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Water pollution is one of the most pressing problems of our time; in fact, it contributes to 24 % of global deaths.
Therefore, finding an effective and efficient solution is crucially important. In this regard, systems based on
polymers and containing, often, fillers, intended for potential water pollutant removal are well established.
Recently, simultaneously with the impressive spread of 3D printing, the production of these systems by various
additive manufacturing processes is gaining popularity, enabling the rapid production of complex geometries,
high porosity, large surface area and mechanical strength. These systems, to date, are becoming particularly
competitive with 2D or 1D systems produced by other methods, so understanding them fully is essential.
Therefore, here we provide a review of the most recent advances in the field of manufacturing 3D systems for
water remediation. First, a brief introduction is proposed on the cathegory of 3D printing, making a distinction
between Material Extrusion (MEX) and non-Material Extrusion (non-MEX) systems, and the main performance
parameters of water pollutant removal. Next, the process parameters, composition, and morphological and
chemical-physical properties of the latest 3D systems are discussed in detail. In the last part, an overview is given
of the functional properties of these systems, in terms of removal efficiency and reusability, which is crucial in an
ideal life cycle of such systems. In conclusion, the main outcomes and future perspectives for the production of
more efficient systems are provided.

Environmental remediation
Functional materials

studied types [2,3]. However, according to the UN World Water
Development Report 2024, ensuring the treatment of polluted water is

1. Introduction

Environmental pollution is one of the most urgent problems of our
time, as it directly affects the quality of human life. According to the
World Health Organization (WHO), 24 % of global deaths were linked to
environmental pollution and climate change, especially in the South
East Asia and Western Pacific regions. Between 2030 and 2050 an
additional 250.000 deaths per year are expected, with an annual health
cost estimated to be between USD 2-4 billion by 2030. Among the 24 %
mortality risks attributable to global pollution, a predominant effect is
observed on noncommunicable diseases, including cancer, cardiovas-
cular and respiratory diseases, but also on infections and parasitic dis-
eases mainly affecting the lower respiratory system [1]. Water pollution
has a lower mortality risk than other forms of pollution, so it is an often
underestimated threat, unlike other forms of pollution, such as air
pollution, which, on the other hand, is among the most easily visible and

the main socio-economic driver for billions of people and, among the
goals of the ONU 2030 Agenda for Sustainable Development, there is the
clean-up and remediation of polluted water [4].

Besides changing the physical characteristics and aesthetic qualities
of water, water pollution can often lead to its toxicity. It is, therefore,
essential to understand the types of water pollutants, which may be
released directly into the water or derived indirectly from other forms of
pollution, for example through groundwater or rainwater polluted by
soil and air respectively. Common pollutants include pesticides (herbi-
cides and insecticides), dyes, oils, harmful chemicals (nitrite, ammo-
nium nitrate), heavy metals, halogens, pharmaceuticals or drugs,
radioactive pollutants and pathogens, all harmful substances that can
accumulate in the tissues of living organisms, causing damage and dis-
ease [5-7]. For these reasons, attention is being focused on the
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development of water remediation processes that are environmentally
friendly, low-cost to implement, and highly efficient. In particular, the
most widely used approaches include chemical treatments, adsorption,
electrochemical oxidation and photodegradation of pollutants, or
physical filtration processes and even biological treatments [8-10].

Over the last years, an increase in the application of polymeric ma-
terials as efficient systems for pollutants removal from water was
observed. Typically, polymeric materials in various physical forms such
as electrospun nanofibers, membranes, films or porous systems play a
crucial role in decontamination processes [11]. Thus, while the use of
traditional methods (electrospinning, phase inversion ...) for the pro-
duction of one- or two-dimensional systems probably appears as the
most popular and discussed method [12], its limitations have consis-
tently emerged in most reviews, slowing its scale-up for water remedi-
ation, in term of cost, time, mechanical stability and environmental
impact [13,14]. More recently, alternative production techniques of
additive manufacturing or 3D printing are gaining attention in the field
of water remediation, due to simplicity, sustainability, versatility and
processing cost/time reduction. According to the scientific literature, in
fact, 3D printing for the production of three-dimensional supports is a
very promising technique because it allows the rapid generation of
materials with geometric complexity, high surface area, tunable porosity
and surface roughness, and mechanical stability, useful features in water
remediation processes [15]. In addition, there are also advantages
inherent to the production method such as speed, cost-effectiveness and
the typical absence of harmful solvents, which are peculiar to every type
of 3D printing processes. Moreover, the properties of systems produced
by 3D printing are particularly adjustable, simply by varying printing
parameters [16-18].

By performing an overview of published papers using “3D printing”
and “water pollution” as keywords, it is clear that the attention of the
scientific community has progressively increased over the years. Based
on these extracted data, a survey of papers published on Scopus in recent
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years was carried out; in particular, the analysis was conducted on
VOSViewer software and the results are shown in Fig. 1.

The results reveal the automatic generation of various clusters,
indicating interdisciplinarity and the possibility of evaluating the topic
from different perspectives. Many nodes concern the types of pollutants
previously discussed and the impact of pollution (health risk, global
warming ...). This is followed by nodes on production technologies
(Fused Deposition Modeling, sintering, stereolithography) and methods
for removing pollutants (photocatalysis, adsorption, oxidation ...). Sig-
nificant focus is given to life cycle, recycling, reuse, costs, and efficiency.
There are also points on the porosity and surface properties of systems,
as well as the fillers to be inserted into polymer matrices, such as metal
nanoparticles, silica, titanium oxide, bacteria, graphene, and so on,
which are useful for providing specific properties to materials, especially
in the context of pollutant removal.

In this context, R. Selvakumar et al. [19] provide a brief overview of
three-dimensional absorbent systems, comparing them with
two-dimensional systems. They highlight how the former, compared to
the latter, can have a larger surface area, a three-dimensional pore
network, better stability, and the possibility of recovery. However, the
analysis is not up to date. Duduku Saidulu et al. [20], produce an
interesting review focusing on the advantages of 3D printing in waste-
water treatment in terms of material composition, performance, chal-
lenges, and sustainable assessment. However, their analysis is limited up
to 2021, so considering the exponential growth on these topics in recent
times, it cannot be considered complete to date. Other works are simi-
larly addressed [21,22]. Snigdha Roy Barman et al. [23] on the other
hand, produced a more recent analysis of 3D systems used in water
treatment, concluding that 3D printing is a major step towards obtaining
sustainable manufacturing solutions in wastewater treatments. In par-
allel, Shabnam Siddiqui et al. [24] produced a review about the
emerging trends in the development of 3D printed polymer composite
systems for environmental application in various fields. Other works in
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Fig. 1. VOSViewer map created by using papers present in Scopus database with “water pollution” and “3D printing” as keywords. Terms have been extracted by
papers title and indexed keywords. Only terms with a minimum of 5 occurrences were taken into account.
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this context, however, focus on specific printing techniques, such as
Direct Ink Writing (DIW) [25], or on specific types of materials [26-28],
as well as on specific types of water treatment [29,30].

Therefore, given the relevance of the topic in the field and the need
to understand and learn about even the most recent and innovative
proposals, it is of paramount importance to have an up-to-date
perspective. This allows to obtain a comprehensive survey of the
available possibilities, facilitating the selection of optimal combinations,
considering the effectiveness and unique advantages of 3D printing in
the context of environmental remediation. In this review, we provide an
overview of the latest 3D polymer systems produced with 3D printing for
water treatment. In particular, after describing the main mechanisms
and parameters of water remediation performances, we provide an
overview distinction between the different production techniques of 3D
printing. Subsequently, we present materials, process parameters, shape
and main morphological and chemical-physical characteristics of the
systems produced, making a distinction between systems based on
extrusion processes (Material Extrusion) and on other printing processes
(non-Material Extrusion), which will have different production param-
eters and properties. Furthermore, the analysis shifts to the functional
properties of the devices, i.e. their performance in the absorption of
pollutants, with a focus on the type of pollutant and its removal tech-
nology, making a distinction between removal by degradation and
isolation of the pollutant. Finally, emphasis is given to the possibility of
reusing the system for multiple cycles. In conclusion, challenges and
future perspectives on polymer systems produced by 3D printing for
water remedition are described.

