equip-
ment and segregating based on the type of materials present in it. It is then follo-
wed by a mechanical process like shredding where the E-waste is broken down into 
smaller pieces (Khaliq et al. 2014). The pieces are then segregated as metallic and 
non-metallic using different techniques like eddy current, screening, magnets etc. The 
separated pieces are then compacted and pelletized to provide them as a feed to the 
smelting units to recover the valuable resources from them (Kaya 2018).

The last stage of recovery is highly complex and requires highly advanced tech-
nologies to process the waste and recover the different resources from it. Currently, 
hydro- and pyro- and electro-metallurgical techniques are used by various industries 
for metal recovery (Cui and Zhang 2008). 

3. E-waste generation in India

Indian electronic industry has developed as the fastest growing industry in terms 
of production, consumption and export of electronics. With the advancement in the 
IT sector, personal computers have become tools to utilize the technology (Borthakur 
and Govind 2018). A study by KPMG and ASSOCHAM identified that computer 
equipment accounts for almost 70 percent of E-waste in India, followed by telecom/
phones (12 percent), electrical equipment (8 percent) and medical equipment (7 per-
cent) (Garg and Adhana 2019). Therefore a large part of E-waste comprises computer 
waste which contains large amounts of hazardous substances like lead, cadmium, 
mercury, beryllium, brominated flame retardants (BFR), polyvinyl chloride and pho-
sphor compounds (Thagela 2019).

The magnitude in which the E-waste generation is increasing in India is way ahe-
ad the pace at which it is collected and recycled. The policies in India have driven the 
setup of formal recycling facilities resulting in the establishment of 407 authorized 
recyclers having a capacity of treating approximately 1.18 million Mt annually. But 
in India, there is an existence of a huge informal sector that handles E-waste and the 
formal recycling facilities remain underutilized.
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Informal recycling is a big sector in India, where thousands of people make their 
living from the recovery of valuable metals by breaking and burning the equipment 
/PCB’s. Small independent workshops carry on this business in India, where there 
is no control on emissions and discharge of pollutants. The small-scale local scrap 
dealers collect the E-waste and then break, shred and burn it to extract the precious 
metals – elements for reselling (Vats and Singh 2014).

4. Impact of E-waste on human health and environment

E-waste comprises a diverse combination of poisonous elements which can have 
irreversible impacts on the environment and human health. The treatment/recovery 
of the E-waste becomes very complex due to the presence of hazardous materials 
like lead, mercury, cadmium, nickel, hexavalent chromium and brominated flame 
retardants (BRFs) (Olubanjo et al. 2015).

According to the Global E-waste Monitor 2019 (Forti et al. 2020) out of the to-
tal E-waste generated worldwide only 17.4% are formally collected and recycled 
while the remaining 82.6% end up in the dumps or the landfills or traded in illegal 
markets. The informal recycling methods like open burning, incineration, acid strip-
ping of metals and acid baths generate many byproducts like dioxins, furans and 
heavy metals into the environment. The physiological and health impacts of these 
on humans are many, but children and women are more vulnerable to its effects 
(Awasthi et al. 2016).

The informal recycling units of E-waste are primarily engaged in the extraction of 
precious metals like gold, silver, copper, and lead. There is a standard process that be-
gins with the dismantling of components, wet chemical processing and incineration 
(Ashiq et al. 2019). It involves unscientific and crude methods for resource recovery 
and is carried out by unskilled people. This entire mechanism is hazardous and leads 
to direct exposure of manual labor to harmful chemicals affecting their health and 
leading to chronic illness. The informal recycling units incinerate the E-waste material 
without proper exhaust systems which has dangerous impacts on the workers’ he-
alth. Additionally, during the process, the most dangerous fumes and chemicals are 
released into the environment. Also, the acids released during the extraction process 
are disposed into the vicinity without adequate precautions polluting the air and 
water. Subsequently, rainwater washes off toxic substances to the low-lying areas and 
agricultural lands causing bioaccumulation in crops (Sethurajan et al. 2019). The pol-
luted groundwater has the impact of polluting underwater or aquatic life. Therefore 
recycling of E-waste not only causes occupational hazards but also environmental 
damage which reaches from near to far off areas (Boralkar 2006).



2nd International Conference 
Strategies toward Green Deal Implementation – Water, Raw Materials & Energy 

8–10 December 2021

78

5. Legislation initiatives in India towards E-waste management

Before 2011, E-waste was covered under the Hazardous Waste Management 
(HWM) Rules only. In 2011 the E-waste (Management and Handling) Rules were 
enacted under the Environmental Protection Act 1986 and became active from 1st 

May 2012 (Ghosh et al. 2016). It was for the first time, the concept of EPR was intro-
duced, making the manufacturers liable for the entire product life cycle of the product 
till it is safely disposed of. The rules enabled the recovery and reuse of the useful 
materials from the E-waste, safe disposal of hazardous substances and enforced the 
safe handling, transporting, storing and recycling of the E-waste (Ganguly 2016).

In 2016, the E-waste (Management) Rules were enacted in supersession of the 
2011 Rules and came into effect on 1st October 2016. With these rules, the Producer 
Responsibility Organization (PRO) was introduced as an additional channel for the 
implementation of EPR by Producers (Awasthi et al. 2018). Hence, the manufacturers, 
dealers, refurbishers, and PROs were all covered under these rules. Also, the 2016 ru- 
les expanded their applicability to cover consumables, components and the spare 
parts of EEE in addition to the equipment already covered.

In 2018, the E-waste Management Rules of 2016 were amended by governing bo-
dies to further improve and facilitate effective E-waste management in India in an 
environment-friendly way. These amendments were made to further formalize the 
E-waste recycling sector by channelizing the E-waste generated in the country to the 
authorized dismantlers and recyclers (Sharma and Hussain 2018).

As per the amended rules, the collection targets under the provision of EPR have 
been revised with effect from 1st October 2017. According to the revised targets, in 
2017–2018 the collection target was 10% of the total waste generated with a 10% in-
crease every year until the year 2023. After 2023, the collection target has been fixed 
at 70% of the total E-waste generated. This would ensure more effective management 
of the E-waste and will be monitored by the Central Pollution Control Board (CPCB) 
of India (Sharma and Hussain 2018).

6. Challenges faced in India during E-waste management

The key to efficient waste management is to ensure proper segregation of waste 
at the source and to ensure that the waste goes through different streams of recyc-
ling and resource recovery (Lahiry 2017). However, waste management operates as 
a fragmented industry in India with a lack of collection, segregation and monitoring 
systems. Even though 407 recycling facilities (as of 2019–2020) with a capacity of 
11.10 MT are established, most of them are not even running at their 50% capacity 
(MEITY 2021). The majority of the E-waste gets recycled in the informal sector using 
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unscientific treatment methods. This in turn leads to hazards like environmental de-
gradation, water pollution, soil pollution, and air pollution. Some of the major chal-
lenges faced in India are given below.

6.1. Waste leakage

Lack of monitoring systems results in the leakage of collected E-waste from the 
authorized dismantlers and recyclers to the informal sector. Due to this, a signi-
ficant quantity of E-waste ends up being recycled by the informal sector (MEITY 
2021). Another major source of the leakage is the auction held by the bulk consu-
mers (Govt. departments, ministry companies, MNCs, etc.), wherein, due to the 
lack of monitoring of the bidding agencies, the collected waste ends up at the in-
formal recyclers.

6.2. Fragmented product lifecycle management

The policies in India concerning E-waste management are enacted to cover the 
entire product life cycle of a product, but the approach of the producers is mainly 
restricted to just meeting the collection and recycling targets. The manufacturing in-
dustries and the EOL management systems like the PROs exist are two independent 
units. The outsourcing of the producer’s responsibility to manage the EOL of the 
products to the third, limits this process to just documenting the numbers to meet the 
targets. The primary intention of the policies to bring a change in the product design, 
reuse of resources, and improve the overall resource efficiency is neglected.

6.3. Lack of awareness amongst people

The majority of the population in India does not realize the importance of the 
proper disposal of E-waste. They are not aware of why they should dispose of their 
E-waste through a proper channel (Turaga et al. 2019). Though during the last 3 to 
4 years, with a lot of campaigns being run and e-disposal centers being opened, some 
percentage of the population has become aware about the importance of routing the 
E-waste to an authorized channel. However, the system and processes dealing with 
E-waste in India still need a lot of work to be done.

6.4. Lack of monitoring systems

There is a huge gap in E-waste monitoring systems in India. There should be 
a digital platform in place that could monitor the E-waste collection right from the 
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time it is collected, till it is completely recycled, including its transfer from one party 
to another through the value chain (Balaji 2020).

6.5. High investment cost in setting up recycling facilities 

The advanced technologies used for the recycling of E-waste requires a very high 
investment cost. Most organizations find the investment into such technologies risky 
considering the fact that out of the total E-waste generated in India only 10–15% gets 
collected through the formal channels. 

7. CE and E-waste in India – way forward

E-waste is considered one of the rich sources of secondary raw materials and 
can contribute towards resource security and environmental sustainability (Wang 
2019; MEITY 2021). From the above sections, it can be concluded that though the 
legislation in India has enforced certain rules to improve resource efficiency and 
reduce E-waste, however, there are many challenges that the organizations have to 
face which have resulted in only 10% collection and recycling of the total E-waste 
generated through authorized channels (Turaga et al. 2019). For a successful CE 
model, the most important step is to collect and monitor the E-waste generated and 
channelize it to proper recycling centers, where it can be mined for useable mate-
rials, or recycled into new products or disposed of in an environmentally friendly 
manner. Taking this into consideration, the following prepositions are proposed to 
streamline the E-waste handling processes and promote the success of CE in E-wa-
ste management in India.

7.1. Integration of informal sector with the formal one

To eliminate the health and environment hazards due to the informal recovery 
methods, it is necessary to integrate the informal sector with the formal one. There 
is an urgent requirement to develop a connection between scrap vendors involved 
in door-to-door collection of E-waste and the formal collection centers to ensure that 
total E-waste generated get channelized through a formal sector. Various small-scale 
initiatives by many non-profit organizations are established in different cities of India 
to bridge this gap. Some of these initiatives are given below:

1. Sanshodhan: An E-waste Exchange Program. It is a global company headquar-
tered in Hyderabad, India, and has partners in Europe, the US and Australia. 
This Digital-PRO system allows the users to dispose of their E-waste through 
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the digital E-waste Exchange (EWX) platform which is being incubated at 
T-Hub, India’s leading incubator by the Telangana government (TheCityFix 
Labs India 2019).

2. Saahas Zero Waste: It is a non-profit organization founded by Wilma Rodrigu-
ez based in Bangalore that works towards scientific and sustainable disposal 
of electronic waste. It is authorized as a Producer Responsibility Organization 
(PRO) to assist producers and manufacturers in fulfilling their Extended Pro-
ducer Responsibility (EPR). It works on the principle of the Reverse logistics 
chain for E-waste from the end-consumer to formal E-waste recyclers (Saahas 
Zero Waste, n.d.).

3. Kabadiwalla Connect: It is a Chennai-based firm that uses its technology plat-
form to leverage the already existing informal infrastructure toward a more 
efficient waste management system and apply the circular economy approach 
(Hande 2019).

7.2. Awareness among the customers

Customer is the key in product life cycle of any product that goes through the three 
stages, i.e., manufacture, use and EOL. Customer’s decision decides the effectiveness 
of the circular economy in E-waste management, whether the product will be going 
through repair or reuse cycle or will end up for recycling at the EOL. The customer’s 
decision depends on existing infrastructure and awareness that leads them to repair 
or reuse the products instead of simply discarding them. Hence is highly important 
to provide information and increase publicity on the current recycling practices to 
increase public awareness. Customer awareness about E-waste management will dri-
ve their decisions to explore the different options available to them like repair, reuse, 
exchange, sending to the E-waste collection centers, etc., than discarding them with 
the regular waste or stockpiling. These decisions impact how the EOL products are 
handled, which in turn affect the collection, resource recovery, and the success of the 
implementation of the circular economy (Parajuly et al. 2020). For small EOL devices 
like mobile phones, provisions should be made available to the customers at public 
places like the shopping mall, community centers etc., to hand over the old devices 
easily in exchange for some incentives.

Financial assistance should be given to the NGOs and the associated environmen-
talists for conducting awareness campaigns. The most effective role can be played 
by dealers of EEE. They should be given the formal responsibility of informing con-
sumers about the right methods of disposal of EOL EEE at the time of selling the 
products. 
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7.3. Increasing the life span of the products

Circular Economy also encourages the reduction of waste generation. The com-
panies, in order to fulfill their monetary gains, are manufacturing the products with 
a shorter life span which has encouraged the users to use and throw attitude. For the 
success of the circular economy model, companies should not be allowed to manufac-
ture products with EOL for less than 10 years. An increase in the life span of EEE 
would decrease the quantity of E-waste thereby changing the use and throw attitude 
of consumers and producers. 

7.4. EOL tracking by the producers

Most manufacturing industries rely on their digital systems to track the warranty 
and extended warranty of the EEE. Once the warranty and extended warranty are 
over, no tracking is done further on the customers and product. The manufacturers 
can use the current digital systems and extend them to track the EEE till they reach 
EOL. Once the EEE is about to reach its EOL, they can contact the customer and make 
them aware of the nearest disposal centers or provide them a free pickup facility so 
that the product reaches the correct channel and is safely processed further.

7.5. Incentives on the usage of recycled material

Certain norms/incentives should be set by the government, to encourage the in-
dustries to use recycled materials in their products while maintaining the quality of 
the products. This will not only ensure resource security but also generate a demand 
for recycled material in the market. 

Along with this, to encourage the customer to buy products with recycled mate-
rials or easily recyclable ones, incentives in form of some percentage of Goods and 
Service Tax (GST) relaxation can be given to them. Once the market demand for 
secondary recycled material generates in the market, the leakage of the E-waste at 
various channels will reduce and the existing recycling centers will be used at full 
capacity.

Conclusions

E-waste is one of the fastest-growing waste which contains a significant amount 
of valuable and hazardous substances. The rate at which the minerals used in the 
e-products is extracted is way ahead the rate at which they are formed in nature. If 



83

2nd International Conference 
Strategies toward Green Deal Implementation – Water, Raw Materials & Energy 

8–10 December 2021

current practices are continued, in no time a deficit of these minerals will be formed. 
The circular economy is a model which aims at reducing, recycling and mining valu-
able substances from waste.

India is one of the IT hubs in the world and ranks 3rd in the world in the E-waste 
generation. Realizing the health and environmental hazards caused by the improper 
disposal of E-waste, the legislation in India has enacted various rules and policies 
to promote the recycling and mining of E-waste. However, due to the dominance 
of a huge informal sector handling the E-waste, and the lack of monitoring of the 
collection and transportation systems, the actual collection and recycling rate by the 
formal sector is just around 10%.

To successfully apply the CE principles in E-waste management, some strategies 
can be applied like integration of the informal sector with the formal one, running 
customer awareness programs to change the customer behavior towards E-waste, 
mandating the manufacturers to increase the life span of the products to at least  
10 years, applying the digital technologies to track the EOL products and set up a re-
verse logistics system to collect them back. 

A change in the customer behavior and setting up better collection systems with 
centralized monitoring will ensure the safe and environmentally safe disposal of the 
E-waste along with the recovery and utilization of the secondary raw materials. India 
also needs to invest in advanced recycling technologies to mine the intricate valuable 
material from the E-waste leading towards circular growth in electronic production 
and sustainable access to the resources.
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The impact of hard coal prices on selected  
wind-power-related metal prices

Abstract: The energy transition gather pace. In the light of ambitious plans for further use of renewa-
ble energy sources (RES), the strong demand for non-energy materials critical for RES is highly 
expected. Also, energy production is currently more and more substitutable, i.e. electricity can 
be produced by burning coal or, for example, from wind or solar farms as well. Therefore, there 
is a noticeable potential link between two completely different groups of commodities: energy, 
and metals which are widely used in the energy sector as well. Hence, the main purpose of this 
study is to examine the impact of hard coal prices on 5 selected wind-power-related metal pri-
ces with econometric approach. Thus, we are looking for new insights in terms of relationships 
between hard coal prices and significant metals for wind-power-technology, that potentially 
have been established or strengthened in the recent years. In the light of increasing uncertainty 
and significant risk of resources price volatility there is a widespread belief that it is necessary 
to study such relationships. However, vast literature devoted to this matter focus mostly on oil 
and metals used in clean energy technologies prices. Hence, the econometric models such as 
Autoregressive Distributed Lag (ARDL) or dynamic Error Correction Model (ECM) are employed 
to examine the impact of hard coal prices on selected wind-power-related metal prices.