2. Key parameters of water remediation performance

Before exploring the production techniques, composition, and
properties of 3D systems for pollutant removal from water, it is useful to
provide a brief overview of the key parameters of water remediation
performance. Understanding these parameters will allow us to
comprehend how the system’s characteristics can be adjusted to maxi-
mize performances.

After the treatment, the efficiency of pollutant removal is evaluated
by the Removal Efficiency (Rg), which is one of the key parameters to
assess the performance of remediation. Rg can be evaluated using
Equation (1):

Co— G

=—— x100% 1
Rg Co x 100% ( )

where Cy is the initial concentration of pollutant in the solution, and Cyis
the concentration measured after the treatment time (tt), which can
range from a few hours to several days and defines the treatment’s ef-
ficiency itself. The pollutant removal efficiency is directly influenced by
the interaction between the pollutant and the 3D system, thus it is
heavily dependent on the characteristics of the latter, primarily its sur-
face properties such as wettability, porosity and the surface area, as they
will determine the extent of contact with the pollutant. Therefore, in
general, it has been demonstrated that 3D structures can have high
surface areas and shapes that influence the fluid dynamics of the
polluted solution, varying the contact time between biomass and
pollutant, thus enhancing removal efficiency [31,32].

In some cases, after the first treatment, the support can be reused
under the same conditions to assess its reusability across multiple cycles,
determining the variation of Rg for each cycle. The reusability cycles are
a highly significant efficiency parameters, as reusing the support would
reduce the environmental impact of its production and disposal. The
possibility of reusing the support depends on the characteristics of the
material, namely its long-term mechanical/physical stability. Indeed, a
biodegradable material may be used for fewer cycles compared to a
biostable polymer, or for shorter treatment times. Moreover, a 3D sup-
port is likely to have superior mechanical performance compared to 1D
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or 2D one; therefore, it will be tested for longer reuse cycles [33]. The
reusability will also depend on the possible filler immobilized in the
polymeric matrix, namely the stability and the condition of immobili-
zation on the support. Therefore, the ideal life cycle of such a system
should include the production of the system, its use for pollutant
removal, and its regeneration for subsequent efficient reuse (RE ~ 100
%).

In the following paragraphs, it will be discussed in detail how by
selecting compositon, production techniques and parameters, it is
possible to regulate the performance of remediation processes and their
environmental impact. Therefore, it is essential to clarify which are the
main 3D printing technologies used in this context.

3. Generality on 3D printing processes

3D printing, or additive manufacturing, allows the creation of three-
dimensional objects layer by layer from computer-aided design (CAD)
file and enables the production of prototypes according to specific
customer or project requirements. Recently, this processing approach is
developing considerably in various contexts, due to its versatility,
rapidity and increasingly affordable costs [34,35]. Products made by 3D
printing processes can have intricate geometries with a high surface
area, can be porous or dense and mechanically resistant. These aspects
appear to be very useful in various application contexts, certainly
including environmental remediation, as they allow for high active area
for the removal of pollutants and the mechanical stability facilitates the
reuse of the structure [36,37].

Following the ISO/ASTM 52900 standard on additive manufacturing
terminology, it is possible to classify the main 3D printing techniques
into two categories, as shown in Fig. 2: those based on an extrusion
process and those that are not. The former will be classified in the
following as Material Extrusion (MEX) 3D Printing, a process in which
material is selectively dispensed through a nozzle or orifice. Conse-
quently, the others will be included in the term non-Material Extrusion
(non-MEX) 3D Printing.

Within the two categories, further distinctions can be made between
fused and non-fused technologies. In particular, for MEX 3D Printing,
the fused or melt MEX technology is an additive manufacturing tech-
nology where a polymer is heated to a specific temperature (T nozzle) in
a chamber, so that it melts, and then extruded from the nozzle in fila-
ment form, to create objects layer by layer [38]. These processes are fast,
cheap and solvent-free, but they generally involve high temperatures.

As an alternative to melt technologies, ink MEX 3D printing allows
working at much lower temperatures, as the material to be extruded can
be typically an hydrogel with sufficient viscosity to guarantee layer-by-
layer deposition through an appropriately sized nozzle: the solidification
and stabilization of the artefact is generally achieved through a physical,
chemical, ionic or light cross-linking process [39]. In this case, the
provided printing conditions are suitable for the incorporation of cells or
other biomass (bacteria, enzymes ...) inside the ink prior to print (bio-
ink), useful in biomedical applications, but also in bioremediation [40].
This latest type of hydrogel MEX printing is called 3D Bioprinting
(3DBP). In addition, the Direct Ink Writing (DIW) is a layer-by-layer
MEX printing technique involving the pressure deposition of a visco-
elastic ink, polymeric or not, through a nozzle and subsequent stabili-
zation of the structure [41].

Non-MEX 3D Printing technologies, on the other hand, are typically
passive technologies with local consolidation of the device. In this
category, it is also possible to make a distinction between fused and non-
fused technologies. Fused technology is called Powder Bed Fusion, ac-
cording to the standard; it is a process in which thermal energy selec-
tively melts regions of a powder, also known as Selective Laser Sintering
(SLS) [42].

Non-melt processes are included in the Vat Polymerization category,
defined by the standard as a process in which liquid photopolymer in a
vat is selectively cured by light-activated polymerization. These
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Fig. 2. Overview on 3D printing processes.

processes include stereolithography (SLA) and Digital Light Processing
(DLP), where the substantial difference is in the curing method: instead
of a mirror, a digital light projector is employed in the latter to refletct a
laser source [43,44].

Each of these technologies is suitable for the production of three-
dimensional polymer-based systems to be used in the field of water
remediation for the absorption of pollutants, with appropriate differ-
ences in terms of composition, printing parameters and thus system
properties.

4. Polymeric materials, printing parameters and main
properties of water remediation 3D printed systems

Polymeric materials are currently widely used for the production of
three-dimensional systems using the 3D printing techniques discussed
above [45-47]. This is due to the fact that they are well suited to such
production processes and, in addition, are generally cheaper, easier to
work with and more versatile than other materials. These polymeric
materials may be biostable or biodegradable depending on the duration
of the application, they must guarantee adequate chemical-physical
properties and, in this context, they have to remove efficiently pollut-
ants, properties that may be adapted by the addition of additives or
fillers. The choice of materials and fillers is closely related to the choice
of the 3D printing technology. The complex architectures and mechan-
ical stability of the systems are important peculiarities allowed by these
techniques. Exploiting the previous distinction between extrusion-based
and non-extrusion-based production technologies, in the following, the
types of polymers, fillers, printing conditions and properties of the
resulting 3D systems for water remediation will be analyzed in detail.

4.1. Material Extrusion (MEX) systems

4.1.1. Melt MEX systems

The category of MEX systems is based on melt technology.In this
context, the most commonly used polymeric material is polylactic acid
(PLA), but other thermoplastic polymers are also used, such as acrylo-
nitrile butadiene styrene (ABS), polyamides (PA), polycaprolactone
(PCL), polypropylene (PP), polyethylene (PE), polyurethane (PU),
polyvinyl alcohol (PVA), polystyrene (PS), glycol-modified polyethylene
terephthalate (PETG) [48-51].

Composition, printing parameters and main characteristics of
polymer-based systems for water remediation recently produced by 3D
melt MEX printing) are listed thoroughly in Table 1.

4.1.1.1. Polylactic acid-based. Polylactic acid (PLA) is one of the most
popular materials for melt MEX 3D printing due to its distinctive prop-
erties and characteristics. It is often used together with fillers to improve
its characteristics and to produce superior printed parts, by changing its
printing parameters [83,84]. In the context of pollutant removal, fillers
provide specific properties to the polymer, such as absorption capacity

or degradation of specific contaminants.

For example, the use of metal oxides as fillers in polymeric matrix is
an effective strategy to improve the properties of composite materials
and to enhance their ability to remove pollutants, generally through
catalytic processes [85]. Among these, titanium oxide (TiO2) is a pho-
tocatalytic substance that has been widely studied for its capability to
breakdown pollutants [86,87].