Keywords: coal, metals, wind energy, ARDL, ECM

Introduction 

The United Nations Framework Convention on Climate Change (UNFCCC) Paris 
Agreement has been announced as a crucial step towards combating the global threat 
of climate change. That agreement sets out a goal of reducing global warming to well 
below 2, preferably to 1.5 degrees Celsius, compared to pre-industrial levels (United 
Nations Framework Convention on Climate 2021). This agreement was adopted by 
196 Parties at COP21 in Paris on 12 December 2015, although it entered into force on 
4 November 2016 (European Commission 2021).
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The Paris Agreement is perceived as a landmark in the climate change process, 
as it provides for a common undertaking of all nations to make ambitious efforts to 
counteract and adapt to climate change (United Nations Framework Convention on 
Climate 2021). One of the key elements in this action against climate change is de-
velopment of renewable energy sources (RES). Thus, developing renewable energy 
is main strategy in line with the Paris Agreement (IRENA 2021). Therefore, RES are 
currently being developed rapidly by a large number of countries (see e.g. 3), and 
are expected to be developed further in the future (Baron 2016; The Government of 
Japan 2021).

Therefore, the continued use of RES determines significant growth in demand 
for such metals as zinc, nickel, copper, cobalt, chromium or aluminum instead of 
traditional fossil fuels, namely crude oil, natural gas or coal. Hence, a global shift 
from energy commodities towards metals used in clean energy technologies strongly 
suggests a causality supply-demand relationship between them (Shao and Zhang 
2020). Moreover, other economic factors determine how they will be priced further as 
well. By example, metal manufacture is highly energy-intensive (Hammoudeh et al. 
2004). Therefore, higher production costs, and previously extraction costs, should be 
directly reflected in increasing clean energy metal prices. Furthermore, the crude oil 
price is impacting the metal industry due to transportation costs as well (influence 
channel) (Dutta 2018; Korhonen and Ledyaeva 2010).

Therefore, in current literature the number of studies on the link between energy 
commodities, especially crude oil, and the metal markets is still increasing see, for 
instance (Shao and Zhang 2020; Balcilar et al. 2017; Chaudhuri 2001; Chen and Xu 
2019; Juvenal and Petrella 2014; Shahzad et al. 2019; Singhal et al. 2019; Tiwaria and 
Sahadudheen 2015). However, the relationships in these studies have been examined 
from different standpoints, thereby leading to the use of different methodologies and 
final results. For example, Baffes (Korhonen and Ledyaeva 2010) estimated the ratio 
of pass-through of crude oil price changes to the prices of 35 other internationally tra-
ded primary commodities. He presented evidence that precious metals are strongly 
affected by the changes in crude oil price. In turn, in their research based on Granger 
causality tests, Bakhat and Würzburg (Bakhat and Würzburg 2013) documented that 
adjustments to positive and negative deviations from the long-run equilibrium are 
asymmetric for copper in the short-run, while the adjustments for aluminum and 
nickel are symmetric. Also, Reboredo and Ugolini (Reboredo and Ugolini 2016) assess 
the impact of downward/upward oil price movements on metal prices: six industrial 
metals (aluminum, copper, lead, nickel, tin and zinc) and four precious metals (gold, 
silver, palladium and platinum). They indicate that large downward and upward oil 
price movements had spillover effects on these metals during the pre- and post-fi-
nancial crisis periods. 

However, among the wide range of already existing research and publications, 
other energy resources like coal is a relatively poorly explored area. Despite oil con-
tinuing to play the leading role, coal is also important. Indeed, as substitutability of 
energy sources is increasing, i.e. electricity can be produced by burning coal and can 
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also be generated by wind and solar farms as well. Thus, the relationship between 
coal and metals used in clean energy technologies prices is also strongly justified. On 
the other hand, it should be noticed that hard coal prices are not the only determinant 
of metal prices, and their levels are predominantly determined by other supply and 
demand factors, e.g. the degree of depletion of ore deposits of these minerals and con-
sumption in other sectors of the economy. Additionally, it should be borne in mind 
that the prices of metallurgical coal using in manufacturing differ significantly from 
the prices of hard coal which is used in electricity production. However, the propo-
sed analysis in this paper aims to capture the statistical impact which will potentially 
allow the use of these results in the future, e.g. for forecasting metal prices.

Therefore, in light of the above, the aim of this article is to examine the impact 
of the prices of hard coal, on 5 selected wind-power-related metal prices in the over 
six-year term of the Paris Agreement period with econometric approach. However, 
due to the multitude of variables in this research, for the sake of transparency as well 
as greater clarity in the interpretation of the results, the relationships are examined 
individually with coal-metal models.

This paper is organized as follows. Section 2 contains data description and pre-
sents ARDL-ECM methodology. Section 3 contains the results of the research based 
on coal prices and wind-power-related metal prices. Section 4 contains a discussion 
while section 5 provides conclusions and prospects for further research.

1. Materials and methods

In this research the dynamic data (time-series) is used for hard coal prices (Ri-
chards Bay) and selected wind-power-related metal prices, namely aluminum, chro-
mium, cobalt, copper and zinc. All these metals are quoted on the Shanghai Metals 
Market (SMM) and the time span is from the 14 December 2015 to 13 December 2021 
(weekly data; 6 years; Fig. 1). All financial data are sourced form Reuters database. 
Due to stabilize the variance of the time-series the logarithmic transformation is ap-
plied.

Table 1 presents the basic statistics of each variable. By example, the skewness for 
copper, cobalt, chromium, aluminum and coal is positive (greater than 0) and shows 
an obvious right-skewed distribution, while the skewness zinc is negative that means 
left-skewed distribution. The Jarque-Bera test statistic shows that coal and metal pri-
ces reject the normal distribution assumption. All these time series are non-stationary 
on the levels, however, the first differences between them are stationary (Table 3 in 
annex; ADF (Phillips and Perron 1988) and Phillips-Perron (PPT) (Reboredo 2013) 
tests).

The research is conducted with the econometric models such as Autoregressive 
Distributed Lag (ARDL) or dynamic error correction model (ECM) which are em-
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 Figure 1.  

Time-series for copper, coal, cobalt, chromium, aluminum and zinc 2015-2021  
(in USD per ton)

Table 1.  
Statistic of time-series

Variable Mean Median Min. Max. Std. Dev. Ex. 
kurtosis

Jarque-
Bera Test Skewness

Zinc 3,099.8 3194.0 1,916.8 4,237.6 536.91 –0.6606 5.82092 –0.15228

Copper 7,549.6 7134.4 5,312.1 11,638 1,611.6 0.21121 42.7447 0.97996

Cobalt 50,450 44313 28,335 10,745 18,401 0.59957 51.5919 1.0405

Chromium 8,886.5 8840.7 6,474.7 12,362 1,578.6 –0.8002 16.2746 0.45803

Aluminum 2,195.0 2062.9 1,618.2 3,675.8 391.24 1.9592 138.866 1.4820

Coal 86.965 82.535 46.500 254.00 33.475 4.2169 319.093 1.6753

Notes: Ex. Kurtosis is the kurtosis minus 3.
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ployed to examine the short and long-run causality between these variables. The 
ARDL methodology allows to perform analysis if there is I(0) or I(1) level integration, 
but not I(2) or higher.

All models in this research are coal-metal equations as below:

 ( )
p q

t i t i i t i t
i i

ARDL p q M M C0
1 0

, :  − −
= =

=β + β + δ + ε∑ ∑  (1)

 
p q

t i t i i t i t t t
i i

ARDL M M C M C0 1 1 2 1
1 0

:  − − − −
= =

∆ =β + λ + δ + ϕ + ϕ∆ ϑ∆ +∑ ∑  (2)

 
p q

t i t i i t i t t
i i

ECM M M C z0 1
1 0

:  − − −
= =

∆ =β + λ + δ + ϕ∆ ϑ∆ +∑ ∑  (3)

where:
Mt    – selected metal price,
Ct    – coal price,
p,q    – number of lags,
β0,λi,δi,ϕ1,ϕ2 – coefficients,
εt,ϑt   – error term.

2. Results

Firstly, each metal-coal pair have been tested for number of lags. Therefore, using 
the Akaike Information Criterion (AIC), the Bayesian Schwarz Criterion (BIC) and 

Table 2.  
Unit roots tests

Variable

Augmented Dickey-Fuller test for 
unit root Phillips-Perron test for unit root

Levels First Difference Levels First 
Difference

Coal –1.233 –9.665 –1.777 –13.331

Aluminium –1.550 –9.443 –1.776 –15.619

Chromium –1.534 –9.187 –1.604 –13.976

Cobalt –1.195 –7.355 –1.209 –9.919

Copper –1.471 –10.525 –1.454 –16.409

Zinc –0.070 –10.612 –0.344 –17.351
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Hannana-Quinna Criteria (HQC), we found the appropriate lag order for each pair 
(aluminum: 1 lag; copper: 1 lag; chromium: 2 lags; zinc: 1 lag; cobalt: 2 lags; here AIC 
is used as main criteria) (Tables 3–7).

Table 3.  
Lag selection for aluminum

Lag LL AIC HQIC SBIC

0 130.032 –1.00813 –.996924 –.980276

1 1,008.44 –7.89327* –7.85965* –7.80971*

2 1,011.12 –7.88283 –7.82681 –7.74357

3 1,013.87 –7.87296 –7.79453 –7.67799

4 1,016.58 –7.8628 –7.76196 –7.61212

5 1,020.14 –7.8594 –7.73615 –7.55302

Notes: *Level of significant; LL – Langrange Multiplier; AIC – Akaike Information Criterion; SBIC – Bayesian 
Information Criterion; HQIC – Hannan–Quinn Information Criterion.

Table 4.  
Lag selection for copper

Lag LL AIC HQIC SBIC

0 68.6351 –.524686 –.513481 –.496833

1 982.944 –7.69247* –7.65886* –7.60891*

2 986.646 –7.69013 –7.6341 –7.55086

3 988.578 –7.67384 –7.59541 –7.47887

4 990.787 –7.65974 –7.5589 –7.40906

5 995.088 –7.66211 –7.53885 –7.35572

Notes: *Level of significant; LL – Langrange Multiplier; AIC – Akaike Information Criterion; SBIC – Bayesian 
Information Criterion; HQIC – Hannan–Quinn Information Criterion.

Table 5.  
Lag selection for chromium

Lag LL AIC HQIC SBIC

0 90.4841 –.696725 –.68552 –.668872

1 1062.58 –8.31954 –8.28592 –8.23598*

2 1070.03 –8.34673* –8.29071* –8.20747

3 1073.71 –8.34419 –8.26576 –8.14922

4 1075.81 –8.32919 –8.22835 –8.07852

5 1076.33 –8.30185 –8.17859 –7.99546

Notes: *Level of significant; LL – Langrange Multiplier; AIC – Akaike Information Criterion; SBIC – Bayesian 
Information Criterion; HQIC – Hannan–Quinn Information Criterion.
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Table 6.  
Lag selection for zinc

Lag LL AIC HQIC SBIC

0 119.781 –.927413 –.916208 –.89956

1 973.732 –7.61993 –7.58632* –7.53637*

2 979.363 –7.63278* –7.57675 –7.49351

3 981.21 –7.61582 –7.53739 –7.42085

4 982.16 –7.59181 –7.49097 –7.34113

5 984.189 –7.57629 –7.45304 –7.26991

Notes: *Level of significant; LL – Langrange Multiplier; AIC – Akaike Information Criterion; SBIC – Bayesian 
Information Criterion; HQIC – Hannan–Quinn Information Criterion.

Table 7.  
Lag selection for cobalt

Lag LL AIC HQIC SBIC

0 –62.4491 .507473 .518678 .535326

1 957.153 –7.48939 –7.45578 –7.40583

2 993.338 –7.74282* –7.68679* –7.60355*

3 996.455 –7.73587 –7.65743 –7.54089

4 996.94 –7.70819 –7.60735 –7.45751

5 1000.72 –7.70648 –7.58323 –7.4001

Notes: *Level of significant; LL – Langrange Multiplier; AIC – Akaike Information Criterion; SBIC – Bayesian 
Information Criterion; HQIC – Hannan–Quinn Information Criterion.

Further, we started with the analysis of the ARDL model (bound testing) in order 
to study the cointegration of variables in individual countries. In other words, we 
checked whether there are long-term relationships between the analyzed variables: 
coal  metal. 

Results shows that this long-term relationship exists only in case of coal-chro-
mium pair (F statistic 11.29975; t statistic –3.635052). In other four pairs, the calculated 
F and t statistics are lower than the critical values for the I(0) variables what means 
that we cannot reject the null hypothesis about the lack of relationship between these 
variables. Taken together, the results presented in Table 8 show that there is cointe-
gration – a long-term relationship (steady-state equilibrium) – only between one of 
five coal-metal pair (coal-chromium).

Having a confirmed cointegration or non-contegration in case of each pair, we 
estimate the equations coefficients. Standard ARDL models are used in case of alu-
minum, zinc, copper, cobalt while the ARDL-ECM for chromium, where the long-run 
equilibrium is identified (Table 9). For the appropriate model with lags selection, the 
Akaike info criterion is used. Therefore, lags for coal and metals are not the same in 
case of all models.
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In case of coal  aluminum, there is only ARDL model presented (short-run re-
lationship), however, the first lag is statistically significant (5% level of significant). 
Thus, we assume that coal is not impacting the aluminum price in the short term. 
Similarly, in case of coal  zinc and coal  copper. On the other hand, there is an 
evidence that cobalt is impacted by hard coal prices (coal  cobalt) in the short term 
(one lag; DL(1)). However, this is the short-run relationship due to the fact that no 
cointegration is detected.

In case of coal  chromium relationship, there is the confirmation of the that in 
case of both short- and long-run relationship (all p-values below 5% of significant) 
that means strong causal relationship in this case. Thus, the model for coal  chro-
mium should include 2 lags for coal and 2 for chromium.

Table 8.  
ARDL bounds test for coal and metals

Statistics Decision Stats value I(0)* I(1)*

Coal → Aluminium 
ARDL(1,1) No cointegration

F 1.720238 4.94 5.73

t –0.103035 –2.86 –3.22

Coal → Zinc
ARDL(1,0) No cointegration

F 2.874782 4.94 5.73

t –2.063837 –2.86 –3.22

Coal → Copper
ARDL(1,0) No cointegration

F 0.366264 4.94 5.73

t –0.257885 –2.86 –3.22

Coal → Cobalt
ARDL(2,2) No cointegration

F 1.881946 4.94 5.73

t –1.888836 –2.86 –3.22

Coal → Chromium
ARDL(2,2) Cointegration

F 11.29975 4.94 5.73

t –3.635052 –2.86 –3.22

Notes: *5% level of significant

Table 9.  
Estimation results of short and long-term coefficients for ARDL and ECM

Statistics emct-1 Coal Coal(-1) Coal(-2) Metal(-1) Metal(-2) Const.

Coal → Aluminium 
ARDL

0.05245
(0.1328)

–0.06103
(0.0722)

0.99841
(0.0000)

0.05212
(0.5957)

Coal → Zinc
ARDL

0.00571
(0.4563)

0.96989
(0.0000)

0.21900
(0.0211)

Coal → Copper
ARDL

–0.00275
(0.6909)

0.99694
(0.0000)

0.04203
(0.6303)

Coal → Cobalt
ARDL

0.06343
(0.0575)

–0.10882
(0.0341)

0.056265
(0.0939)

1.46447
(0.0000)

–0.47716
(0.0000)

1.61046
(0.1085)

Coal → Chromium
ARDL-ECM

–0.03507
(0.0000)

0.12772
(0.0000)

–0.19463
(0.0000)

0.090440
(0.0006)

1.11103
(0.0000)

–0.14610
(0.0151)

0.21508
(0.0043)

Notes: values in brackets are p-value for significant.
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Finally, the stability check for models have been test by using CUSUM and CU-
SUM squared tests (see Annex). All models are stable if we use CUSUM tests while 
CUSUM squared shows exceeds in case of all metals with the exception of zinc. That 
suggest that all models without zinc are not stable in time.