For example, Pablo Ortega-Columbrans et al. [52] produced a cy-
lindrical gyroidal scaffold with a diameter of 2.5 cm based on PLA.
Specifically, they have produced a filament PLA:TiO5 85:15 vol%, which
was printed by a printer with a 0.4 mm diameter nozzle at 160 °C and a
printing speed of 20 mm/s. The gyroidal pattern ensured high surface
area structure, with macropores diameters dp = 400-900 pm. Andrew D.
McQueen et al. [53] produced PLA:TiO, 80:20 wt% filaments and sub-
sequently printed it at a nozzle temperature (0.4 mm) of 210 °C. They
produced a disk structure with a diameter of 8.5 cm and 50 % infill,
which provided macropores and a light exposed surface area of 56.75
cm?. Sangiorgi et al. [54] produced a similar structure in PLA with 30 %
wt of TiO. The disk system was printed at 185 °C and 40 mm/s and 30 %
infill. Kennedy et al. [55] realized a geometrically complex structure by
printing PLA:TiO, filaments with high TiO5 content (34 % w/w). The
nozzle temperature of 215 °C was slightly higher than the previous seen
above, probably due to the higher filler content. The device had a dia-
mond latex tetrahedron shape and is a few cm® in size; the printing speed
was 45 mm/s and the infill was 20 %, allowing for a macroporous
structure with a surface area of 7521 mm?,

Photocatalytic activity is also provided by other metal oxides species,
such as zinc oxide (ZnO) [88]. For example, Kun Li et al. [56] produced a
square PLA-based substrate, which was subsequently covered with ZnO
cold plasma discharge (CPD), with a maximum grafting rate equal to 8
%. The fractal surface of the system ensures a high surface area. The
same authors also produced another similar system, namely a PLA-based
fractal square [57]. This is printed from a nozzle (0.4 mm) at 210 °C with
a printing speed of 20 mm/s. The 20 % infill and fractal surface ensured
high surface area. Again, the system was subsequently coated via CPD
with ZnO coupled with bismuth molybdate (Bi;MoOg), coupling that
ensures enhanced photocatalytic performance. The system had a water
contact angle (WCA) > 90°, so it is hydrophobic: this could concentrate
organic pollutants on the surface and thus improve treatment efficiency.

Another metal oxide widely used for the removal of pollutants is
magnetite (Fe304), due to its high surface area and chemical reactivity
[89]. Kihoon Kim et al. [58] printed (0.4 mm nozzle) a cylindrical PLA
system on which Fe(III) oxide was subsequently immobilized, enhancing
the absorbent properties and hydrophilicity. The cylinder had macro-
pores diameter d, = 0.8 mm and high surface area (>6 x 10* mm?). S.
Fernandez-Velayos et al. [59] produced cylindrical systems by printing
PLA:Fe304 85:15 % wt pellets at 185 °C (nozzle 0.4 mm). The system
provided an internal grid with macropores of diameter d, = 5 mm,
which guaranteed a high surface area and interesting velocity profiles
inside a fixed-bed reactor, as shown in Fig. 3: in fact, this shape ensured
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Table 1
Composition, printing parameters and main characteristics of polymer-based systems for water remediation produced by 3D melt MEX printing recently.
Ref Composition Filler Filler Filler Nozzle T Printing Infill Shape Porosity SA WCA Mechanical
Conc Imm. Diam. Nozzle Speed Properties
[52] PLA TiO2 15 % PRE 0.4 mm 160 °C 20 mm/s / Gyroidal dp = 400-900 / / /
scaffold pm
[53] PLA TiO2 20 % PRE 0.4 mm 210 °C / 50 Disk Macropores 56.75 / /
% cm?
[54] PLA TiO2 30 % PRE 0.3-0.5 185°C 40 mm/s 30 Disk Macropores / / /
mm %
[55] PLA TiO2 34 % PRE / 215°C 45 mm/s 20 Diamond Macropores 7521 / /
% lattice mm?
tetrahedron
[56] PLA ZnO 8% POST / / / / Square / / / /
[57] PLA Zn0/ / POST 0.4 mm 210 °C 20 mm/s 20 Square / / >90° /
Bi2MoO6 %
[58] PLA Fe(III) / POST 0.4 mm / / / Cylinder dp = 0.8 mm >6 X <90° /
10*
mm?
[591 PLA Fe304 15 % PRE / / / / / / / / /
[56] PLA MOF 2.5 % POST / / / / Square / / / /
[60] PLA@TCNFs MOF / POST 0.4 mm 215 °C 45 mm/s 10 Cuboid Macropores / / E =1200
% MPa
[61]1 PLA GO/ 9 % POST 23G 230°C  350mm/ / Fish Mouth Hierarchically / <90° CS=745
Chitosan s porous; P = 97 MPa
%
[62] PLA GO / POST 0.4 mm 200 °C 40 mm/s 40 Cylinder Macropores / / /
%
[63] PLA Carbon 21.8% PRE 0.4 mm 215°C  / 50 Cylinder Ap = 0.2 mm? / / /
Black %
[64] PLA Carbon / POST / / / / Cylinder Dense / / /
Nitride
[65] PLA MA 2 x POST 6 um 220 °C 100 mm/ / Cylinder Porous / / CS=110kN/
10° s m?
cells/
ml
[66] PLA Laccase POST / 185°C / / Cylinder Macropores 5.42 / MS =10.7
cm? MPa
[67]  PLA/PBAT MA 30 % PRE 0.4 mm 180°C 50 mm/s / Grid Hierarchically / / TS = 20 MPa
porous
[68] PLA Zeolite 16 % PRE 0.4 mm 195°C 30 mm/s / Cross Micropores / / /
[69] PLA Zeolite 32% PRE 0.4 mm 210°C 30 mm/s 20 Flower Macropores / / /
%
[70] PLA HAP 15 % PRE 0.4 mm 230 °C 30 mm/s / Disk Macropores; P / / /
=40 %
[711  PLA/PBS/ Csp 30 phr  PRE 0.4 mm 180°C 60 mm/s / Scaffold P =48.37 % d, 0.67 / /
PVA =6um m?/g
[72] PLA TCNF, / PRE 0.4 mm 220 °C 55 mm/s 10 Hourglass dp = 1.5 mm / / E = 1000
ChNF % MPa, E =
900 MPa
[73] PS TiO2 20 % PRE / 240 °C 50 mm/s / Rectangulare Dense 200 / /
mm?
[74] LDPE TiO2 1% PRE 0.4 mm 200 °C 1000 / Square mesh Macropores / / /
mm/min
[751  PETG TiO2, 3 %, PRE / 235°C  / 60 Helical / / / /
CNT 0.5 % %
[76] PETG/PVA / / / 0.4 mm 230°C 45-50 / Cartridge Micropores / >90° /
mm/s
[771 ABS ZnO 10 % PRE / 220 °C / 100 Network of Macropores / / /
% cubes
[78] ABS/TPU CaSiO3 40phr PRE 0.4 mm 200 °C 50 mm/s / Scaffold Macropores 0.864 / /
m%/g
[791  ABS POM / POST / 240 °C / / Square mesh Highly porous / <90° /
[80] PA Carbon 15 % PRE / 270 °C 30 mm/s / Disk Macropores 2859.5 / /
Fiber mm?
[81] PCL/SA / / / / 135°C 12.3 / Tube Dense / / /
mm/s
[82] MB SLP, NPK 10 % PRE 0.4 mm 160 °C 50 mm/s 100 Rectangular Micropores / / E = 707 MPa

%

low velocity of the polluted fluid in the region and, therefore, longer
contact times with the 3D system, which has improved treatment
efficiency.

Polymeric systems are also found together with Metal-Organic
Frameworks (MOFs), a class of materials with tunable porous struc-
ture, crystallinity and high surface area [90,91], frequently used for the

removal of pollutants, sometimes with PLA. For example, Kun Li et al.
[56] coated the same fractal squares in PLA seen before in the same work
with MOFs, demonstrating versatility of the process. Natalia Fijot et al.
[60] produced PLA-based composite filaments reinforced with TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl radical)-mediated oxidized cellu-
lose nanofibres (TCNF). The cuboid systems (rectangular parallelepiped
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d)

e)

Fig. 3. (a) Velocity profiles computed on the reactor equipped with PLA@Fe304 3D systems under steady state conditions; (b) Arrow plot representing the velocity
vectors of the fluid along the reactor; (c) internal mesh of 3D system, (d) entire 3D system with internal mesh, (e) printed system. Reprinted with permission [59].

Copyright 2024, Elsevier.

of few cm3) were printed with a nozzle (0.4 mm) at 215 °C and a printing
speed of 45 mm/s and then MOFs were anchored on the surface. The
systems were few cm® in size and macroporous due to the 10 % infill.
Despite the porosity, they maintained good mechanical properties, with
Young’s modulus equal to 1200 MPa.

Moreover, the absorption of pollutants is often enhanced by the
addition of carbon nanofillers of various kinds. In fact, these materials
offer high specific surface areas and numerous active sites, making them
ideal for adsorption of contaminants [92,93]. We refer to carbon
nanotubes (CNTs) and graphene oxide (GO), for example. In this contest,
G. Zhou et al. [61] produced a pyramid system by printing PLA from a
nozzle (23G) at 230 °C and printing speed of 350 mm/min. The system
had an interesting shape of a biomimetic fish mouth, to demonstrate
processing versatility, and appeared hierarchically porous, with a
porosity (P) of 97 %. The system was subsequently coated using a sus-
pension of GO and chitosan (GO content equal to 9 % wt), both fillers
with good adsorptive properties, which gave the system hydrophilicity
(WCA <90°) and higher compressive strength (CS = 74.5 MPa). Sung-Sil
Park et al. [62] produced a cylindrical PLA system by printing a filament
from a nozzle (0.4 mm) at 200 °C with a printing speed of 40 mm/s, on
which GO was subsequently immobilized. The system had an internal
grid, which was guaranteed by a 40 % infill, generating macroporosity
and high surface area.

In addition, carbon black and carbon nitride are also often used for
the removal of pollutants in PLA systems [94]. Luke A. Lagalante et al.
[63], for example, produced a cylindrical system by printing a PLA
filament containing 21.83 % carbon black at 215 °C (nozzle diameter
equal to 0.4 mm). The 50 % infill generated macroporosity, with pore
area Ap = 0.2 mm?>. Instead, Manuel Penas-Garzon et al. [64] produced a
dense cylindrical PLA system, on which a carbon nitride powder is
subsequently immobilized, generating a porous texture on the device.

Polymers are also used in combination with biomasses such as bac-
teria, enzymes or microalgae (MA); in these systems, the metabolic and
catalytic abilities of these organisms are exploited to degrade or adsorb
contaminants, in bioremediation processes [95,96]. In this regard, Pat-
ricia Laura Marconi et al. [65] generated a hollow cylindrical system by
printing a PLA filament from a 6 pm nozzle at 220 °C and printing speed
of 100 mm/s. Within the few cm® system, MA (2 x 10° cells/ml) were
successively immobilized. The produced system was porous and me-
chanically resistant (CS = 110 kN/rnz), to ensure the survival of the
cells. Instead, Agnieszka Rybarczyk et al. [66] immobilized the laccase
enzyme on a cylindrical system printed with a PLA filament at 185 °C. In
detail, the immobilization occurred post production of the device, which
has a particular geometric conformation that has guaranteed macro-
porosity and high surface area Sy = 5.42 cm?. Furthermore, the system
was mechanically resistant with a maximum strength MS = 10.7 MPa.
Alternatively, but less commonly in melt technologies given the high
temperatures, biomass can be immobilized in the filament before it is

used to print the device. Xinshu Xia et al. [67], for example, printed a
PLA/PBAT-based filament containing 30 % MA. The filament was
printed from a nozzle (0.4 mm) at 180 °C and printing speed of 50 mm/s,
to create a grid with hierarchical porosity and good mechanical prop-
erties (tensile strength TS = 20 MPa).

Another category of fillers used in combination with polymeric sys-
tems for the absorption of pollutants are zeolites, because of their high
surface area and high adsorption sites [97,98]. In this regard, Alan J.
Kennedy et al. [68] printed a cross-shaped microporous device, starting
from a PLA filament containing 16 % wt of zeolite. The filament was
printed from a 0.4 mm nozzle at 195 °C with printing speed 30 mm/s.
The same authors subsequently printed PLA filaments containing 32 %
wt zeolite, using higher nozzle temperatures (210 °C) [69]. The pro-
duced system had a flower-like geometry and the 20 % infill makes it
macroporous.

Alternatively, hydroxyapatite (HAP) has also recently been used in
the field of environmental remediation, due to its adsorption capabilities
and porous structure [99]. For example, Natalia Fijol et al. [70] printed a
PLA filament containing HAP, at 230 °C and printing speed of 30 mm/s,
from a 0.4 mm nozzle. The structure produced was a grid disk with
macropores generated during the printing phase, with an overall
porosity P = 40 %.

Finally, PLA is often printed together with natural fillers, which
exhibit excellent absorbent properties [100]. For example, Yinglian
Zheng et al. [71] printed polylactic acid/polybutylene succinate/poly-
vinyl alcohol (PLA/PBS/PVA) filaments containing 30 phr of camellia
seed powder (CSP), where PVA was employes as a porogen and CSP
provided adsorption sites. The filaments were printed at 180 °C (nozzle
0.4 mm) and printing speed 60 mm/s. Scaffolds with P = 48.37 %, pore
size d, = 6 pm and high surface area Sy = 0.67 m?/g were fabricated. In
another work by Natalia Fijot et al. [72], they produced an interesting
hourglass architecture with large surface area by printing PLA filaments
containing polysaccharide nanofibers (TEMPO-oxidized cellulose
nanofibers (TCNF) or chitin nanofibers (ChNF)), as shown in Fig. 4,
where these natural fillers acted as reinforcement and active sites for
adsorption.

The filaments were printed from nozzles (0.4 mm) at 220 °C, printing
speed 55 mm/s and infill 10 %. The porous structure had macropores,
arranged according to various levels of porosity, with diameters d, =
1.5 mm. Both fillers made the systems mechanically resistant, with
compressive elastic modulus E about to 1000 MPa and 900 MPa,
respectively.

4.1.1.2. Other polymeric systems. As already anticipated, PLA is not the
only polymeric material used in melt MEX 3D printing processes.

For example, Z. Viskadourakis et al. [73] used polystyrene (PS)
mixed with TiOs (20 % w/w) to produce filaments to be printed at
240 °C and a printing speed of 50 mm/s. The devices produced were
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Pellet Filament cross-section

PLA/TOCNF

PLA/ChNF

ChNF/PLA filter

Fig. 4. 3D printed system (a) uniform porosity cylinder, (b) three level gradient porosity cylinder, (c) hourglass-shaped uniform porosity system, (d) hourglass shapes
two level gradient porosity system, (e) SEM images of pellet, filament and 3D systems section for PLA and both the composite; (f) graphic representation of dispersion

of fibers. Reproduced with permission [72]. Copyright 2023, Elsevier.

dense and rectangular in shape and had cylindrical pillars on the surface,
allowing the surface area to be increased to 200 mm?.

Instead, Maria J. Martin de Vidales et al. [74] used 1 % w/w TiO5
together with low density polyethylene (LDPE) to generate square mesh
using filaments printed at 200 °C (nozzle 0.4 mm) and printing speed
1000 mm/min. The devices presented macroporosity provided by the
mesh, to obtain a high surface area. Kristina Miklec et al. [75] mixed
TiO2 and carbon nanotubes (CNT) (3 % and 0.5 % respectively) with
glycol-modified polyethylene terephthalate (PETG) and subsequently
printed helical structures from filaments at 235 °C with an infill density
of 60 %.

Ankur Jyoti Thakuria et al. [76] recently used PETG/PVA filaments
to produce hydrophobic (WCA>90°) discoidal cartridges of 20 mm
diameter, where the PVA acted as a porogen to generate microporosity.
The filaments ware printed at 230 °C and printing speed of 45-50 mm/s.