3. Discussion

Since the Paris Agreement was adopted on 12 December 2015, nearly all countries 
around the world have agreed to take action with regard to the climate and to reduce 
the global temperature to well below 2 degrees Celsius (°C) this century compared to 
pre-industrial levels, and reach a target of 1.5 °C. Importantly, most of them declared 
in their Nationally Determined Contributions renewables, which include quantified 
renewable energy targets. Thus, further development of RES determines the demand 
for non-renewable resources, such as metals used in clean energy technologies gra-
dually excluding traditional fossil fuels. This provides the basis for the analysis of 
possible causal relationships.

The empirical results obtained from this research provide clear evidence that hard 
coal price may affect selected wind-power-related metals prices, however its impact 
is radically different and it depends on the metals. The number of strong causal rela-
tionships detected in this research is only one (chromium). Nevertheless, there is also 
evidence that short-run causality exists in case of cobalt as well.

Other analysis shows that fuel-metal relationships depends on the type of the 
fuel e.g. there is the evidence that crude oil price impacts the metal prices (Shao and 
Zhang 2020). However, it also vary on metals used in this research (the results show 
that crude oil price has non-linear Granger causality with lithium, cobalt, manganese, 
antimony, cadmium, molybdenum, and tellurium). It suggest that our results may 
arise in near future while the energy transition gather pace. For example, as the Paris 
Agreement becomes more stringent, along with the progressive implementation of 
national goals, this can be expected to ensure the intensification of the existing causal 
relationships and the emergence of new ones. 

Conclusions

A possible prospect for further research on this issue is analysis of these relation-
ships in the future. In this context, as the decisions of the Paris Agreement should be 
reviewed every five years, the causal dependencies may emerge or intensify in the 
future (over the next five years). Consequently, there is broad scope for testing this 
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kind of relationship in the future, especially if it could be important for policymakers, 
for example concerning energy security (Mróz 2021). Additionally, the broader con-
text with other clean energy metal prices should be also explored.

It should be also noticed that Covid-19 may be perceived as a main factor signi-
ficantly affecting possible causal relationships in recent period. However, a proper 
assessment of this impact will not be possible until the future.

On the other hand, potential in this kind of research is also visible for vector au-
toregressive (VAR) and vector error correction (VECM) models. Hence, this type of 
the research should be explored.
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Figure 1.  
CUSUM (upper) and CUSUM square (lower) test for stability for aluminium

Annex 1. CUSUM and CUSUM square test for stability
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Figure 2.  
CUSUM (upper) and CUSUM square (lower) test for stability for zinc
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Figure 3.  
CUSUM (upper) and CUSUM square (lower) test for stability for copper.
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Figure 4.  
CUSUM (upper) and CUSUM square (lower) test for stability for cobalt
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Figure 5.  
CUSUM (upper) and CUSUM square (lower) test for stability for chromium
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Application of Polymer Inclusion Membranes for the 
selective removal of copper from model leach liquor 

of waste Printed Circuit Boards (PCBs)

Abstract: Waste printed circuit boards (PCBs) contain many various metals and their effective recycling 
is very important. In this work, an effective process based on the application of polymer inclusion 
membranes (PIMs) for selective recovering of copper(II) from the synthetic leach liquor of PCBs 
was developed. For the first time, trihexyl(tetradecyl)phosphonium thiosalicylate [PR4][TS] was 
used as the ion carrier of copper(II). Environmentally friendly ionic liquid was proposed as a new 
carrier for synthesis of polymer membranes. The results proved that transport Cu(II) into 0.5 M 
sulphuric acid is efficient and selective. The obtained results showed that the recovery factor 
of Cu(II) ion from synthetic leach liquor containing mixture of various metals was over 91 %. 

Keywords: electronic waste, printed circuits boards (PCBs), copper, heavy metals 

Introduction

Printed circuit boards (PCBs) are present in every electronic and electric equip-
ments. PCBs contain many various metals such as copper, tin, nickel, lead, iron, sil-
ver, gold, etc. We can find many literature reports on the recovery of metals from 
PCBs using various methods such as: (1) leaching by inorganic acid (Le et al. 2011; 
Choubey et al. 2015; Park et al. 2021; De Andrade et al. 2021), (2) extraction of metal 
ions (Zhu et al. 2012; Panda et al. 2020), (2) separation using membrane processes 
(Kavitha and Palanivelu 2012). The method of recovering metals from waste should 
be ecological and environmentally friendly. PCBs contain approximately 28% metals 
(about 16% Cu, 2% Al and 0.5% Ni, 5% Fe 2000 ppm Ag, 150 ppm Au and other 
metals ) and 23% plastics (Burat and Özer 2018; Cui and Zhang 2008). Leach liquors 
of PCBs contain many heavy metals. The examples of aqueous solutions obtained 
after leaching in various conditions are presented in Table 1. As can be seen, various 
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leaching agents were using for the recovery of valuable metals from waste. Jadhav 
and Hocheng (2015) reported that hydrochloric acid is less corrosive than nitric acid 
and sulfuric acid. Furthermore, this acid has the ability to dissolve valuable metals 
from metallic waste. Therefore, hydrochloric acid can be recognized as the effective 
leaching agent for the recovery of metals from PCBs. 

The separation process of metal ions from aqueous solutions requires application 
of the appropriate methods and reagents. This is essential stage in hydrometallurgical 
processing. The separation process of copper(II) from the solutions containing other 
metals should be highly effective. A number of researchers reported that transport of 
metal ion through polymer inclusion membranes (PIMs) have potential applications 
as alternatives to solvent extraction duo to their low cost, long term stability, eco-
nomical utilization of carriers, good selectivity, easy design and operation as well as 
easily satisfying environmental pollution regulations (Pospiech and Kujawski 2015). 
A typical PIM consists of a polymer, a plasticizer and an ion carrier to facilitate the 
selective transport of metal ion. The choice of the ion carrier is crucial to ensure the 
selectivity and efficiency (Güel et al 2011; Jaqub et al. 2021). Therefore, the looking for 
the new, effective and ecological components of the membranes for the separation of 
heavy metal ion is very needed and important. 

Copper, cobalt and nickel are commonly found in the aqueous solutions in the 
case of the recovery of metals from various wastes by hydrometallurgical processes. 
PIMs with different ion carriers were studied for Cu(II) recovery from multi-compo-
nent solutions. For instance, Wang et al. (2000, 2016, 2017) studied transport of metal 
ions across PIM system with 2-hydroxy-5-nonylacetophenone oxime (LIX 84I) and 
di(2-ethylhexyl) phosphoric acid (D2EHPA) as carriers for the simultaneous sepa-
ration of Cu(II) from solutions containing multiple cations. Kavitha and Palanivelu 
(2012) reported recovery of Cu(II), Pb(II), Ni(II) from digested e-waste through PIM 
with D2EHPA.

In this work, for the first time trihexyl(tetradecyl)phosphonium thiosalicylate 
[PR4][TS] was used as the ion carrier of copper(II). This ionic liquid (IL) can be called 
green solvent due to melting point below 100°C, high thermal stability, negligible 
vapor pressure as well as low toxicity. Generally, ILs are classified as environmentally 
friendly substances. They have many advantages and applications as the effective ex-
tractants/carriers of metal ions and solvents (Fisher et al. 2011, Fuerhacker et al. 2012, 
Pospiech and Kujawski 2015; R. Leyma et. al. 2016; Lukomska et al. 2018). 

In this work, [PR4][TS] was used as up-to-date carrier of copper(II) for synthesis 
of polymer inclusion membranes (PIMs). The aim of the present work is to study the 
influence of the hydrochloric acid concentration in the aqueous solution on the effec-
tive and selective recovery of copper(II) from the aqueous source phase containing 
nickel(II), iron(II) and zinc(II). 
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1. Materials and methods

Inorganic chemicals, i.e. copper(II) chloride (CuCl2 ·2H2O), nickel(II) chloride 
(NiCl2 ·6H2O), zinc(II) chloride (ZnCl2), iron chloride (FeCl3), hydrochloric acid (HCl), 
sulfuric acid (H2SO4), were of analytical grade and were purchased from POCh (Gli-
wice, Poland). Organic reagents, i.e. trihexyl(tetradecyl)phosphonium thiosalicylate 
[PR4][TS] (purity≥97%), cellulose triacetate (CTA), dichloromethane, 2-nitrophenyl 
octyl ether (NPOE), were of analytical reagent grade (Aldrich). 

1.1. Polymer Inclusion Membranes (PIMs)

PIMs were prepared as reported in the earlier papers (Pospiech 2015; Makowka 
and Pospiech 2019 2020). The solution of cellulose triacetate (CTA) containing 1.25 
g CTA/100 cm3 of dichloromethane was prepared. 0.1 M solution of the ion carrier 
([PR4][TS]) in chloromethane was used for synthesis of PIM. 2-nitrophenyl octyl ether 
(NPOE) was applied as the plasticizer. Dichloromethane was used as the solvent for 
the each membrane component (CTA, NPOE and carrier). The membrane was obta-
ined as a result of evaporation of dichloromethane from a mixture containing CTA, 
NPOE and carrier.

1.2. Transport experiment 

Transport experiment was described in the previous papers (Pospiech 2015; Ma-
kowka and Pospiech 2019, 2020). The volume of the source phase and the receiving 

Table 1.  
Composition of selected leach liquors of waste PCBs

Leaching agent Composition of solution after leaching Ref.

3.5 M HNO3
42.11 g/L Cu, 2.12 g/L Fe, 4.02 g/L Pb, 1.58 g/L Zn, and 
0.4 g/L Ni Le et al. 2011

3 M HNO3 22.97 g/L Cu, 6.3 mol/L HNO3 Choubey 2015

1.2 mol/L H2SO4 and 10.0 vol% 
of H2O2 

16.66 g/L Cu, 0.1 g/L Pb, 0.64 g/L Al, 0.13 g/L Fe, and 
0.79 g/L Ca 

Kumar et al. 
2014

3 M HNO3
21,12 g/L Cu (96%), 0.52 g/L Pb, 0.91 g/L Al, 0.13 g/L Fe 
and 1.7 g/L Ca 

Kumar et al. 
2014

2 M/L HCl and Cl2 as oxidant Results of the leaching: 71% of Cu, 98% of Zn, 96% of Sn, 
96% of Pb Kim et al. 2011
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phase was 100 cm3, respectively. The membrane surface was 12.56 cm2. The source 
and the receiving phases were pumped with a peristaltic pump (PP1B-05A type, Za-
limp, Poland). The concentrations of Cu(II), Ni(II), Fe(III), Zn(II) were analyzed by 
the plasma emission spectrometer MP-AES 4200 (Agilent).

The transport process of metal ions was described by a first-order reaction in me-
tal ion concentration (Danesi 1984). To calculate the k value (rate constant), a plot of 
ln(c/ci) versus time was prepared (c – concentration of metal ion after 12 h; ci – initial 
concentration of metal). The permeability coefficient (P) was calculated as: 

 V mP k
A s

 
=  

 
 (1)

where:
V – volume of the aqueous phase,
A – the surface of PIM. The initial flux (Ji) was calculated as:

 
i i

molJ Pc
m s

   2
 

=  
 

 (2)

2. Results

The composition of synthetic leach liquor was presented in Table 2. At first, the 
effect of hydrochloric acid concentration in the source phase on the selective recovery 
of copper(II) from the mixture of metal ions was investigated using transport across 
PIM containing 20 wt.% CTA, 30 wt.% [PR4][TS], 50 wt.% NPOE. The concentration 
of hydrochloric acid in this aqueous phase was varied between 0.5 mol/L to 3 mol/L. 
The results are presented in figure 1, which shows the kinetics dependence of ln(c/ci) 
versus time for the transport of Cu(II) depending on hydrochloric acid concentration 
in the aqueous solution. The linear relation of lnc/ci versus time shows the facilitated 
mechanism of Cu(II) transport across PIM. Other metals were not detected in the re-
ceiving phase, which proves the high selectivity of the process. Table 3 shows kinetic 
parameters such as the rate constant (k), the permeability coefficient (P) and recovery 
factor (%, RF). 

The next part of the investigation concerned the effect of sulphuric acid concen-
tration in the receiving phase on the transport of metal ion from the source phase. 
The concentration of sulfuric acid in this aqueous phase was varied between 0.1 mol/L 
to 2 mol/L. The results are presented in Table 4. As can be observed, the high concen-
tration of sulphuric acid in the receiving phase is not favorable for the transport of 
Cu(II). The highest initial flux of Cu(II) reached the value of 44.5 µmol/m2s for 0.5 M 
H2SO4 as the receiving phase. Table 4 shows kinetic parameters of the transport of 
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Table 2.  
Composition of synthetic leach liquor of PCBs

Metal Concentration [mol/dm3]

Cu(II) 0.01

Ni(II) 0.001

Fe(III) 0.001

Zn(II) 0.001

Table 3.  
Kinetic parameters for transport of Cu(II) from synthetic leach liquor.  

The receiving phase: 0.5 M H2SO4

[HCl] [mol/dm3] Rate constant, k, [h-1] Permeability coefficient, P [µmol/s] Recovery factor [%]

0.5 0.052 1.16 47.4

1.0 0.127 2.80 77.6

2.0 0.184 4.06 89.1

3.0 0.202 4.45 91.5
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Figure 1.  
Relationship of ln(c/ci) vs. time for Cu(II) transport across PIM with [PR4][TS]. The receiving phase: 0.5 M H2SO4
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Cu(II). These results showed that transport of metal ions into the receiving phase 
was depended on the concentration of H2SO4 in the receiving phase. The recovery of 
copper(II) decreased when the concentration of H2SO4 was above 0.5 M.

Table 4.  
Kinetic parameters for transport of Cu(II) from HCl solutions in depending on H2SO4  

concentration in the receiving phase. PIM: 20 wt.% CTA, 30 wt.% [PR4][TS], 50 wt.% NPOE.  
The receiving phase: H2SO4

[H2SO4] [mol/dm3] Rate constant, k 
[h-1]

Permeability 
coefficient, P 

[µm/s]
Recovery factor [%] Ji [µmol/m2s]

0.1 0.178 3.94 87.8 39.4

0.5 0.202 4.45 91.5 44.5

1.0 0.184 4.07 89.0 40.7

The stability of the PIM containing 20 wt.% CTA, 30 wt.% [PR4][TS], 50 wt.% 
NPOE was evaluated on the basis of the permeability values obtained from three 
sequential experiments in which the membrane was used under the following expe-
rimental conditions: 0.01 M Cu(II), 0.001 Ni(II), 0.001 Fe(II), 0.001 Zn(II) in 3 M HCl as 
the source phase, the receiving phase: 0.5 M H2SO4. The membrane was taken away 
from the cell and washed in deionized water. There were three repeated membrane 
transport experiments which used the same membrane. The permeability coefficient 
of Cu(II) ion varied slightly after three cycles of 12 h each. As before, other metals 
were not detected in the receiving phase. In Table 5, the variation of the permeability 
coefficient of Cu(II) observed during all three experiments is shown. As can be seen, 
the permeability coefficients for Cu(II) decreased from 4.45 to 3.82 µm/s. 

Table 5.  
Effect of cycles number for Cu(II) transport across PIMs on permeability coefficient.  