Another material used in 3D printing is acrylonitrile butadiene sty-
rene (ABS). For example, Sidra Waheed et al. [77] produced ABS fila-
ments with 10 % wt of ZnO, to be printed at 220 °C and 100 % infill to
produce a network of interconnected cubes of a few cm®, with CAD
generated macroporosity. In detail, the filler in the printed device was
chemically converted to zeolitic imidazolate framework (ZIF), a cate-
gory of MOFs with absorbent capacities. Similarly, Zhen Liu et al. [78]
printed ABS/TPU-based filaments containing 40 phr of microporous
calcium silicate (CaSiO3) at 200 °C and 50 mm/s. The macroporous
scaffold with spiral skeleton and high surface area (0.864 m2/g) was
chemically treated to convert the filler into Ca-MOF, with adsorbent
capabilities. ABS was also printed by Yuanchun Ji et al. [79] at 240 °C to
produce an hydrophilic highly porous square mesh. The structure was
then functionalized with polyoxometalate anions (POM), as heavy metal
binding sites.

A further material which can be employed in melt MEX, but which is
known to require high printing temperatures, is polyamide (PA) [51]. In
this context, Camila Scheid et al. [80] printed PA filaments containing
15 % carbon fibres at 270 °C and 30 mm/s. The structure produced is

honeycomb-like disk, with macroporosity and surface area Sy = 2859.5
mm?,

Lower printing temperatures are expected for polycaprolactone
(PCL) [101]. In fact, Ioannis L. Liakos et al. [81] produced filaments
based on PCL and 30 % sodium alginate (SA), where the latter is well
known to have heavy metal adsorption capacities [102]. The filaments
were printed at 135 °C and 12.3 mm/s to produce dense tubular
structures.

Another material that can be printed at low temperatures is Mater Bi
(MB), a commercial blend of biodegradable co-polyesters, which has
recently emerged as an option for green composites for melt MEX [103,
104]. Scaffaro et al. [82] produced filaments based on MB, using Sola-
num Lycopersicum (tomato plant, SLP) 10 % wt as filler, in which the
natural filler has a high affinity for metal ions. The filaments were
printed at 160 °C (nozzle 0.4 mm) and 50 mm/s to produce rectangular
specimens with printing process-induced porosity and good mechanical
properties (E = 707 MPa). In addition to SLP, NPK fertilizer was also
added to the filament for its controlled release, as it is soluble in water:
the migration of NPK into water generated additional porosity in the
device and increased the surface area.

4.1.2. Ink MEX systems

The category of MEX systems based on ink or bioink, involves the use
of 3D Bioprinting (3DB) or Direct Ink Writing (DIW). In this context, the
most commonly used polymeric materials are natural polymers such as
alginate (Alg), chitosan, cellulose, hyaluronic acid (HA), gelatin, but
also synthetic polymers, such as polyethylene glycol (PEG), Pluronic
F127, polyvinyl alcohol (PVA), poly (ethylene glycol) dia-crylate
(PEGDA) [39] and so on. Recently, geopolymers are also being used in
3D ink MEX-based printing processes to make systems used in water
pollutant absorption applications, due to their porous structure, chem-
ical stability and versatility of composition [105-108]. Composition,
printing parameters and main characteristics of polymer-based systems
for water remediation recently produced by 3D ink MEX printing are
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listed in Table 2.

Alginate is a widely used material in ink MEX systems for water
remediation, typically together with other polymers to improve their
mechanical performance, printability or absorption properties. In
addition, alginate biocompatibility makes it suitable for 3D Bioprinting
(3DBP) processes, often mixed with other polymers to improve its
rheological and mechanical properties. The possibility of using alginate-
based ink in 3DBP for water remediation results in the incorporation of
biomass for bioremediation processes. Unlike melt MEX systems of the
same function [65,66], in these cases the use of low temperatures allows
biomass to be immobilized PRE printing, often enabling an increase in
immobilization efficiency.

For example, Seon-Won Yoon et al. [109], created a cylindrical
system of a few mm?> based on alginate (Alg)/methylcellulose (MC),
immobilizing microalga (MA) Chlorella Vulgaris in the ink. The system
presented macropores made by the printing process carried out at room
temperature and printing speed of 10 mm/s, and then ionically
cross-linked in CaCls. Jessica Condi Mainardi et al. [110] produced an
ink based on alginate and chitosan, whose mechanical performance is
enhanced by alumina. Bioremediation capabilities are enabled by the
presence of bacteria (B) in the ink (32.5 x 108 cfu/mL). The ink was then
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printed at low temperatures by a 940 pm tip nozzle at 10 mm/s. The
infill density of 67 % allowed for a high surface area and macropores of
the lattice cubes system, which was chemically cross-linked using gen-
ipin as cross-linking agent. Instead, Yuan Li et al. [111] produced a
lattice system based on thiolated sodium alginate and hyperbranched
PEGDA containing yeasts. Specifically, the latter was encapsulated in
ink preliminarily by generating yeast-laden hydrogel microparticles
(HMPs) by droplet-based microfluidic preparation process, in order to
enhance cell survival by compartmentalizing them in a granular
hydrogel. Then a lattice of biocatalytic living materials was printed
through a conical precision nozzle (610 pm) and 130 mm/min. The
granular hydrogels were ionically cross-linked by using CaCl,. A system
with similar composition is realized at the same time by Yan Li et al.
[112]. Specifically, they produced a bioink based on PEGDA/Alg/PVA
and nanoclay (n-clay), in which PVA increased porosity and the nano-
filler improved mechanical and absorption performance, as already
observed in other works [122], containing bacteria (B) (1.2 x 103
CFU/g) with the capabilities of pollutant removal. The bioink was
printed at room temperature from a flat tip needle (0.4 mm) at 200
mm/s to produce a grid with hierarchical porosity. The system was
subjected to dual cross-linking: after extrusion, printed systems were

Table 2
Composition, printing parameters and main characteristics of polymer-based systems for water remediation produced by 3D ink MEX printing recently.
Ref Composition Filler Filler Filler Nozzle Printing Infill Cross- Shape Porosity SA WCA  Mechanical
Conc Imm. Diam. Speed linking Properties
[109]  Alg/MC MA 2x 10" PRE 0.4 mm 10 mm/s ITonic Cylinder =~ Macropores / <90° /
cells/ml
[110]  Chitosan/Alg B 32 x PRE 0.94 10 mm/s 67 % Chemical Lattice Macropores / / /
@Allumina 108 cfu/ mm
ml
[111]  PEGDA/Alg Yeast / PRE 0.61 pm 130 mm/ Tonic Lattice Hierarchical / / /
min porosity
[112] PEGDA/Alg/ B 1.2 x PRE 0.4 mm 200 mm/ Dual Grid Hierarchical 10 m?%/ TS = 185 kPa,
PVA@n-clay 103 cfu/ s porosity g CS = 365 kPa
ml
[113] Alg/AM@HAP Laccase / PRE / / Dual Grid Macropores / / /
[114]  Alg/F127-DA MA/B 3.9- PRE 0.4 mm 360 mm/ Dual Fiber Micropores / / /
4x10° min
cells/g
[115]  F127-DMA/ Laccase 4 mg/1 PRE 25G 6 mm/s 18 % Light Flower Hierarchical 2739 / /
Alg porosity m?
[116] HA B 50 pl/ PRE / / Light Grid Macropores / / /
ml
[117]  F127-BUM Yeast 10° PRE / 10 mm/s 45 % Light Grid Macropores / / /
cells/g
[118] Alg/Gelatin/ / / / / / / Tablet Micropores 9.907 <90° /
PEI m?/g
[119] PVA/AA / / / 10 mm 15 mm/s Light Cylinder Hierchical / <90° E = 4-5 MPa
porosity
[120] Chitosan/DA / / / 0.9 mm 5 mm/s Light Sheet d, =4 mm / / /
Pluronic F-127
[121] CNC/LAE / / / 0.34 10 mm/s 1.25 / Grid Highly porous
mm mm
gap
[122]  Alg/AA n-clay 0.25 % PRE 1 mm 15 mm/s Electron Cube / / <90° E =18 MPa
Beam
[123]  CNF/Alg COFs / PRE 0.4 mm / Tonic Grid Hierarchical 30m? / /
porosity g
[124] Alg/Gelatin MOFs 13 % PRE 0.21 33 mm/s Ionic Grid Hierarchical 83 m?%/ / TS = 0.4 MPa,
mm porosity g CS = 1.8 MPa
[125]  Cellulose MOFs 67.5 % PRE 0.4 mm 10-80 / Grid Hierachical 38m% / /
mm/s porosity g
[126] Cellulose Fe30y4 26 % PRE 0.84 5 mm/s Chemical Lattice Vp =0.03 30m? / /
mm em®/g g
[127] PDA/BSA GO PRE 0.6 mm 20 mm/s / Cylinder P =90 %, dp 9.86 >90° /
=10 pm m%/g
[128] PEI/PEG GO + GO: 4.8 PRE + / / 780 AVT Scaffold P=94% >190 <90° CS =0.1-0.4
Si0, % POST pm m?/g MPa
gap
[129] Chitosan TiO, 1% PRE 0.192 / 200 AVT Grid dp = 150-200 / / E = 0.49 MPa
mm pm pm
gap
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placed in blue LED light to covalently cross-link PEGDA, subsequently
alginate was further ionically cross-linked in the presence of CaCly, as
shown in Fig. 5.