PIM: 20 wt.% CTA, 30 wt.% [PR4][TS], 50 wt.% NPOE

Cycle number Permeability coefficient, P [µm/s]

1 4.45

2 4.35

3 3.82
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3. Discussion

Based on the literature review (Lee et al. 2018), it can be concluded that hydrochlo-
ric acid can be used to metals leaching from waste PCBs. Review of literature shows 
that copper is the major metal of each leach liquor independently of the leaching 
agent (Table 1). The results show that significant amount of Cu as well as small amo-
unt of Ni, Fe and Zn were leached. Hydrochloric acid was one of the most effective le-
aching agents. A careful review of the literature shows that the recovery of copper(II) 
using PIM containing [PR4][TS] has been not to perform so far. Membrane containing 
20 wt.% CTA, 30 wt.% [PR4][TS], 50 wt.% NPOE can be used for the selective reco-
vering Cu(II) from leach liquors of PCBs containing Zn(II), Ni(II) and Fe(III). As can 
be observed, when the hydrochloric acid concentration increased, the values of the 
rate constants and the initial fluxes of Cu(II) also increased. The highest permeability 
coefficient of Cu(II) reached the values 4.45 µm/s for 3 mol/L HCl. It can also noted 
the increase of the recovery factor of Cu(II) with increasing concentration of HCl in 
the source phases from value 47.4% for 0.5 M HCl to value 91.5% for 3 mol/L HCl. The 
high concentration of hydrochloric acid in the source phase promotes the transport of 
Cu(II) into 0.5 mol/L H2SO4. Copper ions exist as the anionic chlorocomplexes in the 
concentrated HCl (Zhu et al. 2012) and are favored by the ion carrier containing in 
the PIM. It indicates that in this case anion exchange mechanism of transport occurs, 
because Cu(II) forms stable anionic chlorocomplexes in the source phase at high chlo-
ride ion concentration. The maximum transport of Cu(II) ions was obtained by using 
the membrane containing 1 mol/dm3 of [PR4][TS]. The resulting membrane contained 
20 wt.% CTA, 30 wt.% [PR4][TS], 50 wt.% NPOE. It is worth noting that the solubility 
of carrier in NPOE is limited and PIM is more viscous at very high carrier concentra-
tion (Pospiech 2015, 2021). Experimental studies allow to determine the appropriate 
composition of the membrane in the given process conditions.

Conclusions

PIMs are useful for the selective separation of copper (II) ion from the synthetic 
leach liquors of PCBs. Polymer membrane based on CTA (polymer matrix) with the 
ionic liquid [PR4][TS] can be successfully used in the selectively recovering Cu(II) 
from the aqueous solutions containing Ni(II), Zn(II), and Fe(III) in hydrochloric acid 
solution. The results of the presented investigations proved that transport Cu(II) into 
0.5 M sulfuric acid as the receiving phase was very fast and efficient. The highest 
flux of Cu(II) was obtained for the transport through PIM containing: 20 wt.% CTA, 
30 wt.% [PR4][TS], 50 wt.% NPOE. The obtained results showed that recovery factor 
of Cu(II) ions from mixture containing Ni(II), Fe(III) and Zn(II) was over 91%. 
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Fermentation as a way of glycerin waste management 
towards lactic acid production

Abstract: This work investigates the potential conversion of waste glycerin (other names: glycerol, 
glycerine) from biodiesel production into lactic acid (LA). After biodiesel production it is neces-
sary to manage wastes e.g. glycerine. Waste glycerin is metabolized by microorganisms from 
the Lactobacillus family. Waste glycerine was used as a substrate for cultivation of several lactic 
acid bacteria (LAB). Among the screened microorganisms, Lactobacillus rhamnosus, ATCC7469; 
Lactobacillus plantarum, ATCC 8014; Lactobacillus delbrueckii WLP677 was identified as the 
most promising producer of LA. Therefore, it could be demonstrated that glycerol is a promising 
raw material for the production of lactic acid and could serve as a feedstock for the sustainable 
largescale production of lactic acid. 

Keywords: biotechnology, lactic acid, waste management, environmental protection 

Introduction

Glycerin waste from biofuel production or food waste in the form of molasses, 
whey and other raw materials is an excellent material for further use in chemical 
processes. (Hofvendahl 2000; Krishna 2019).

Various paths enabling the maximum management of waste or its transformation 
into chemically and universally useful products have been searched for a long time 
(Mostafa 2012).

So far, the most attractive seems to be the production of lactic acid as a mer for 
polymerization into PLA (polylactic acid). This fits perfectly into the circular econo-
my cycle, because looking at waste disposal, it tries to add a new technology for their 
processing to the already existing technologies for obtaining main products. On the 
example of glycerin, the entire cycle is presented in the following scheme (Ohleyer 
1985; Senedese 2015; Sreenath 2001).
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Lactic acid is an organic acid widely used in industrial applications. In the recent 
years, the interest towards lactic acid recovery from fermentation broth increases. 
This interest is caused by increasing in the demand of pure, naturally produced lactic 
acid. The most important applications are as a preservative and acidulant in foods, as 
a controlled delivery of drugs in pharmaceutical agents, as a precursor for produc-
tion of polymer in plastic industries and in leather tanning and textile dyeing. World 
demand for lactic acid is estimated as $150 million (100,000 tones). About 50% of the 

 

 Figure 1.  
Circular economy cycle with waste from biodiesel production

 

 Figure 2.  
Lactic acid – import in 2020 (from TrendEconomy) – Poland – 12,525,990 million US$  

[units – US dollar; M – a million]
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market is in food and beverage applications which are a mature and stable market. 
(Datta 2006; Lin 2020; Sreenath 2001; Tsapekos 2020; Wee 2006).

Fermentation is the important process for manufacturing of products with desira-
ble biochemical characteristics with the aid of microorganisms or enzymes. Fermen-
tation plays at least six the most important roles:

 y enrichment of the diet through development of a diversity of flavours, aromas 
and textures in food substrates,

 y preservation of food via lactic acid, ethanol, acetic acid and alkaline fermen-
tations,

 y biological upgrading of food substrates with proteins, essential amino acids, 
fatty acids and vitamins,

 y detoxification in the course of food fermentation,
 y saving cooking time and fuel requirements, 
 y biocatalysis in bioprocesses (for example production of lactic acid and others 

chemical compound).
LAB from ancient times have been used in production of traditional foodstuffs. 

LAB are important microorganisms involved in manufacturing various dairy pro-
ducts such as yogurt, kefir, cheese, butter and so on. The latter account for about 
20% of the global output of fermented products. LAB can be divided into two groups 
depending on optimal growth temperature: mesophilic (20–30°C) and thermophilic 
(30–45°C). The flavour, texture and consistency may vary considerably when me-
sophilic or thermophilic cultures are used. Dairy industry mainly consumes starter 
cultures selected and maintained by subcultivation in milk. 

The raw materials used as input material are above all cheap and readily available. 
They include: starch, whey, molasses, glycerin and others. Currently, lignocellulosic 
materials such as starch and cellulose are very popular due to their low cost and the 
fact that they are renewable. The starchy raw materials include: sorghum, corn, cassa-
va, potatoes and many others. The problem, however, is that these materials have to 
be hydrolyzed to fermentable sugars, which are mainly glucose. On the other hand, 
cellulosic materials are used in fermentation in a fairly similar way to starch, but they 
often contain more complex molecules that must be broken down into fermentable 
fragments before fermentation (RedCorn et al. 2016).

Current research among scientists covers the production of lactic acid from pure 
cellulose by simultaneous saccharification and fermentation (SSF i.e. simultaneous sac-
charification and fermentation is a process that combines enzymatic hydrolysis with 
fermentation to obtain value-added products in a single step) from corn, waste paper 
or wood. In addition, wheat bran, straw or alfalfa fibers are tested for the production 
of lactic acid or other chemically attractive substances (Lee et al. 2004)

Some industrial wastes such as whey, molasses and glycerin are interesting sub-
strates for the production of lactic acid. Whey is the main by-product of the dairy 
industry and contains lactose (sugar), protein, fat and mineral salts, which are ele-
ments quite important in fermentation into lactic acid using biocatalysts (bacteria). 
Molasses, on the other hand, is left over from the sugar manufacturing process and 
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usually contains a large amount of sucrose. The literature shows that the most com-
mon bacteria dealing with molasses in fermentation are Escherichia coli, Lactobacillus 
delbrueckii. 

Glycerin, on the other hand, as one of these innovative ideas for its use as a raw 
material in fermentation, is used in cosmetics and pharmacy, and in other industries 
(Dobson et al. 2012; Sittijuda et al. 2021). However, the problem with glycerin begins 
when the post-process glycerin from the production of biodiesel is used, which is 
not purified. Only it undergoes the process of methanol recovery, which can be even 
7–10%, which deactivates the biocatalysts used in fermentation.

The transesterification reaction shows the production of a biocomponent for bio-
diesel using oily substances as a raw material and alcohol with NaOH as a catalyst. 
The oily substance can be:

 y substances of plant origin,
 y substances of animal origin,
 y used oils, used frying fats.

As can be seen from the reaction, according to data provided by refineries pro-
ducing biofuels, one ton of raw material produces about two hundred kilograms of 
crude glycerol. It is subjected to a multi-stage purification process, thanks to which 
technical and pharmaceutical glycerin is obtained (Sittijuda et al. 2021).

2. Materials and methods

Many fermentation parameters in bioreactor have a significant effect in the growth 
and metabolic production of lactic acid such as temperature, pH, agitation speed, 
dissolved oxygen level etc. Growth kinetic study of the microbial cultures can be 
used to estimate the cost-effective production of lactic acidic large scale (Huang 2021; 
Mostafa 2012).

In case study, the bacteria were cultured in MRS medium in Erlenmeyer flasks. 
The medium temperature was adjusted according to the proposed temperature for 
the optimum growth of the respective organism, 37°C for the L. plantarum, 32°C for 

 

 Figure 3.  
Scheme of the transesterification reaction with the use of methyl alcohol
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L. rhamnosus and 37°C for L. delbrueckii. For each strain, several parallel fermentations 
were carried out with different conditions to obtain the highest cell growth. 

In this study, he tries to use crude glycerol, only subjected to the alcohol reco-
very process, for economic reasons, i.e. cleaning costs. The purification process in 
its essence consists in decolorization of glycerol, vacuum distillation, the stage of 
purification on activated carbon beds and its deodorization. The cost of the crude 
glycerol purification steps mentioned influenced the decision to use crude, de-al-
coholised glycerin.

Focusing on laboratory work, an element of innovation in experiments is the 
use of bacteria from publicly available sources. It is economical from the point of 
view of larger technologies where production costs have to be reduced. In addition, 
the research includes work on the optimization of parameters and the use of raw, 
unpurified, waste glycerin to reduce the costs of further processing, treatment or 
disposal. It seems to be needed nowadays by the greater awareness of the society.

In the available literature, research is being conducted on the possibilities of bac-
teria capable of processing waste compounds. However, these are usually genetically 
modified microorganisms, therefore their price is high. The research so far is based 
on the bacteria: Escherichia coli and selected Lactobacillus strains. This study shows 
that not only modified bacteria metabolize difficult waste compounds, but also those 
derived from cheap sources of dairy products. Their breeding and parameters are 
adapted to the low technological regime, thanks to which the process can be decide-
dly more economical.

3. Results

The influence of the medium on Lactobacillus strains is quite large. They are 
usually picky microorganisms with high nutritional and temperature requirements.  
Bacteria achieve their optimal growth on the third day of cultivation, and usually 
then their number is maximum. After this stage, bacterial growth slightly decreases 
over time.

The glycerol waste from petrochemical industry was used as carbon source for lac-
tic acid production. Different bacteria from Lactobacillus family were tested for their 
growth behavior and lactic acid production ability. Effects of some parameters such 
as temperature, inoculum size, substrate dilution, has not yet been thoroughly tested 
for selected bacteria. This research is under preparation. On the other hand, the data 
collected from the preliminary measurement tests show that the optimal growth tem-
perature of bacteria allows for their maximum number and during fermentation they 
allow the conversion of glycerin to lactic acid, which requires confirmation by HPLC. 
The research focused on the temperature parameter, which is practically the most 
important. (Abedi 2020; Coehlo 2011; Rojan 2006; Shamala 1988).
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Preliminary tests were performed using appropriate concentrations of glycerol. 
The influence of the amount of glycerol on the growth of selected bacteria as well 
as the influence of temperature and time on the metabolism of the raw material was 
investigated.

The graphs below show the results obtained in individual fermentations with the 
use of glycerol as a raw material (in various concentrations) as a function of tempe-
rature.

 

 Figure 4.  
An example of the influence of temperature on the growth of bacteria

 

 
Figure 5.  

Bacteria temperature tolerance chart
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For Lactobacillus plantarum and various glycerol concentrations:

 
 Figure 6. 

Lactobacillus plantarum growth on MRS medium with glycerol (0,25; 0,5; 2; 5%)
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For Lactobacillus rhamnosus and various glycerol concentrations:

 

 Figure 7.  
Lactobacillus rhamnosus growth on MRS medium with glycerol (0,25; 0,5; 2; 5%)
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For Lactobacillus delbrueckii and various glycerol concentrations:

 

 Figure 8.  
Lactobacillus delbrueckii growth on MRS medium with glycerol (0,25; 0,5; 2; 5%)
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An example of the use of bacteria with the use of glycerin and other raw materials 
that are a source of carbon for bacteria is presented in the table 1 below:

Table 1.  
Examples of the amount of produced lactic acid for selected bacteria

Organism LA [g/L]

Lb. delbrueckii ATCC 9649 58

Lb. plantarum NRRL B-531 17

Lb. rhamnosus ATCC 10863 17

LAB (lactic acid bacteria) represent a diverse microbial group united by the ability 
to produce lactic acid from various substrates. The first pure culture of LAB, now 
known as Lactococcus lactis, was isolated in 1873 by Lister. Originally the term “lac-
tic acid bacteria” denoted “milk souring organisms,” but it came out of use after 
publication of the monograph by Orla-Jensen (1919) formulating the principles of 
modern LAB classification. Taxonomic affiliation of the bacteria based on cellular 
morphology, mode of glucose fermentation, growth temperatures and range of sugar 
utilization distinguished four core genera: Lactobacillus, Leuconostoc, Pediococcus and 
Streptococcus (Al-Dhabi et al. 2020; Zhang et al. 2021).

Glycerol is a cheap, abundant, and simple molecule, which can be taken up into 
the microbial cell by facilitated diffusion, and a number of microorganisms have met-
abolic pathways that can convert glycerol into different metabolic intermediates. This 
is because glycerol is found abundantly in nature in the form of triglycerides, the 
chemical combinations of glycerol and fatty acids (Sittijuda et al. 2021).

In addition, glycerol is a highly reduced carbon source , which means that it can 
be used as a platform for the anaerobic production of chemicals of a reduced nature. 
Dissimilation of glycerol in microorganisms, in fermentative metabolism, is strictly 
linked to their ability to produce the highly reduced product 1,3-PD (propanediol). 
This process involves two pathways which are responsible for the metabolism of the 
carbon substrate. These pathways are widely known but not fully understood and 
this is a limiting factor in fermentative studies (El-Sheshtawy et al. 2022; Lee et al. 
2004).

Because of LAB (lactic acid bacteria) beneficial properties, their correct identifica-
tion is vital for further industrial and medical use. LAB are Gram-positive rods and 
cocci characterized by the absence of catalase, tolerance to low pH values and lack of 
spore formation. LAB produce ATP (energy carrier) predominantly by fermentation 
of sugars. The distinctive feature of LAB is production of lactic acid. They are chemo-
trophic microorganisms deriving necessary energy from oxidation of chemical com-
pounds, especially sugars. There are two fermentation pathways: homofermentative 
and heterofermentative. Homofermentative bacteria produce lactic acid as the major 
metabolite through glycolysis or Embden-Meyerhof-Parnas pathway generating two 
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moles of lactate per mole of glucose. Pentoses and gluconate are not fermented by 
microorganisms via obligate homofermentative pathway due to lack of enzyme (Lech 
et al. 2019; Sittijuda et al. 2021). In turn, heterofermentative microorganisms using 
pentose phosphoketolase pathway produce lactate, CO2 and ethanol. LAB are ap-
plied in food production and preservation from the ancient times. Nowadays, LAB 
find wide use in various areas such as synthesis of chemicals and pharmaceuticals or 
manufacturing of probiotics for agriculture and medicine. Nevertheless, food indus-
try remains to be the domain of broad LAB application. LAB strains were granted 
“Qualified Presumption of Safety” and “Generally Regarded as Safe” status by the 
European Food Safety Authority (EFSA) and Food and Agriculture Organization of 
the United Nations (FAO), respectively. They are used in manufacturing of dairy, 
meat, baking and vegetable products all over the world. These bacteria also allay 
product allergenicity and ensure longer preservation of fermented foods. LAB can be 
involved in the delivery of functional biomolecules and ingredients into high quali-
ty gluten-free cereal products. In the seafood industry, LAB are usually applied for 
product conservation, with the exception of traditional fish sauces in Southeast Asia. 
In recent years, novel fish products with various flavour and biochemical character-
istics have been developed (Dobson et al. 2012; Lee et al. 2004).

For lactic acid to be commercially attractive, economically efficient and environ-
mentally sound manufacturing processes are needed for its production. Recent anno-
uncements of new lactic acid production plants by major chemical and agrochemical 
companies might usher in new technologies for the efficient, low-cost manufacture of 
lactic acid and its derivatives for new applications (RedCorn et al. 2016).

4. Discussion

The results of this work show that the bacteria used in the fermentations are suita-
ble biocatalysts for the production of LA from glycerin. As can be seen in the graphs, 
glycerin does not inhibit the growth of bacteria (despite the fact that it is a triple-sub-
stituted alcohol hydroxyl group). It can also be stated on the basis of other articles 
that selected bacteria metabolized glycerin in their life processes. Also, it should be 
emphasized that the successive increase of the concentration in subsequent experi-
ments has its grounds confirmed by these tests. The MRS broth medium, which was 
used for the development of microorganisms, coped perfectly with the parameters 
and conditions of breeding.

This work showed that the production of LA in a liquid medium with the addition 
of glycerin with the participation of L. rhamnosus, L. delbrueckii, L. plantarum can be 
considered as very a promising and suitable process that could then be incorporated 
into a biorefinery concept. Therefore, future research should be directed to studying 
the effects of higher concentrations of crude glycerin and on development bioreac-
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tors able to simultaneously recover lactic acid and have the possibility of recycling 
bacteria which, after fermentation, are still suitable as biocatalysts for subsequent 
processes (which was shown in the graphs in the last phase of their growth).

Conclusions

According to this article, the importance of lactic acid can be observed due to 
its wide use and obtaining from waste materials from the petrochemical and food 
industries. The literature describes many of the uses of lactic acid, such as cosme-
tics, pharmaceuticals, chemicals, food, and more recently in medicine. The greatest 
demand is in food and polymer applications. Lactic acid produced by the fermen-
tation process has several advantages: low substrate costs, production temperature 
and energy consumption. However, the production of lactic acid is still limited by the 
final production cost which is associated with a downstream process which requires 
many steps and makes the process expensive. Therefore, it is imperative to develop 
more efficient and cost-effective technologies.

Rising consumer awareness with respect to the need for recyclability, green packa-
ging, and sustainability is driving significant demand globally. Unlike conventional 
plastic, PLA does not take decades to degrade, and as such, reduces adverse environ-
mental impact.
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Tetracycline pollution treatment –  
current trends in water remediation

Abstract: Water pollution caused by antibiotics is a global environmental problem leading to the spread 
of antibiotic-resistant bacterial strains, and adverse effects on health and ecosystems. One of 
the most widespread antibiotics in the soil and water is tetracycline, often used in veterinary 
treatment. Over 75% of this drug is exerted with biological fluids and gets to the environment. 
There are many solutions proposed to deal this problem, where the recent literature presents 
various aspects of tetracycline (TC), including monitoring techniques, TC degradation, and its 
removal from wastewater. In this work, we present a concise overview of the TC treatment 
techniques, especially with the solutions that are based on nanotechnology. 

Keywords: water pollution, antibiotics, water remediation, wastewater treatment, tetracycline 

Introduction

Recent industry progress drastically affected the environment causing the release 
of toxic compounds to the soil and water (Philip et al. 2018; Rathi et al. 2021; Inyinbor 
et al. 2017). Besides many emerging contaminants, many of them can also be found 
in drinking water, personal care products, and food. One of the largest groups of 
emerging contaminants is antibiotics, widely used to treat several diseases at both 
human and animal treatment. Due to their wide application, their metabolites easily 
get to the environment (Song et al. 2010; Łukaszewicz et al. 2017). Moreover, the 
fast and easy migration of such compounds to drinking water may also have severe 
consequences for public health. Antibiotics are released to the surface water, seawa-
ter, groundwater, soil, and sludge, easily exposed to the biota. Extensive antibiotics 
use results in developing antibiotic-resistant ABR bacteria strains, becoming a serious 
problem and difficult to defeat (Ventola 2015; Kongkham et al. 2020). ABR of bacteria 
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leads to the fast spread of diseases (Aslam et al. 2018). The pharmaceuticals used to 
defeat bacterial infections, and their metabolites in the aquatic environment affect 
all organisms. Antibiotics can also accumulate in vegetables, aquatic plants, crops, 
animals, and even animal-derived products like milk, honey, and meat (Gothwal and 
Shashidhar 2014).

Several types of antibiotics have different therapeutic properties and mechanisms 
of action in the body, differing the chemical composition. The most common ones 
are: aminoglycosides, β-lactams, carbapenems, chloramphenicol, fluoroquinolones, 
glycopeptides, lincomycin, macrolides, monobactams, polyenes, polypeptides, quino-
lones, rifamycin, tetracyclines, and sulfonamides (Gothwal & Shashidhar 2014), whi-
le the tetracycline (TC) is one of the most spread in the environment (Manyi-Loh 
et al. 2018; Hejduk et al. 2021). This antibiotic is widely used for bacterial infections 
treatment in humans and animals and for agricultural purposes. Over 75% of TCs 
are excreted in an active form with the urine and feces, directly affecting the whole 
ecosystem. Though tetracycline-based antibiotics presented in figure 1 reveal benefits 
to health dealing with severe bacterial infections. Its overuse is associated with the 
ABR bacterial strains development, allergic reactions, and significant fluctuations in 
environmental microflora in humans and animals.

In Soares et al. (2021), it is presented that tetracycline negatively impacts the health 
of the bees affecting their gut microbiota (Soares et al. 2021). Tetracycline exposure 
is also associated with decreased relative abundances of several bee species. In Zhao 
et al. (2015) the complexity of the tetracycline reactions leading to the toxic degrada-
tion products is presented, where the UV light and free radicals are the main factors 
affecting TC structure that are toxic to zebrafish embryos. It confirms the huge need 
for the removal of these compounds from the water to avoid contact with organisms 
(Zhao et al. 2020).

Tetracycline has adverse effects on intestinal epithelial cells. It causes a barrier 
disruption in even small concentrations ranging from 15 to 150 μg mL–1 (Gokulan 
et al. 2017). Another research refers to the negative impacts on eye retinal cells (Sali-
miaghdam et al. 2022). The most important influence for humans and other animals is 
antibiotic resistance development. The scientist’s study influences TC for larva honey 

 

 Figure 1.  
Structures of tetracycline, oxytetracycline, and chlortetracycline
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bees. The results are disturbing, where the lethal dose of the half population is about 
125.25 μg mL-1 (Aljedani. 2021). TC poses a severe threat to sea animals; for example, 
tilapia, this antibiotic disrupts the work of the gills, oxidation stress, and induces 
various inflammatory reactions (Xu et al. 2022). 

1. Strategies towards the TC treatment

Since TC is one of the main antibiotic-based contaminants in aquatic systems, 
its treatment is highly needed. Although antibiotics and their metabolites are mo-
nitored and easily detected, there is still a lack of systemic solutions preventing the 
environment from pollution with these contaminants. Many techniques are used to 
decrease the TC and its metabolites in an environment, including ozonation, Fenton 
process, photolysis, sonolysis/sonochemical oxidation, microbial treatment, enzyma-
tic degradation, and adsorption. Each method has its merits and demerits. The best 
strategy would be highly effective, low-cost, environmentally friendly, and scalable 
to be applied on an industrial scale. The most commonly used are based on the TC 
degradation within the free radicals or UV-light in the presence of chemical factors. 
Generally, the degradation of TC leads to the breakdown of this molecule to the se-
condary metabolites that are supposed to be less toxic than the primary compound.

1.1. Catalytic and photocatalytic degradation of TC

Ozone is much more efficient than chloride, making it one of the most effective 
techniques in wastewater treatment, where the ozone is used to remove organic pol-
lutants or inactivate pathogens by producing highly reactive radicals (Iakovides et al. 
2019). This highly reactive gas reacts via cycloaddition to double bonds like C = C, 
C = N, N = N, and generation of HO• radicals that affect molecules. In case of the 
tetracycline treatment, the ozonation can be boosted within the catalysts (Nawrocki 
and Kasprzyk-Hordern 2010). Literature refers many different catalysts like metal 
oxide semiconductors and composites like silica ore supported silicate ore suppor-
ted Co3O4 (Luo et al. 2018), Ce-doped Mn3Gd7–xCex(SiO4)6O1.5 (Fu et al. 2019), ZnO 
(Mohsin et al. 2021), ZnO/γ-Fe2O3 (Semeraro et al. 2020), CeO2–TiO2) (Zhu et al. 2012), 
Bi2WO6 (Lu et al. 2021). In (Olusegun et al. 2021) Olusegun et al. proposed application 
of superparamagnetic iron oxide nanoparticles offering high efficiency TC photode-
gradation.

Besides the ozonation, another method is the Fenton process based on the reaction 
between the Fe2+ ion and hydrogen peroxide, leading to the generation of free radi-
cals affecting other molecules. Fenton-like reactions can also be used where copper 
or cobalt ions can be used instead of iron. In (Yamal-Turbay et al. 2013) tetracycline 
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degradation is performed in function of the H2O2 dosage. With the increase of H2O2, 
the amount of the free radical rises leading to the effective TC treatment. The Fenton 
catalytic process also can be enhanced by the application of various materials Fe3O4 
nanospheres (Hou et al. 2016; Nie et al. 2020), Fe3O4@SiO2 submicrospheres (Cai et al. 
2021), carbon-bridge-modified malonamide (MLD)/g-C3N4 (CN) (Zhang et al. 2021), 
magnetic MnFe2O4 and MnFe2O4/biochar composite (Lai et al. 2019), graphene oxide 
(GO) and cobalt-phthalocyanine (CoPc) based magnetic composite like Fe3O4@GO-
CoPc (Huang et al. 2022), magnetic polydopamine Au-Fenton catalyst (Fe3O4@PDA/
Au) (Zhai et al. 2021). Literature also shows the effect of the inorganic anions and 
cations on the degradation of TC revealing effectiveness UV-induced Fenton process, 
in the following order: HPO42– > HCO3– ≫ SO42– > Cl– and Cu2+ ≫ Ca2+ > Na+ (Han 
et al. 2020).

Besides many techniques, tetracycline can be adsorbed and degraded with the 
application of Fenton catalysts and ozone, as well as different catalysts and photo-
catalysts. Oxidative degradation of pharmaceutical compounds like TC using such 
photocatalysts is a viable option due to their simplicity and low-costs. The most po-
pular semiconductor used for photocatalysis is TiO2. It works under the UV light for 
its wide band gap of about 3.2 eV (Zhu et al. 2013) being suitable for TC degradation. 
Nagamine et al. refers to the effective photodegradation of TC with semiconducting 
CdS (Nagamine et al. 2020). SnO2 and CeO2 are also exploited for photodegradation 
of TC. The researchers used the mixed oxides consisting of cerium and tin prepared 
by hydrothermal methods assisted with sonication. Receiving band gap in the range 
of  2.78–2.91 eV and degradation of TC at the level 97% after 120 minutes (Moham-
mad et al. 2021).

Other photocatalytic systems are reported in the literature for tetracycline degra-
dation, however, they are either using UV light or they are more complex, involving 
heterogeneous composites and hybrid systems, where one of the main component is 
TiO2 responsible for effective TC degradation under the UV-light. Literature presents 
many composites based on TiO2 opening possibilities to apply not only UV, but also 
the visible light. In He et al. 2020 highly-oriented one-dimensional (1D) MIL-100(Fe)/
TiO2 is presented. Li et al. 2018 refers the application of the CdS-TiO2, while Djouadi 
et al. 2018 presents the Bi2S3/TiO2–montmorillonite nanocomposites as an effective 
composite for TC treatment making it possible to degrade that drug in both, UV 
and visible range of the solar radiation. Literature also refers another composites 
application that are based on the other hybrids like Cu2O–TiO2 (Shi et al. 2016), mul-
tiwall carbon nanotubes-MWCNT/TiO2  (Ahmadi et al. 2017), TiO2/activated carbon 
(Martins et al. 2017), ternary heterogeneous BiOCl/TiO2/sepiolite (Hu et al. 2019), 
ternary NCQDs-BiOBr-TiO2 (Luo et al. 2021), 3D IO-TiO2-CdS nanocomposite (Lv 
et al. 2021), AgI/N–TiO2 (Tung et al. 2020), yolk-shell structured Fe3O4@void@TiO2 (), 
ternary composites including MGO-Ce-TiO2 (Cao et al. 2016). Zhang et al. 2022 shows 
the synergetic enhancement of piezo catalytic performance to remove tetracycline by 
K2Ti6O13/TiO2 nanocomposite including the derived free radicals mechanism of TC 
degradation (Zhang et al. 2022). 
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Besides the TiO2 also other semiconductors can be used including CdS, zinc and 
ceria oxide, bismuth oxide and other metals and their oxides like FeNi3/SiO2/ZnO 
(Nasseh et al. 2020), PtO-ZnO (Reda et al. 2021), Sr-Bi2O3 (Niu et al. 2013), SnO/CeO2 
(Zhang et al. 2020), and CeO2/Bi2O2CO3 (Lai et al. 2021), Ag/Ag2CO3/BiVO4 (Liu et al. 
2018), and IO-TiO2-CdS (Lv et al. 2021). The bandgap of these composites is suitable 
for effective TC treatment. Another references describe application of a tribo-positive 
Fe@MoS2 piezocatalyst (Meng et al. 2020) as an effective material for TC degradation, 
while other sources propose the use of the following compounds: In2O3@ZnFe2O4 
heterojunction (Fei et al. 2019), FeNi3 (Khodadadi et al. 2018; Nasseh et al. 2018), 
magnetite (Lee et al. 2021), copper sulfide Cu31S16 and Cu7S4 nanoparticles (Ravele 
et al. 2021), or even composites like zinc oxide coupled with porous hydroxyapatite 
mineral (Bekkali et al. 2018), ZnO composite with nanocellulose (Soltani et al. 2019). 
Depending on the chemical composition the band gap of materials vary. Literature 
refers the following materials having particular band gaps for the TC treatment as 
well: 3.37 eV for ZnO (Rahimi et al. 2022), 1.4 eV for CuO (Kumar et al. 2020), 2.17 eV 
for Cu2O (Su et al. 2018), SnO has a wide band gap of 2.7–3.2 eV (Shahvelayati et al. 
2022), CeO2 3.5 eV (Mohanty and Nayak 2021), 3.55–3.75 eV In2O3  (Almontasser and 
Parveen 2022), 2.5–3.0 eV for WO3 (Piriyanon et al. 2021), 2.8 eV for  Fe3O4 (Lima et al. 
2020), 2.1 eV for Fe2O3 (Kumar et al. 2019), but within the doping this value can be 
changed.

Carbon based composites are also widely used for the water remediation, while 
their hybrids with photocatalysts boost the degradation of TC. Bera et al. in 2015 
described the application of the reduced Graphene Oxide/CdS nanosheet increasing 
the active surface of the applied semiconductor through the use of carbon based 
material. Li et al. in 2016 presented synergistic effects of silver ions and carbon dots 
Ag+-CDs-Bi2WO6 (Li et al. 2016), while other sources also refers enhancement of the 
TC degradation when the carbon based materials are incorporated into the hybrid 
like WO3/g-C3N4 composite (Xiao et al. 2018), ZnO nanorods and K-Doped Exfoliat-
ed g-C3N4 nanosheets (Jin et al. 2020), needle-like SnO2 nanoparticles anchored on 
exfoliated g-C3N4 (Oluwole et al. 2022), Ag3PO4/GO (Wu et al. 2019), metal organ-
ic frameworks could with graphene oxide Zr/Fe-MOFs/GO (Wei et al. 2021), while 
Kakavandi et al. in 2019 presented hybrid system based on the TiO2 decorated and 
magnetic nanoparticles deposited onto the activated carbon (MAC@T) coupled ultra-
sounds and photoassisted degradation, while literature also refers the application of 
activated carbon supported ZnO/ZnWO4 nanocomposite (Raizada et al. 2017), and 
graphene oxide/calcium alginate composite fibers (Zhu et al. 2018).