The system produced exhibited excellent mechanical properties
(tensile strenght TS = 185 kPa and compressive strenght CS = 365 kPa).
Dual cross-linking has previously been used in other alginate-based
systems, for example in the work of Jianxing Liu et al. [113]. They
produced a bioink with alginate and acrylamide (AM), containing lac-
case enzyme. The bioink also contained hydroxyapatite (HAP), as the
organic-inorganic combination enhances the catalytic action. The sys-
tem was cross-linked in the alginate part ionically using calcium ions,
while AM was cross-linked covalently, to improve physiological stabil-
ity. A particular system produced for 3DBP of alginate is shown in the
work of Zitong Sun et al. [114]. Through coaxial extrusion-based 3D
bioprinting at 360 mm/min, they generated a core-shell fiber, in which
the shell was composed of alginate and the core of Polyether F127
Diacrylate. In addition, a co-culture of bacteria and microalgae was
present in the shell, which ensured the bioremediation of pollutants. The
system was photo-cross-linked and then transferred to CaCl, for ionical
cross-linking. Another laccase-containing alginate system was realized
by Yuwaporn Pinyakit et al. [115]. In detail, they produced a bioink
containing dimethacrylate-functionalized Pluronic F127 (F127-DMA)
and alginate, to which laccase (4 mg/1) was added, as shown in Fig. 6.

The bioink was printed at room temperature, printing speed of 6
mm/s and a flower-shaped system was produced, with a high surface
area (2739.847 m?) and complex geometry allowed by 3D printing to
ensure sufficient contact time for the bioremediation process.

However, biomass immobilization is also achieved with other ma-
terials, such as hyaluronic acid (HA), a biocompatible polymer. An
example is reported in the work of Manuel Schaffner et al. [116], who
printed a macroporous grid based on HA and bacteria. Otherwise, Tobias
Butelmann et al. [117], similarly produced a grid with 45 % infill den-
sity, immobilizing yeasts in the biocompatible and cross-linkable
F127-bis-urethane methacrylate (F127-BUM).

3DBP, though, is not the only type of ink MEX used in pollutant
removal systems. In fact, inks with properties suitable for such applications
are often produced even without adding biomass. We refer to commonly
non-biological printing processes, often termed Direct Ink Writing (DIW),
which, however, have very similar characteristics to 3DBP. In some cases,
absorbent properties are achieved by blending different polymers, as in the
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Fig. 6. Schematic Illustration for 3D printed system production, composition
and shape. Reproduced with permission [115]. Copyright 2023, American
Chemical Society.

work of Abraham Samuel Finny et al. [118], in which a system containing
alginate and polyethyleneimine (PEI) with heavy metal adsorption capa-
bilities was produced. In addition, Peyman Asghartabar Kashi et al. [119]
printed a robust system with hierarchical porosity based on PVA and
acrylic acid (AA), in fact PVA has shown absorbent properties in aqueous
systems, being hydrophilic, and AA allowed for photocross-linking. Simi-
larly, Gayan A Appuhamillage et al. [120] previously exploited the
absorbent properties of chitosan by blending it with diacrylated Pluronic
F-127 (DA PluronicF-127), which allowed for UV curing after printing.
Instead, Bo Xu et al. [121] produced an ink based on Cellulose nano-
crystals (CNC) whose hydrophobicity was achieved by mixing with
ethyl-lauroyl-arginate-hydrochloride (LAE), to improve the adsorption of
CNCs at the gas-liquid interface. The ink was printed at a printing speed of

Blue LED

#

.w/ light 405 nm

Hydrogel First Network Second Network
: Alginate ZWy/~ :PEGDA

Fig. 5. Schematic illustration of 3D printing and dual cross-linking. Reproduced with permission [112]. Copyright 2022, Elsevier.
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10 mm/s to generate grids with infill spacing up to 1.25 mm and high
surface area.

Alternatively, various types of fillers can be incorporated in poly-
meric systems to provide pollutant absorption properties, as observed in
Table 2. For example, Hani Nasser Abdelhamid et al. [123] created an
ink by combining cellulose nanofibrils (CNF), alginate, and covalent
organic frameworks (COFs) materials, where the latter exhibit high
surface area and absorbent capacity. The ink was printed to create a grid
with hierarchical porosity and macropores generated by the geometry,
which was then ionically cross-linked in CaCl2. Metal-organic frame-
works (MOFs), on the other hand, were immobilized in alginate-based
ink and then printed with printing speed 33 mm/s and cross-linked in
CaCl2, in the work of Rui Pei et al. [124]. The system produced is a
hexagonal porous grid with a high surface area (83 m%/g). Moreover, it
had good mechanical properties, i.e. tensile strenght TS = 0.4 MPa and
compressive strenght CS = 1.8 MPa. Instead, Hani Nasser Abdelhamid
et al. [125] immobilized MOFs in a cellulose ink, with high loading of
67.5 wt%. The ink was then printed to create a grid with hierarchical
porosity (macropores d, = 1 mm and nanopores d, = 20-900 nm) and
high surface area.

Cellulose was also used as a matrix for 3D prining by Yang Zhang
et al. [126]. They immobilized efficient adsorbent Fe304 26 % wt in a
cellulose ink, which was then printed with a metallic nozzle (0.84 mm)
at 5 mm/s. The latex-like structure produced exhibits pore volume Vp =
0.03 cm®/g and high surface area (30 m2/g).

Carbon-based fillers, such as GO, are also used in ink MEX-based
printing. Arvid Masud et al. [127], for example, used two bio-inspired
polymers, polydopamine (PDA) and bovine serum albumin (BSA)
together with GO. The ink was printed from a 0.6 mm nozzle at 20 mm/s
to produce a cylindrical structure that was then subjected to
freeze-drying, in order to obtain a highly porous aerogel (P > 90 %). The
structure had a surface area of 9.82 m?/g. Alternatively, J.J. Moyano
et al. [128] produced a system based on polyethylenimines/poly-
ethylene glycol (PEI/PEG) and GO/silica (Si02). In detail, the ink con-
taining PEI/PEG and GO (4.8 % wt) was printed using a printing syringe
with a needle of 0.41 mm to generate a grid scaffold with a 780 pm gap
between the rods. After various intermediate treatments, the structure
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was covered with SiO, and subjected to Ammonia Vapour Treatment
(AVT) curing. The hydrophilic structure showed porosity P > 94 % and
surface area >190 m?/g; it also exhibited compressive strengths CS in
the range 0.1-0.4 MPa.

Titanium oxide (TiOy) is also used in DIW processes [130], usually as
pure powder or sometimes with polymeric binder [131]. For example,
Laura Bergamonti et al. [129] realized TiO supported chitosan scaffolds
(1 % w/v) as a promising material for wastewater treatment. The ink
was printed in a grid with a 200 pm gap between the rods and Young’s
modulus E = 0.49 MPa.