Generally, photodegradation generates free radical molecules responsible for the 
further degradation of the compounds. For example, Sun et al. (Sun et al. 2022) used 
CuyMn5-yOx/hG as a catalyst for the photo-assisted degradation of TC and then pre-
sented results on the toxicity of the post-treatment products. Microtox test based on 
the photobacterium Vibrio fischeri has shown that the application of semiconductors 
reduces the toxicity of the TC’s photodegradation products. In (Fang et al. 2022) the 
TC degradation mechanism and the toxicity of TC were investigated. Studies have 



2nd International Conference 
Strategies toward Green Deal Implementation – Water, Raw Materials & Energy 

8–10 December 2021

130

shown that the biological toxicity of the photodegradation products was negligible. 
On the other hand, Jiao et al. (Jiao et al. 2008) showed that photodegradation can 
lead to toxic products when performed only by UV light without semiconductors 
application. Other work presented by Yang et al. (Yang et al. 2021) share the metabolic 
pathway of tetracycline by humic acid on III areas of the mass of the TC photodegra-
dation products: 180–230 m/z, 230–380 m/z, and 380–450 m/z. Results pointed out that 
the most toxic products have an average mass equal to 201.1 m/z, where the toxicity 
distribution of TET transformation products first increased and then decreased with 
the ring destruction of the molecular structure during the oxidation process. Moreo-
ver, the medium molecular weight intermediates with bicyclic or tricyclic structures 
posed more significant toxicity. The indirect product of decomposition tetracycline 
proved to have higher toxicity than the pristine TC compound. 

Based on such studies, it can be said that the use of semiconductors for photode-
gradation of TC enhances the decomposition of tetracycline to small, less toxic, or non
-toxic molecules in comparison to bare photodegradation without semiconductors use.

2. Biodegradation

TC degradation can be also performed within the application with microorga-
nisms (Ahmad et al. 2021). Mechanism degradation of TC is complex and may occur 
within several pathways like isomerisation, dehydration, substitution, and oxygena-
tion (Chen and Huang 2011), while the mechanism can differ for different experi-
ments. Products of metabolism TC could be more active and toxic than the original 
form. A part of hydrolytic products of tetracyclines have been identified as 4-epi-
tetracycline, anhydrotetracycline, 4-epi-chlortetracycline, and 4-epi-oxytetracycline 
(Zhong et al. 2022).

Shao et al. 2019 refers to using stain Klebsiella sp. SQY5, while the reaction emer-
gent nine others products. TEC was biodegraded by oxidation, ring opening hydroly-
sis, de-carbonylation, de-amination and de-hydroxylation step by step. In acid con-
dition TC could undergo reversible epimerization and under aerobic condition it can 
undergo dehydroxylation and demethylation. Thanks to using stain Klebsiella sp. 
SQY5 concentration of TC decreases to 4.44 mg/L within 4 days (Shao et al. 2019). 
This strain is also referred to in Kümmerer 2009 revealing high effectiveness in TC 
treatment. C.W. Yang et al. recommend using different bacterial strains, especially 
suggest exploiting two strains. Above 90% of TC and derivatives were degraded in 
different types of sludge when the initial concentration was 2 mg mL–1 within 8 days. 
Pseudmonas pseudoalcaligenes and Pseudmonas taiwanensis in the sludge under oxygen 
condition containing aerobic strains show the highest yield. However, under anaero-
bic conditions Bacillus flexus and Clostridium butyricum are effectively degrading TC 
(Yang et al. 2020).
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Another possibility for biodegradation of CTC derivatives is to use microalgae and 
bacteria by biosorption. The consortium works better than microalgae, it is resistant 
to CTC up to 80 mg L–1, however it depends on the type of algae. Adsorption capa-
citance improved to 102.53 mg g–1 by 12 hours (Wang et al. 2022). 

Chen et al. developed an anaerobic/aerobic moving-bed biofilm (A/O-MBBR) 
membrane bioreactors based on the bacteria. Effectiveness of  removing TC estima-
ted at 2.8 μg L–1 starting with concentration 10 μg L–1. The authors indicate that 
this reactor works well in low rage concentrations of TC also in solution of various 
derivatives. However, concentration 500 μgL–1 causes destruction of the structure of 
the activated sludge bacteria. The antibiotics were adsorbed by activated sludge sub-
sequently therein where the process of hydrolysis and fermentation took place. The 
research has shown that hydrolysis takes place under aerobic conditions during this 
process hydroxyl and enol groups structures on the tetraphenyl TC create a form of 
open-loop lipid compounds thereby increasing the toxicity (Chen et al. 2018). Leng 
et al. recommend using bacteria such as Stenotrophomonas maltophilia DT1. Within 
the addition of such bacteria the TC concentration in the solution dropped from 
50 mg L–1 to 44.43 mg L–1 in four days, while after 7 days the concentration was 
about 2.23 mg L–1. Moreover, pH rage after degradation was higher than initial pH 
due to the alkaline metabolites excreted by the bacteria, however the post-treatment 
products are less toxic than the pristine TC (Leng Y. et al. 2016).

Shi et al. proposed application of the Arthrobacter nicotianae OTC-16 showing that 
after 8 days 98.5% concentration of TET and OTC pollution can be removed from 
aqueous solutions and soil (Shi et al. 2021), while Chang B.V. and Ren Y.L. to biode-
gradation of TC used enzyme extract from mushroom compost of Pleurotus eryngii 
(Chang and Ren 2015).

3. Adsorption of tetracycline

Based on the structure of TC containing various hydroxyl-, methyl-, keto-, and 
dimethylamino- functional groups the effective removal of this antibiotic can be de-
signed within the application of the materials able to interact with these groups le-
ading to the TC efficient adsorption. There are many critical parameters for effective 
adsorption like surface potential, and large volume-to-ratio active area, so depending 
on the chemical composition of the materials and its porosity it can be effective to-
wards the TC treatment. Literature refers to many types of materials that can work 
as sorbents for the removal of TC from aqueous solutions.

One of them is based on the magnetic composites, where the sorbent is combi-
ned with the magnetic material enabling the magnetic removal of the sorbent after 
the adsorption like α-Fe2O3/reduced graphene oxide that offer a large active surface 
(Zou et al. 2021). Zhou et al. described use of the magnetically modified powder 
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resin Q150 having high specific surface area, where the proposed material was more 
efficient than other sorbents like granule resin (GR) XAD-4, the powder activated 
carbon (PAC) 1240AC and the granular activated carbon (GAC) HD4000 (Zhou et al. 
2012). Zhang et al. proposed an application of recyclable magnetic adsorbent based 
on montmorillonite (CoFe2O4/MMT) (Zhang et al. 2018), while Liu et al. described 
effective removal of TC with the use of magnetite (Fe3O4) core and a metal-organic 
framework (type ZIF-8) as the shell, where the composite has a large specific surface 
and superparamagnetic response (Liu et al. 2017).

Besides iron-based sorbents, the following group of materials that are widely 
used for the antibiotics removal from aqueous suspension are hydroxyapatite and 
its composites. Hydroxyapatite is well known for its high effectiveness towards the 
aqueous pollutants removal (Misra et al. 1991; Harja and Ciobanju 2018) and its 
composites even boost the efficiency of the TC adsorption. In Ersan et al. 2015 hy-
droxyapatite is used as a component of the following composites: hydroxyapatite/
clay (HA-C) and hydroxyapatite/pumice (HA-P) offering high active surface and 
much larger efficiency of the TC binding than bare hydroxyapatite (Ersan et al. 
2015). Hydroxyapatite nanopowder can also be modified with magnetic nanopartic-
les making it easy to remove the sorbent magnetically after the TC treatment (Babaei 
et al. 2016). Other solutions are based on the mesoporous zeolite-hydroxyapatite-ac-
tivated palm ash (Z-HAP-AA) composites (Khanday and Hameed 2018), zinc oxide 
coupled with porous hydroxyapatite (Bekkali et al. 2018), or hollow hydroxyapatite 
microspheres decorated with small amounts of reduced graphene oxides (Zou et al. 
2020).

Similarly to the hydroxyapatites, zeolites offer large surface area making them ef-
fective sorbents for TC removal from water. Kang et al. presented that the aluminum 
in the zeolite beta causes the efficient antibiotic uptake (Kang et al. 2011). 

Sorbents can also be based on the by-products from forest and food industries like 
oak ash, pine bark, and mussel shell (Conde-Cid et al. 2020). Conde-Cid et al. showed 
that oak ash has high adsorption for all three antibiotics in the simple systems (100% 
of CTC, 90% of TC, and 80% of OTC). In (Guzel and Saygili 2016) the activated carbon 
(GPAC) adsorbent obtained by ZnCl2 activation from grape processing pulp (GP) is 
described as a porous material for antibiotics removal from aqueous media, similarly 
to the activated carbons obtained from the different sources like the macadamia nut 
shells (Martins et al. 2015), petroleum coke-derived highly porous activated carbon 
(Zhang et al. 2015), corn stalk (Song et al. 2020), vine wood (Pouretedal and Sadegh 
2014), or apricot nut shell (Marzbali et al. 2016). Saremi et al. present carbon-rich ma-
terial produced during pyrolysis from the date palm, where the biochar is upgraded 
with vitamin B6 (Saremi et al. 2020), while Zhang et al. revealed efficient removal of 
TC from aqueous solutions within corn straw biochar (Zhang et al. 2013). Biochar 
can be obtained from the multiple types of biomass including pine-wood derived, 
soybean residue, biochar from Eucommia ulmoides plant (Monisha et al. 2022), Camellia 
oleifera plant (Fu et al. 2017), animal-derived chicken feathers (Li et al. 2017), and even 
chicken bones (Oladipo and Ifebajo 2018).
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To deal with that problem also other sorbents are proposed like gel beads based 
on polyvinyl alcohol-copper alginate (PVA-CA) (Liao et al. 2022), mesoporous and 
high-surface-area NaOH-activated macroalgae carbon (Wei et al. 2022), metal-free 
catalysis with 3D macroscopic N-doped porous carbon nanosheets (Shen et al. 2022), 
microcrystalline cellulose composite aerogel doped with montmorillonite (Amaly 
et al. 2022), biosynthesized of SiO2 nanoparticles (Messaoudi et al. 2022), boron nitri-
de nanosheets (Bangari et al. 2022), magnetic, macro-reticulated cross-linked chitosan 
(MRC) (Oladoja et al. 2014), multi-walled carbon nanotubes (Zhang et al. 2011), clay 
(Figueroa et al. 2004), or MnFe2O4/rGO (Wang et al. 2012).

Summary

Due to the global contamination of the aquatic reservoirs within pharmaceutical
-based compounds like antibiotics, effective pollution treatment is highly important. 
Among many antibiotics, tetracycline and its metabolites are widespread pollutants 
in an environment, causing severe health problems that spread of antibiotic-resistant 
bacterial strains. This review presents the need to develop TC degradation and re-
moval techniques that are cost-effective, efficient, and environmentally friendly. This 
work does not raise any substantive scientific objections and refers recent solutions 
described in the recent literature. One of the most common methods of TC treatment 
is oxidation, photodegradation, or adsorption, where each method has advantages 
and disadvantages. Nanocomposites based on heterostructures can improve the oxi-
dative decomposition of pharmaceutical-based pollutants. At the same time, the ha-
zardous byproducts can stay in an environment.

In contrast, sorbents application does not release any toxic products. Still, it requires 
a large amount of sorbent material use and further disposal, generating additional 
costs. Biodegradation of TC offers low processing costs, easy operation, and lack of 
secondary pollution or byproducts; however, it may lead to the proliferation of ARGs. 
For now, despite the progress of the pharmaceutical-based contaminants treatment, 
the reduction of TC pollution in an environment needs improvement. However, some 
materials efficiently deal with that problem and offer promising properties making 
them possible to be used not only towards TC, but also other pollutants.
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Possibilities of potassium recovery from wastewater

Abstract: The paper reviews data on potassium struvite recovery possibilities in wastewater treatment 
plants. The chemistry of potassium struvite precipitation and the properties of this residue have 
been described. Technical parameters of K-struvite recovery have been discussed, and finally, 
sources of necessary supplements supporting the process have been presented. In conclusion, 
although there is only one technical scale installation for K-struvite recovery, this technology has 
a great potential to be applied. Facilities similar to the MAP ones can be adapted. Because of 
operational costs use of waste products can be considered for supplementation of Mg or other 
elements. Because many factors affect K-struvite nucleation and precipitation, optimal opera-
tional conditions should be chosen experimentally in each case. New law regulations such as 
Regulation EU 2019/1009 of the European Parliament and of the Council of 5 June 2019 create 
favorable conditions for the sale of fertilizers recovered from wastewater.

Keywords: potash, K-struvite, MPP, wastewater treatment plants, potassium recovery

Introduction

Potassium is the element that is crucial for plants’ growth, it is among the 17 es-
sential nutrients necessary for plants and has been classified as a macronutrient. This 
element is involved in such physiological plant processes as osmoregulation, prote-
in synthesis, enzyme activation, and photosynthate translocation (Mikkelsen 2007). 
Good potassium nutrition of plants improves their drought tolerance, winter hardi-
ness, and resistance to disease and insect pests (Bennett 2015).

Minerals that contain potassium are commonly called potash, and they could be, 
e.g., potassium chloride or potassium magnesium sulfate. Potash is used worldwide 
mainly to produce fertilizers (about 95%). It is primarily derived from K-rich minerals 
mined from underground deposits formed millions of years ago due to the evapora-
tion of seawater. The world’s biggest potash producer is Canada (30% of worldwide 
production), followed by Russia (17%) and Belarus (15%). In Europe, Spain and Ger-
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many are potash producers, but at lower levels than the top 3 producers (Di Costanzo 
et al. 2021). 

Potash reserves are now estimated to be about 90 years (Johansson et al. 2018); 
that is why potassium recovery technologies from wastes and wastewater should be 
of increasing interest, in addition to phosphorus compounds recycling. Economically, 
the nutrient recovery processes in WWTPs are still unprofitable compared to K-rock 
or P-rock mining. It is still cheaper to use minerals than the recovered materials for 
the fertilizer industry, but it changes over time. E.g., in 2007, recovering P from waste-
water cost about 2000–8000 EUR per one ton, and it was practically impossible to sell 
it at this price. At the same time, phosphate rock costed about 35–50 $ per ton (Mo-
linos-Senante et al. 2011). It is estimated that the ton of struvite is marketed to even 
1000 EUR. The highest prices can be obtained for struvite from Pearl installations; 
however, more struvite (80–87%) is sold at prices below the estimated market value, 
it means below 250–400 EUR per ton (Muys et al. 2021). Simultaneously global spot 
prices for potash are at 13-year highs of 650 $ per ton. Recently the prices of fertilizers 
have increased significantly (Devitt et al. 2021). All these factors affect the interest in 
potassium and phosphorus recovery from wastewater.

Moreover, nowadays, it is more and more frequently considered that simply eco-
nomic value is not enough for accessing the profits from struvite recovery. There are 
also other ones, e.g., phosphorus recovery involves many environmental values, such 
as eutrophication prevention in the receiving environment. Ecological effects are hard 
to evaluate, but they definitely should be considered. Also, political factors shape the 
interest in nutrient recovery, not only European Union policies but also a geopolitical 
situation, including e.g. the tense situation in Ukraine, Belarus, and Russia.

As a result of a variety of factors mentioned above, increasing interest in new tech-
nologies of struvite recovery is observed; as a result, new technologies are designed 
and allow for increasing recovery efficiency of this precipitate. More attention has 
been paid to magnesium ammonium phosphate (MAP) recovery than magnesium 
potassium phosphate (MPP); however, the last one is an up-and-coming alternative 
and should be considered when planning a circular economy in wastewater treatment 
plants.

1. Possibilities of potassium recovery from sewage and sludge

1.1. Chemistry of the process

The potassium struvite formula is MgKPO4.6H2O and is an isomorphous analog 
of crystalline ammonium struvite (NH4MgPO4.6H2O). K-struvite (magnesium potas-
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sium phosphate – MPP) can be used as slow-release fertilizer in agriculture (Di Co-
stanzo et al. 2021). The chemistry of K-struvite precipitation is as follows (Pervitasari 
et al. 2019):

 Mg2+ + K+ + PO43- + 6H2O → MgKPO4 . 6H2O 

The structure of K – struvite is equivalent to magnesium ammonium phosphate, 
where potassium ones have replaced ammonium ions. Generally, it can be stated that 
struvite group compounds can be described by using the following formula:

 A2+B+PO4 . nH2O 

where:
n  – can be equal from 6 to 8,
A2+ – corresponds to Mg2+, Cu2+, Pb2+, Mn2+ or Ni2+, 
B+  – corresponds to univalent ions such as NH4+, K+, Na+, Rb+, Cs+ (Shih et al.  