4.2. Non-Material Extrusion (non-MEX) systems

Another way to produce 3D printed systems for water pollutants
removal involves the use of non-MEX systems, i.e. based on passive
systems in which the device is formed from a powder (Powder Bed
Fusion) or a resin (Vat Polymerization) using lasers or beams.

Processing technology, composition, printing parameters and main
characteristics of polymer-based systems for water remediation recently
produced by 3D non-MEX printing are listed thoroughly in Table 3.

4.2.1. Powder Bed Fusion

Systems produced by Powder Bed Fusion, i.e. Selective Laser Sin-
tering (SLS) processes in which a solid 3D matrix is constructed by layer-
by-layer sintering of hot melt material, involve the use of thermoplastic
polymers, ceramics or metals, often together with fillers. Polymeric
materials typically used are polyamide (PA), polypropylene (PP), but
recently also polyurethane (PU), polycarbonate (PC), poly-
etheretherketone (PEEK), polystyrene (PS) [148].

For instance, Pengbo Sun et al. [132] produced a system by sub-
jecting a powder of PU after mixing it with chitosan, a heavy metal
capturing agent, to SLS process by a 1.5 W laser. The structure produced
had hierarchical porosity and it was hydrophilic. Instead, Rui Li et al.
[133] generated a 3D polyamide (PA) grid from a powder containing
10-40 % wt MOF. The laser used has a power ranging from 8.4 W to
13.2 W, and has allowed to generate a macroporous structure with an
elastic modulus E varying between 15 and 40 MPa. More recently,

Table 3
Processing, composition, printing parameters and main characteristics of polymer-based systems for water remediation produced by 3D non-MEX printing recently.
Ref Processing ~ Composition Filler Filler Filler Laser Cross- Shape Porosity SA WCA  Mechanical
Conc. Imm. linking Properties
[132] SLS Chitosan/PU / / / 1.5W / Membrane Hierarchical / <90° /
porosity
[133] SLS PA MOFs 10-40 PRE 8.4-13.2W  / Grid Hierarchical / <90° E =15-40
% porosity MPa
[134] SLS PA TiO5 5.4 % POST / / Prism Hierarchical / / /
porosity
[135] SLA Resin/ / / / / Light Grid Macropores 0.254
Chitosan m?/g
[136] SLA Resin TiO4 2% PRE / Light FCCS Macropores / / TS = 9.98
MPa
[137] SLA Resin TiO4/SiO5 90:5:5 PRE / Light Grid Macropores / / /
[138] SLA Resin PdCl2 1% POST / Light Honeycomb P=85% 587 / /
monolith m%/g
[139] SLA Resin Graphene/ 0.01 g/ PRE / Light Graphene-like Macropores / / /
MnO,/Fe304 ml network
[140] SLA Resin B / POST / Light Gyroid Macropores 82.96 / /
x 1074
m2
[141] SLA Resin Laccase 4% PRE / Light Ring / / / /
[142]  SLA Resin MOFs / POST / Light Network of dp = 0.8 mm / / /
cubes
[1431 7/ PEGDA AgNPs 0.5 PRE / Light Grid Macropores / / /
mg/ml
[144] DLP PEGDA TiO, 20 % PRE / Light Grid Macropores / / CS = 500 kPa
[145]  DLP Resin WO3+UiO- 10 % PRE / Light Gyroid Macropores / / /
66+1GO
[146] DLP Resin ZIF-8+OpdA / POST / Light Grid Macropores / / /
[147] DLP Resin MXOF / POST / Light Lattice P=80% / / /

10
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Mathieu Grandcolas et al. [134] fabricated a PA structure with SLS and
then coated it with TiO3 (5.4 % wt), taking advantage of the high surface
area given by the special geometry of hexagonal prism vertex centroid,
obtained by the printing technology.

4.2.2. Vat Polymerization

Among the most widely used non-MEX 3D printing techniques is vat
photopolymerization, in which ultraviolet (UV) light is used to cross-
link a light-curable material, without the use of high-temperature la-
sers. Both stereolithography (SLA) and digital light processing (DLP)
processes can use commercial resins, typically acrylate-based, even with
specific fillers for water remediation processes, as seen above [149].
These systems may involve the use of polymeric materials alone, as in
the work of Dongxing Zhang et al. [135] in which a high surface area
(0.254 m?/g) grid was produced by SLA and then covered with chitosan
absorbent, or composites with fillers.

For example, Dingyi Wang et al. [136] produced a robust macro-
porous face-centred cubic structure (FCCS) by SLA using a commercial
resin, within which nano-sized TiO, (2 % wt) was embedded. Ampika
Bansiddhi et al. [137] produced a similar system, using an
acrylate-based resin with TiOy and silica (SiO2) adsorbent, with pho-
tocurable resin:SiO,:TiO2 composition equal to 90:5:5.

Instead, Pauline Blyweert et al. [138], made a monolith with hon-
eycomb pattern by using a commercial tannin-based acrylate resin, on
which PdCI5 was deposited post production, for catalysis processes. The
porous structure exhibited P = 85 % porosity and high surface area (587
m2/g).

Bhuvaneswari Kandasamy et al. [139] used a commercial resin with
graphene/MnOy/Fe304 catalytic fillers to produce graphene-like
network systems, by combining the large surface area of graphene
with the catalytic capabilities of manganese dioxide (MnO2) and
magnetite (Fe3O4), to achieve synergistic effects leading to increased
pollutant degradation efficiency.

Biomass can also be immobilized in resins before or after the
manufacturing process, for bioremediation, as observed in Table 3. For
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example, Gabriel Proano-Pena et al. [140] made gyroids of a few mm>

from an acrylic resin. The structures, with a high surface area (82.96 x
10~* m?), were then inoculated with a bacteria community. Instead,
Xiaoyan Xu et al. [141] made systems from PEGDA and laccase (4 %
w/V) in the shape of a ring with a 5 mm central hole.

For water remediation, MOFs can also be embedded in polymer
resins, or immobilized later. For example, Andreu Figuerola et al. [142]
made a macroporous matrix of interconnected cubes with SLA on a resin.
Subsequently, the structure was covered with ZIF-67.

Luca Burratti et al. [143] produced a macroporous grid from PEGDA
resin doped with silver nanoparticles (AgNps), following the scheme
shown in Fig. 7, in which light from a photo-projector is reflected by a
mirror and photopolymerizes the solution layer by layer.

Similar systems can also be achieved with DLP, as previously
explained. Recently, Do Hyeog Kim et al. [144] used DLP on a
PEGDA-based resin with 20 % wt of TiO, and produced a macroporous
grid with good mechanical performance (compression strength CS =
500 kPa). Vu Thi Huong et al. [145], instead, produced a ternary
nanocomposite, using tungsten trioxide (WO3), MOF UiO-66 and
reduced graphene oxide (rGO) to increase photocatalytic efficiency, by
incorporating them into a commercial resin (10 %). The structure pro-
duced was a macroporous gyroid of 1 cm®. Ruhani Singh et al. [146], on
the other hand, produced a bioactive macroporous grid with a com-
mercial resin for DLP and then immobilize over ZIF-8 encapsulated
organophosphate degrading enzyme A (OpdA). Next, Hossein Shahriyari
Far et al. [147] produced a highly porous vintiles lattice (P = 80 %); the
3D-printed lattices were then postcured and MXene/metal-organic
framework (MXOF) were immobilized, where MXene is a new type
nanomaterial with high surface area and tunable chemistry, used to
enhance the adsorption performance of 3D-printed lattice structures.