   2016; Siciliano et al. 2020). 

The water solubility of K-struvite is low but higher than MAP (solubility constant 
for MAP equal to 10–13.26, solubility constant for K-struvite in the range, according 
to various reports, from 10–11.7 to 10–13.26); however, it is well soluble in the acidic 
environment (Shih et al. 2016). Because MPP has a higher solubility than MAP in the 
presence of ammonium in the solution, MAP is preferable precipitated (Taragó 2017). 
The shape of struvite crystals is needle-like, and their length can be from 15 μm to even 
3.5 mm. Compared to ammonium struvite the potassium one has a slightly higher den-
sity: 1.864 g/cm3 (for K-struvite) vs. 1.711 g/cm3 (for MAP) (Shih et al. 2016).

The formation of K-struvite involves two stages: nucleation and crystal growth. 
Nucleation is the formation of new crystals, which can occur in the absence of crys-
tals and other solid phases or in the presence of primary crystals. The formed crys-
tals grow until the solid/ liquid equilibrium is reached. Both nucleation and crystal 
growth are strongly dependent on supersaturation. High supersaturation values pro-
mote the nucleation phase, whereas low supersaturation values enhance a crystal’s 
growth (Taragó 2017). The crystallization process is affected by various factors. The 
pH, molar ratios of Mg2+:NH4+:PO43-, presence of the other ions, time of reaction, and 
presence of other ions are of great importance.

1.2. Technical parameters of K-struvite recovery from wastewater

A comparison of technical parameters for MAP and MPP precipitation is presen-
ted in Table 1. 

Comparing the MAP and MPP precipitation, both processes are strongly pH-de-
pendent; pH value affects the amount of struvite precipitate, growth rate, sizes of 
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crystals, and their purity (Daegi et al. 2017). Struvite precipitation is usually perfor-
med at pH values higher than neutral, and at low pH, minimal crystals are obtained 
(Bayuseno et al. 2020). The optimal pH for K-struvite precipitation is reported to be 
between 8.5 and 10.5 (Perwitasari et al. 2019; Taragó Abella 2017). In the case of MAP, 
it was also stated that high pH values increase the density of the nuclei population, 
and as a result, smaller, heterogeneous crystals are formed (Gonzáles-Morazles 2021). 
As the pH increases, magnesium can be precipitated as Mg(OH)2; thus, it reduces the 
amount of Mg2+ available for the process (Taragó 2017). 

The availability of Mg2+ and PO43- present in the solution can also be reduced due 
to the precipitation of another magnesium-phosphate mineral – Mg3(PO4)2. 22H2O, 
which precipitates at a pH higher than 10 (Bayuseno et al. 2020). Coexisting ions 
such as OH- or CO32- coprecipitate with Mg2+, decreasing its availability for stru-
vite precipitation (Molinoz-Senante et al. 2011). Mg2+ can also be precipitated (de-
pendent on pH) as Mg3(PO4)2, MgHPO4, and Mg(H2PO4)2. Not always increasing 
Mg2+ concentration results in larger struvite generation (Zhang et al. 2017). Excessive 
magnesium amounts would increase pH value and promote the formation of other 
magnesium phosphate precipitates. It should also be emphasized that optimal pH 
for struvite precipitation may vary depending on the type of liquid from which it is 

Table 1.  
A comparison of technical parameters for MAP and MPP precipitation  

(Katakojwala et al. 2019; Taragó Abella E. 2017; Perwitasari et al. 2019; Kim et al. 2017;  
González-Morales et al. 2021; Mohamad et al. 2019; Johansson et al. 2018)

Parameter Magnesium ammonium phosphate 
(MAP)

Magnesium potassium phosphate 
(MPP)

Optimal pH

according to various sources, MAP 
precipitates at a wide pH range from 
7.0 to 11.5, but the most suitable is 

8.0 to 9.5

according to various sources in the 
range of 8.5 to 10.5;

experiments at higher pH values were 
rarely investigated; pH in the range of 
9–10.5 are reported for maximum P 

recovery in K precipitation

Molar ratio of A2+ : B+ : PO43- Mg2+:NH4+:PO43– = 1:1:1 (or close to 
this proportion)

Mg2+:K+:PO43– = 1:1:1 (or close to this 
proportion)

Time of reaction, min. the most frequently applied up to 4 
hours

usually several hours (1.5–4), but also 
up to hydraulic retention time about 

3.5 days

Factors disturbing struvite 
precipitation

concentration of Ca2+ or K+ in 
solution, e.g. increasing molar ratio of 
K+:N-NH4+ from 0.0 to 1.0 decreased 
ammonium nitrogen recovery from 

landfill leachate by 11%

presence of Mg2+, Ca2+, NH4+ and 
CO32– in solution, e.g. MPP can only 

precipitate when the potassium 
concentration is much higher than 

ammonium

Removal effectiveness > 90% of P removal
> 70% of N-NH4+ removal

> 80–90% of P removal
K removal efficiency is usually showed 

from the perspective of phosphorus 
concentration decrease
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precipitated, e.g., in the case of MAP, it was stated that optimal pH for wastewater 
was in the range 8–10, while in the case of livestock wastewater in the range of 8.0–9.0 
(Zhang et al. 2017). Excess Mg2+ in the reaction environment, at high pH, significantly 
affected K-struvite recovery efficiency. In contrast, no effect has been shown for the 
excess dose of the K supplement (Kabadasli et al. 2022). Among the other ions, Ca2+ 
ones are the most interfering, e.g., precipitation of hydroxyapatite (Ca5(PO4)3(OH)) 
was observed at pH 9.5–10.0 instead of MPP. Also, other calcium salts can be poten-
tially formed instead of MPP, including CaHPO4, CaHPO4.2H2O, or Ca3(PO4)2.2H2O 
(Taragó 2017). Also, such solids as Mg3(PO4)3, MgNaPO4.7H2O, and MgHPO4.7H2O 
may accompany K-struvite precipitation (Kabdasli et al. 2022). According to some 
researchers, carbonates also affect MPP precipitation because carbonates and phos-
phates compete for calcium. High carbonate concentrations cause preferential cal-
cium carbonate precipitation, making phosphates available for MPP precipitation 
(Taragó Abella 2017). The molar ratio of Mg2+:K+:PO43- should be near the theoretical 
value of 1:1:1. Underdosing any of the ingredients decrease the recovery rates of K 
and P. Excessive concentrations of, e.g., Mg2+ are not preferable because of higher, 
unreasonable costs (Taragó Abella 2017). Some authors, however, indicate that a K:P 
molar ratio over 3 was necessary to form MPP at an efficiently high concentration of 
phosphorus (Nakao 2017).

Also, organic acids (such as citric acid, acetic acid, and succinic acid) have been 
recognized as affecting struvite precipitation (Bayuseno et al. 2020). The research 
works concerning MAP struvite crystallization; however, it should also be considered 
in the case of MPP precipitation because the presence of the organic acids can retard 
the growth of the crystals. 

Na+ ions present in the reaction environment can additionally affect K-struvite re-
covery. As observed by Huang et al. (Huang et al. 2018), when Na: K molar ratio was 
higher than ten, the precipitation of Na was more than the precipitation of K when 
performed K-struvite recovery from urine. It is crucial in the case of wastewater that 
contains Na+. It was also stated that the presence of ammonium in the solution dis-
turbs potassium recovery, and K can only precipitate if the potassium concentration 
is much higher than ammonium. It is commonly accepted that MPP precipitation 
and recovery should be performed after releasing ammonium from the wastewater 
or rejected water stream, resulting in, e.g., biological denitrification (Johansson et al. 
2018). In some installations, however, this phenomenon can be applied for the recov-
ery of the mixed struvite material containing both MAP and MPP (Soares et al. 2017). 

Among other factors, suspended solids concentration is indicated as the one affect-
ing struvite precipitation. Suspended solids can act as nucleation seeds. It is also well 
known that seed crystals have a positive influence on struvite growth, and adding them 
shortens the nucleation time and increases the crystal growth rate (Zhang 2017).

Opinions on the influence of the temperature on struvite formation indicate that 
the temperature has a relatively more minor effect on struvite precipitation than pH. 
Still, it can significantly affect the growth rate and solubility of struvite crystals, and 
because of this, it should also be considered when someone designs struvite recovery 
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installation from wastewater (Gonzáles-Morazles 2021). E.g., Perwitasari et al. (Perwi-
tasari et al. 2019) have indicated that temperature is a significant factor in the mass 
yield of K-struvite crystals. In the case of recovery of MPP from source-separated hu-
man urine, the effect of temperature was insignificant on K-struvite solubility within 
the range of 24–90°C.

The formation of struvite can also be affected by technical factors such as turbu-
lent flow or stirring. The stirring rate may control the nucleation and crystal growth 
of struvite. When the stirring rate is higher, the nucleation of struvite occurs rapidly 
(Perwitasari 2019).

The data given above indicate that despite theoretical consideration, there is a need 
to choose struvite precipitation parameters experimentally, e.g., using the jar tests.

1.3. Waste products for potassium and magnesium supplementation in wastewater

Potassium concentration in domestic wastewater is estimated to be 13–20 mgK/
dm3 (Perwitasari 2019). In the case of a wastewater treatment plant that receives abo-
ut 50,000 m3 of daily sewage load, potassium is about 0.65–1.0 tons, and the annual 
is equal to 231,4–356 tons. It provides favorable conditions for the recovery of this 
element. Potassium can also be recovered from reject water in a wastewater treatment 
plant. In this type of wastewater, potassium is concentrated, and the concentration of 
this element can be about 250 mgK/dm3 (Johansson 2018). 

Another alternative for potassium recovery is to recover this element from indu-
strial wastewater rich in K. Concentrations of potassium in various types of waste-
water are presented in Table 2.

Table 2.  
K-rich wastewater which could be used for recovery of potassium (Arienzo et al. 2008)

Type of wastewater Potassium content [g/m3]

Cheese whey 1,680

Lactic/casein whey 1,660

Piggery 500–1,000

Wineries 250

Olive oil 10,000–200,000

Municipal wastewater 13–20

The problem with the recovery of potassium from wastewater is that the concen-
tration of the Mg in wastewater is usually lower than K, and supplementation of the 
magnesium salts is necessary. Different types of reagents can be used to supplement 
Mg. To supplement Mg2+ e.g., MgCl2.6H2O, MgO, Mg(OH)2 can be added. The sequ-
ence for precipitate’s phosphorus by various Mg sources has been found as follows: 
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MgCl2 > MgSO4 > MgO > Mg(OH)2 > MgCO3 (Rodlia et al. 2020). Using magnesium 
reagents could not be economically effective (Fattah et al. 2013).

Except for commercial magnesium salts, different Mg-rich by-products can also be 
used, such as magnesite, brucite, products of thermal treatment of meat waste, and 
bone meal. Also, MgO-saponification wastewater and seawater have been tested for 
this purpose (Myllymäki 2020; Fattah et al. 2013). Experiments conducted by Fattah 
et al. (Fattah et al. 2013) have also successfully applied as Mg source reject waters 
from desalination plants. As potential wastes, dairy, swine, or poultry wastes have 
been suggested. An interested K source can also be potash brine. Some authors have 
also suggested the concentrates from membrane processes applied for landfill leacha-
tes treatment (Wang 2012). 

In the case of potassium recovery, supplementation of phosphorus or potassium 
can also be necessary. Sewage, sewage sludge, and manures contain less potassium to 
make the simultaneous recovery of potassium and phosphate a compelling alternati-
ve to MAP recovery. It is possible to supplement K as KCl, K2SO4, or other potassium 
compounds. However, the interesting option is to use waste materials, e.g., substra-
tum, in the co-fermentation process. Potential K-rich wastes for co-fermentation and 
simultaneous supplementation of potassium are listed in Table 3. 

Table 3.  
K-rich waste materials which could be used for supplementation of K in sewage sludge (Arienzo 

2008; Godlewska & Becher 2021)

Type of waste material Potassium content

Oat (stem) 16.3 g/kgd.m.

Rye (stem) 13.6 g/kgd.m.

Molasses up to 24 g/kg

Potato pulp 8.6 g/kgd.m.

Sewage sludge 4.06 g/kg

When wastewater is used for K-struvite recovery pH of the reject waters or waste-
water should be corrected. As supplements for pH increase frequently, Ca(OH)2 or 
NaOH are used, affecting K-struvite precipitation. To reduce the amount of reagents 
required to raise pH, CO2 stripping is recommended if possible (Cerillo et al. 2014; 
Siciliano et al. 2020).

When we plan to recover K from waste materials or wastewater, we should focus 
on heavy metals concentrations. Some researchers consider it a problem; however, 
previous experiences have indicated that it could be a problem only in WWTPs, to 
which some industrial wastewater inflow. In the case of other types of waste mate-
rials, specific pollutants should be monitored, including e.g., veterinary drugs (Tara-
gó 2017).
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1.4. Reactors for struvite precipitation and the struvite yield

Various types of reactors (crystallizers) can be used for K-struvite recovery from 
wastewater. They are of the same kind as the MAP process. As has rightly been said 
(Zhang et al. 2017), crystallizers can be divided into three types based on air agitation, 
water agitation, and mechanical agitation type. The first type of crystallizer is equip-
ped with an aeration system that mixes the solution and simultaneously strips CO2. 
As a result, efficient mixing is achieved, and an increase in pH value. In the water 
agitation type crystallizers, mixing is performed, e.g., by changing the direction of 
the solution flow or changing the flow velocity. The third type of reactor is equipped 
with various constructions of impellers – simple to operate but of relatively high 
energy consumption (Zhang et al. 2017). Crystallizers can work as batch reactors or 
as continuous ones. 

Until now, only one full-scale K-struvite precipitation installation has been ap-
plied. The facility in Putten (the Netherlands) treats more than 100,000 m3 of calf 
manure per year. In this installation, calf manure is divided into two streams – solid 
and liquid. Liquid one is processed to recover MPP. At first, the BNR activated slud-
ge process is applied to remove organic carbon and nitrogen, and then phosphate 
and potassium-rich effluent is supplemented by MgO. Mechanically stirred tanks 
are used for the procedure. The advantage of MgO use is increasing the pH of the 
manure to the value in the range of 8.5 – 9.0. Precipitated MPP is separated in lamel-
la separators. It allows for about 95% P recovery efficiency (Schuiling and Andrade, 
1999; Desmidt et al. 2015).

As the full-scale process for K-recovery also, the REM-NUT process is indicated. 
The process is applied to remove phosphate, ammonium, and potassium from low 
concentration effluents. REM-NUT unit consists of ion exchange units. NaCl is used 
for the regeneration of the ion exchangers. Caustic soda and MgCl2 are applied to 
form MAP and MPP from regeneration liquids. However, this technology is conside-
red significantly expensive compared to the other ones (Piveteau 2018). 

1.5. Law quality requirements for struvite type fertilizers

New regulations concerning, among others, struvite type fertilizers will apply 
in European Union as of 16 July 2022. They are introduced by the Regulation EU 
2019/1009 of the European Parliament and of the Council of 5 June 2019, laying down 
rules on the making available on the market of EU fertilizing products and amending 
Regulations (EC) No 1069/2009 and (EC) No 1107/2009 and repealing Regulation (EC) 
No 2003/2003 (Regulation 2019). The regulation, among others, introduces limits for 
toxic contaminants in fertilizers recovered from wastewater to guarantee a high level 
of soil protection and reduce environmental and health risks. It also, what is of high 
importance in significantly harmonizing EU fertilizer legislation. It makes easier the 
use and trade flows of such fertilizers.
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Conclusions

Based on the short review given in the chapter, it can be concluded that:
1. Potassium recovery processes should be of greater interest; economic, political, 

and environmental reasons support it.
2. Despite theoretical considerations in particular cases, experimental design me-

thods, including e.g., jar test, should match optimal operational conditions for 
installations.

3. At present, the main limitations of K-recovery are the high price of MPP com-
pared to mineral potash and the necessity to supplement Mg to achieve the 
right Mg:P:K proportion. The problem is also to achieve MPP without amend-
ments of other magnesium and phosphorus salts.

4. More attention should be paid to using waste products as a source of the elements 
necessary for MPP recovery because they could be a solution to the problem of 
Mg supplementation. Some Mg sources, e.g., molasses or oat stems, can be used.

5. Because of the higher concentrations of K reject water should be considered 
a preferable sewage stream for K-recovery. Experience at industrial scale in-
dicates that K-recovery is a promising technology in processing K-rich waste-
water, e.g., from piggery, olive oil production, or selected dairy wastewater.

6. The reactors used for MAP recovery can be adapted for K recovery, and both 
processes can be applied in wastewater treatment plants.

7. New law regulations such as Regulation EU 2019/1009 of the European Parlia-
ment and of the Council of 5 June 2019 create favorable conditions for the sale 
of fertilizers recovered from wastewater.

The scientific research was funded by the statute subvention of the Częstochowa University 
of Technology, Faculty of Infrastructure and Environment.

REFERENCES

Arienzo M., Christen E., Quaile W.C. and Kumar A. (2008) A review of the fate of potassium 
in the soil-plant system after land application of wastewaters. Journal of Hazardous 
Materials 164(2–3), 415–22.

Bayuseno A.P., Perwitasari D.S., Muryanto S., Tauviqirrahman M. and Jamari J. (2020) Kinetics 
and morphological characteristics of struvite (MgNH4PO4.6H2O) under the influence 
of maleic acid. Heliyon 6(3), DOI: 10.1016/j.heliyon.2020.e03533. 

Bennett A.M. (2015) Potential for potassium recovery as K-struvite. MAS Thesis. The University 
of British Columbia, Vancouver.

Cerillo M., Palatsi J., Comas J., Vicens J. and Bonmati A. (2014) Struvite precipitation as a tech-
nology to be integrated in a manure anaerobic digestion treatment plant – removal 
efficiency, crystal characterization and agricultural assessment. Journal of Chemical 
Technology and Biotechnology 90(6), 1135–1143, DOI: 10.1002/jctb.4459.

http://doi.org/10.1016/j.heliyon.2020.e03533
http://doi.org/10.1002/jctb.4459


153

2nd International Conference 
Strategies toward Green Deal Implementation – Water, Raw Materials & Energy 

8–10 December 2021

Daegi K., Min K.J., Lee K., Yu M.S. and Park K.Y. (2017) Effects of pH, molar ratios and pre-tre-
atment on phosphorus recovery through struvite crystallization from effluent of anae-
robically digested swine wastewater. Environmental Engineering Research 22(1), 12–18, 
DOI: 10.4491/eer.2016.037.

Desmidt E., Ghyselbrecht K., Zhang Y., Pinoy L., van der Bruggen B., Verstraete W., Rabaey K. 
and Meesschaert B. (2015) Global phosphorus scarcity and full-scale P-recovery techniqu-
es – a review, Crtical Reviews in Environmental Science and Technology 45(4), 336–384. 

Devitt P., Jadhav R. and Samora R. (2021) Potash importers brace for prolonged price rally 
after sanctions on Belarus. [Online] https://www.reuters.com/markets/commodities/
potash-importers-brace-prolonged-price-rally-after-sanctions-belarus-2021-12-21/ (Ac-
cessed: 2022-02-27).

Di Costanzo N., Cesaro A., Di Capua F. and Esposito G. (2021) Exploiting the nutrient poten-
tial of anaerobically digested sewage sludge: a review. Energies 14(23), DOI: 10.3390/
en14238149.

Fattah K.P., Shabani S. and Ahmed A. (2013) Use of desalinated reject water as a source of ma-
gnesium for phosphorus recovery. International Journal of Chemical Engineering and 
Applications 4(3), 165–168, DOI: 10.7763/IJCEA.2013.V4.286.

Godlewska A.M. (2021) The effect of waste materials on the content of some macroelements in test 
plants. Journal of Ecological Engineering 22(4), 167–174, DOI: 10.12911/22998993/134046.

González-Morales C., Fernández B., Molina F.J., Naranjo-Fernández D., Matamoros-Veloza A. 
and Camargo-Valero M. (2021) Influence of pH and temperature on struvite purity and 
recovery from anaerobic digestate. Sustainalbility 13, DOI: 10.3390/su131910730.

Huang H., Li J., Li B., Zhang D., Zhao N. and Tang S. (2018) Comparison of different K-struvite 
crystallization processes for simultaneous potassium and phosphate recovery from so-
urce-separated urine. Science of the Total Environment 651 (1), 787–795, DOI: 10.1016/j.
scitotenv.2018.09.232.

Johansson S., Ruscalleda M., Saerens B. and Colprim J. (2018) Potassium recovery from cen-
trate: taking advantage of autotrophic nitrogen removal for multi-nutrient recovery. 
Journal of Chemical Technology & Biotechnology 94(3), 819–829, DOI: 10.1002/jctb.5828.

Kabdaşli I., Kuşçuoğlu S., Tünay O. and Siciliano A. (2022) Assessment of K-struvite precipita-
tion as a means of nutrient recovery from source separated human urine. Sustainability 
14(3), DOI: 10.3390/su14031082.

Katakojwala R., Kumar A.N., Chakraborty D. and Venkata Mohan S. (2019) Valorization of 
sugarcane waste: prospects of the biorefinery. [In:] Industrial and Municipal Sludge. 
Emerging Concerns and Scope of Resource Recovery, Prasad M.N.V., de Campos Favas 
P.J., Ventaka Mohan S., (Eds.), Butterworth-Heinemann: 47–60.

Kim D., Min K.J., Lee K., Yu M.S. and Park K.Y. (2017) Effects of pH, molar ratios and pre-tre-
atment on phosphorus recovery through struvite crystallization from effluent of anae-
robically digested swine wastewater. Environmental Engineering Research 22(1), 12–18, 
DOI: 10.4491/eer.2016.037. 

Mikkelsen R.L. (2007) Managing potassium for organic crop production. HortTechnology 17(4), 
455–460, DOI: 10.21273/HORTTECH.17.4.455.

Mohamad D., Azmil A., Hafiz P.M. and Aeslina A.K. (2019) Study on the effect of potassium on 
struvite precipitation in synthetic landfill leachate. Asian Journal of Water, Environment 
and Pollution 16(4), 77–80, DOI: 10.3233/AJW190050. 

Molinos-Senante M., Hernandez-Sancho F., Sala-Garrido R. and Garrido-Baserba M. (2011) 
Economic feasibility study for phosphorus recovery processes. Ambio 40(4), 408–416, 
DOI: 10.1007/s13280-010-0101-9.

http://doi.org/10.4491/eer.2016.037
http://doi.org/10.3390/en14238149
http://doi.org/10.3390/en14238149
http://doi.org/10.7763/IJCEA.2013.V4.286
http://doi.org/10.12911/22998993/134046
http://doi.org/10.3390/su131910730
http://doi.org/10.1016/j.scitotenv.2018.09.232
http://doi.org/10.1016/j.scitotenv.2018.09.232
http://doi.org/10.1002/jctb.5828
http://doi.org/10.3390/su14031082
http://doi.org/10.4491/eer.2016.037
http://doi.org/10.21273/HORTTECH.17.4.455
https://content.iospress.com:443/journals/asian-journal-of-water-environment-and-pollution
https://content.iospress.com:443/journals/asian-journal-of-water-environment-and-pollution
http://doi.org/10.3233/AJW190050
http://doi.org/10.1007/s13280-010-0101-9


2nd International Conference 
Strategies toward Green Deal Implementation – Water, Raw Materials & Energy 

8–10 December 2021

154

Muys M., Phukan R., Brader G., Samad A., Moretti M., Haiden B., Pluchon S., Roest K., Vla-
eminck S.E. and Spiller M. (2021) A systematic comparison of commercially produced 
struvite: quantities, qualities and soil-maize phosphorus availability. Science of the To-
tal Environment 756, DOI: 10.1016/j.scitotenv.2020.143726.

Myllymäki P., Pesonen J., Nurmesniemi E., Romar H., Tynjälä P., Hu T. and Lassi U. (2020) The 
use of industrial waste materials for the simultaneous removal of ammonium nitrogen 
and phosphate from the anaerobic digestion reject water. Waste and Biomass Valorisa-
tion 11, 4013–4020, DOI: 10.1007/s12649-019-00724-8. 

Nakao S., Nishio T. and Kanjo Y (2017) Simultaneous recovery of phosphorus and potassium as 
magnesium potassium phosphate from synthetic sewage sludge effluent. Environmen-
tal Technology 38(19), 2416–2426, DOI: 10.1080/09593330.2016.1264485. 

Perwitasari D.S., Muryanto S., Tauviqirrahman M., Jamari J. and Bayuseno A.P. (2019) Optimi-
zation of key parameters in struvite (K) production for phosphorus and potassium re-
covery using a batch crystallizer. RASĀYan Journal of Chemistry 12(2), 787–795, DOI: 
10.31788/RJC.2019.1225125.

Piveteau S. (2017) Optimizing hydrolysis and acidogenesis in order to dissolve and recover 
phosphorus in organic effluents upstream from methane production. Organic chemi-
stry. Université Rennes 1, NNT: 2017REN1S123. [Online] https://tel.archives-ouvertes.
fr/tel-01800084/document (Accessed: 2022-02-27).

Regulation (EU) 2019/1009 of the European Parliament and of the Council of 5 June 2019 laying 
down rules on the making available on the market of EU fertilising products and amen-
ding Regulations (EC) No 1069/2009 and (EC) No 1107/2009 and repealing Regulation 
(EC) No 2003/2003 (Text with EEA relevance) O.J.L. 17, 25.6.2019, 1–114.

Rodlia W., Ikhlas N., Pandebesie E.S., Bagastyo A.Y. and Herumurti W. (2020) The effect of 
mixing rate on struvite recovery from the fertilizer industry. [In:] IOP Conf. Series: Earth 
and Environmental Science 506, DOI: 10.1088/1755-1315/506/1/012013.

Schiuling R.D. and Andrade A. (1999) Recovery of struvite from calf manure. Environmental 
Technology 20, 765–768.

Shih K. and Yan H. (2016) Chapter 26: The crystallization of struvite and its analog (K-struvite) 
from wase streams for nutrient recycling. [In:] Prasad M.N.V., Shih K. (Eds.), Environ-
mental materials and waste, Academic Press.

Siciliano A., Limonti C., Curcio G.M. and Molinari R. (2020) Advances in struvite precipitation 
technologies for nutrient removal and recovery from aqueous waste and wastewater. 
Sustainability 12, DOI: 10.3390/su12187538.

Soares A., Czajkowska J., Colprim J., Gali A., Johannson S., Masic A., Marchi A., McLeod A., 
Nenov V., Ruscalleda M. and Siwiec T. (2017) Chapter 17: Nutrients recovery from wa-
stewater streams. [In:] Lema J.M. and Suarez S. (Eds.), Innovative Wastewater treatment 
and resource Recovery Technologies. Impacts on Energy, Economy and the Environ-
ment, IWA Publishing Alliance House, London.

Taragó Abella E. (2017) Assessment of struvite and K-struvite recovery from digested manure. 
PhD Thesis, University of Girona. 

Wang Y., Li X., Zhen L., Zhang H., Zhang Y. and Wang C. (2012) Electro-Fenton treatment of 
concentrates generated in nanofiltration of biologically pretreated landfill leachate. Jo-
urnal of Hazardous Materials 229–230, 115–21, DOI: 10.1016/j.jhazmat.2012.05.108. 

Zhang T., Jiang R. and Deng Y. (2017) Phosphorus recovery by struvite crystallization from 
livestock wastewater and reuse as fertilizer: a review. [In:] Physico-chemical wastewater 
treatment and resource recovery, Farooq R. and Ahmad Z. (Eds.), IntechOpen.

http://doi.org/10.1016/j.scitotenv.2020.143726
http://doi.org/10.1007/s12649-019-00724-8
http://doi.org/10.1080/09593330.2016.1264485
http://doi.org/10.31788/RJC.2019.1225125
http://doi.org/10.1088/1755-1315/506/1/012013
http://doi.org/10.3390/su12187538
http://doi.org/10.1016/j.jhazmat.2012.05.108


155

2nd International Conference 
Strategies toward Green Deal Implementation – Water, Raw Materials & Energy 

8–10 December 2021
Strategies toward 

Green Deal Implementation

2    International Conference

Water, Raw Materials & Energy

M E E R I  P A S

HONORARY PATRONAGE

ORGANISER

PARTNERS

PATRONAGE

Publication co-financed by NAWA as part of the project "Monitoring of water and
sewage management in the context of the implementation of the circular
economy assumptions (MonGOS)"

nd


	_Hlk94626425
	_Hlk94687315
	_Hlk94689938
	_Hlk94692952
	_Hlk96335987
	_MON_1719229476
	_Hlk94712741
	_Hlk95286004
	_Hlk95286809
	_Hlk96676905
	_Hlk96413809
	_Hlk95380168
	_Hlk96935299
	_Hlk95896970
	_Hlk95897086
	_Hlk95900413
	_Hlk96750669
	_Hlk96750753
	_Hlk96751054
	_Hlk95979962
	_Hlk97013710
	_Hlk95989064
	_Hlk95993422
	_Hlk95991009
	_Hlk95807203
	_Hlk95995114
	_Hlk96083544
	_Hlk96766800
	_Hlk94860586
	_Hlk94685645
	_Hlk94863079
	_Hlk94795886
	_Hlk96148272
	_Hlk94867514
	_Hlk94626382
	_Hlk93404732
	_Hlk94861298
	_Hlk94713392
	_Hlk94711786
	_Hlk94796929
	_Hlk94867095
	_Hlk94798110
	_Hlk93476481
	_Hlk93567011
	_Hlk94863653
	_Hlk95892480
	_Hlk96012587
	_Hlk96011959
	_Hlk94697590
	_Hlk94689022
	_Hlk94795631
	_Hlk94700344
	_Hlk95983205
	_Hlk94779333
	_Hlk94624079
	_Hlk94680062
	_Hlk94690477
	_Hlk94798263
	_Hlk94870348
	_Hlk94778888
	_Hlk96013754
	_Hlk94697454
	_Hlk94624736
	_Hlk93571063
	_Hlk94770283
	_Hlk94711488
	_Hlk94867865
	_Hlk95897365
	_Hlk94679117
	_Hlk93405400
	_Hlk94773675
	_Hlk94696804
	_Hlk94710693
	_Hlk95978428
	_Hlk94688295
	_Hlk94864388
	_Hlk95900699
	_Hlk94614451
	_Hlk94870136
	_Hlk94870105
	_Hlk94773168
	_Hlk94681155
	_Hlk94687295
	_Hlk94624452
	_Hlk94678944
	_Hlk95892715
	_Hlk95631118
	_Hlk93405353
	_Hlk93570210
	_Hlk94775338
	_Hlk94776450
	_Hlk94797094
	_Hlk79400186
	_Hlk93481537
	_Hlk94713160
	_Hlk95979494
	_Hlk94869158
	_Hlk94766536
	_Hlk94863339
	_Hlk94700163
	_Hlk94770977
	_Hlk94612148
	_Hlk95996789
	_Hlk94693527
	_Hlk94690276
	_Hlk94626768
	_Hlk94772314
	_Hlk94712496
	_Hlk94864148
	_Hlk93571451
	_Hlk94713672
	_Hlk94713844
	_Hlk94612520
	_Hlk94689910
	_Hlk96013636
	_Hlk94766693
	_Hlk94795726
	_Hlk94776529
	_Hlk94698218
	_Hlk94795551
	_Hlk94867647
	_Hlk94862587
	_Hlk96493897
	_Hlk94865049
	_Hlk94691195
	_Hlk95994844
	_Hlk96081166
	_Hlk94795498
	_Hlk94690850
	_Hlk95391822
	_Hlk94691486
	_Hlk94694076
	_Hlk94798207
	_Hlk95634499
	_Hlk94794677
	OLE_LINK6
	OLE_LINK7
	bau005
	bau010
	bau015
	bau020
	bau025
	baep-author-id14
	baep-author-id16
	baep-author-id17
	baep-author-id18
	bau0010
	_Hlk96982508
	_Hlk103616856
	_Hlk103619767