5. Performances of 3D printed systems for water remediation

The production techniques and composition chosen for the 3D sys-
tems previously discussed imply different morphological and chemical-
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Fig. 7. (a) Schematic representation of 3D printing system, (b) working principle based on photopolymerization; (c) schematic illustrations of 3D system; (d) photo
of a system; and (e) image of optical microscope. Reprinted with permission [143]. Copyright 2024, MDPIL
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physical properties, as already shown; this also generates different
functional performances in water pollutant removal, as the different
composition of the system will allow different type of removal tech-
niques for pollutants of various kinds; in addition, the treatment effi-
ciency and reusability of the system will depend on the previously
discussed main properties of the system, like its shape, surface area and
porosity, as well as mechanical stability and wettability, which will be a
consequence of the production technique. In the following paragraphs,
the previously discussed systems will be analyzed in detail, examining

Polymer Testing 140 (2024) 108627

their functional properties emerged as a result of MEX or non-MEX
production and fillers inserted, in the context of removing various
types of pollutants. The analysis will highlight the Removal Efficiency
(Rg) for specific treatment times (tt), the treatment for various reuse
cycles, and the Removal Efficiency at the nth cycle (nth Rg), which, in
the ideal life cycle of a 3D printed system for water pollutant removal,
should remain very high. In particular, for each cathegory of 3D Print-
ing, a distinction will be made between pollutant removal methods that
involve their degradation or transformation, and those that involve their

Table 4
Type of removal for specific pollutants, removal efficiency at the first cycle of use and after n cycles for water remediation produced by 3D melt MEX printing recently.
Ref Composition Type of Removal Type of Pollutant Pollutant conc.  1st Rg tr Treatment for Reusability nth Rg
Pollutant reuse [nth cycle]
5 PLA@TiO2 Photodegradation ~ Dyes Methyl orange 3 ppm 80 % 24h / / /
[53] PLA@TiO, Photodegradation PHAs Fluoroianthene, 3.15 pg/l, 2.40 91 %, 24h / / /
pyrene, benzo(a) pg/l, 0.72 pg/l, 94 %,
anthacene, chrysene, 0.82 pg/l, 0.44 80 %,
benzo(a)pyrene pg/1 54 %,
68 %
[54] PLA@TiO, Photodegradation ~ Dyes Methyl orange 3 mg/1 100 % 24h / / /
[55] PLA@TiO, Photodegradation  Algal Microcystin 41 pg/1 100 % 24h / / /
blooms
[73]1 PS@TiO, Photodegradation ~ Dyes Methylene Blue 20 ppm 98 % 60min ? 5 72 %
[74] LDPE@TiO, Photodegradation  Dyes Methyelene Blue 1 mg/dm? 14 % 120min  / / /
[75] PETG@ Photodegradation Drugs Amoxicillin 1 mg/1 Low 120min / / /
TiO,/CNT
[56] PLA@ZnO Photodegradation ~ Dyes Rhodamine blue 5 mg/1 94.3 % 6h Ultrasonication in 3 83.7 %
ethanol
[571 PLA@ Photodegradation ~ Dyes Rhodamine blue 5 mg/1 99.4 % 350min  Ultrasonication in 3 91.6 %
Zn0O/Bi;Mog water
[56] PLA@MOF Photodegradation ~ Drugs Ciprofloxacin 10 mg/1 >90 % 160min  / / /
[64] PLA@ Photodegradation ~ Drugs VFX 5 mg/1 90 % 60min Washed in distilled 5 90 %
Carbon water
Nitride
[591 PLA@Fe304 Catalyst Drugs Ofloxacin 1 mg/1 82 % 3h / / /
[66] PLA@ Biocatalyst Drugs E2, EE2 356 ng/L, 187 40 %, 24h Washed in acetate 5 10 %—
Laccase ng/L 35 % buffer 20 %
[76] PETG/PVA Adsorption Drugs NSAIDs 1 mg/ml 80 % 4h / / /
[81]1 PCL/SA Adsorption Heavy Cu?* 0.17 % 22.8 % 30days / / /
metals
[58] PLA@Fe304 Adsorption Heavy Arsenic 20 mg/1 96.2 % 5h Washed in acid 3 77 %
Metals solution
[60] PLA@ Adsorption Heavy Mn?* Real 57 % 24h Immersion in 3 49.2 %
TCNFs/MOF Metals Wastewater NH,CI, treatment
with HCI, re-
anchoring
[61] PLA@ Adsorption Dyes Crystal Violet 50 mg/1 97.8 % 120min  / / /
GO/Chitosan
[62] PLA@GO Adsorption Heavy Cd, Pb 10 mg/1 >90 % 120min ~ Washed in diluted 5 60 %
metals acid
[63] PLA@ Adsorption VOC Benzene, Toluene, 105 ppm, 104 50.6 %, 5h / / /
Carbon Black Ethyl-benzene ppm, 103 ppm 81.3
%,92 %
[65] PLA@MA Bioadsorption Chemicals, Nitrogen, phosporus, Real 90 %, 5days / / /
biologicals bacteria wastewater 85 %
[67] PLA/ Bioadsorption Dyes Methylene Blue 100 mg/1 92.66 24h Washed in HCI 6 72 %
PBAT@MA %
[68] PLA@Zeolite Adsorption Chemicals Ammonia 1 mg/1 65 % 48h / / /
[69] PLA@Zeolite Adsorption Chemicals Ammonia 44 mg/1 83 % 48h / / /
[70] PLA@HAP Adsorption Heavy Cd, Pb 5 ppm 45 %, 12h / / /
metals 40 %
[711  PLA/PBS/ Adsorption Dyes Methylene Blue 100 mg/1 89.84 72h Washed in ethanol 7 Slight
PVA@CSP % decline
[72] PLA@ Adsorption Heavy cu?t 1 mM 47 %, 8h Washed in HCI 3 >20 %
TCNF, ChNF metals 51 %
[82] MB@ Adsorption Heavy cu*t 1000 mg/1 78 % 30days / / /
SLP/NPK metals
[771  ABS@ZnO Extraction Dyes Malachite Green 5 mg/1 99 % 5h Washed in etahnol 7 50 %
[78]  ABS/TPU@ Adsorption Dyes Methylene Blue 50 mg/1 88 % 5h Ultrasonication in 6 70 %
CaSiO3 methanol
[79]1 ABS@POM Adsorption Heavy cu®*, Ni?*, Co?* 2.2 mM 67.1%, 12h / / /
metals 44.2 %,
40.5 %
[80] PA@ Extraction Pesticides OCPs, OPPs 100 pg/1 100 % 120min  Washed in 10 100 %
Carbon Fiber acetonitrile
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isolation and separation from aqueous solution.

5.1. Material Extrusion (MEX) systems

5.1.1. Melt MEX systems

Table 4 will discuss in detail the types of removal for specific pol-
lutants, the removal efficiency at the first cycle of use and after various
cycles, for systems produced by 3D melt MEX printing.

5.1.1.1. Pollutants degradation and transformation. Pollutant degrada-
tion refers to a series of chemical and biological processes through which
harmful substances are transformed into less harmful or completely
harmless compounds. These processes can be driven by light (photo-
degradation), chemical reactions (catalyst), biological activity (biocat-
alyst and bioremediation), and are essential for reducing the
environmental impact of pollutants.

In systems containing TiO,, photocatalytic filler, the main mecha-
nism of pollutant removal is photodegradation. For example, in the
PLA@TiO5 system produced by Pablo Ortega-Columbrans et al. [52]
photodegradation was the removal mechanism for the methyl orange
dye; specifically, starting from a 3 ppm aqueous solution of pollutant,
they achieved 80 % removal efficiency Rg in 24h.

Similarly, Sangiorgi et al. [54] made a comparable system, but with a
higher concentration of TiO,, that produced methyl orange Rg (3 mg/1)
of 100 % in 24h.

Photodegradation activity was also obtained in the similar system of
Andrew D. McQueen et al. [53], in this case targeting complex aqueous
mixture of organic contaminant compounds, namely Polycyclic Aro-
matic Hydrocarbons (PAHs). Various substances of this type in aqueous
solution with concentration in the order of pg/l were removed with Rg
up to 94 % in 24h.

Alan J. Kennedy et al. [55], on the other hand, used photo-
degradation to remove harmful microcystin algal toxin. Specifically,
starting from a solution with 41 pg/1 of pollutant, they achieved 100 %
Rg in 24 h.

Previous systems have been realized in PLA, but, as formerly
explained, melt MEX 3D printing by inserting TiO as a filler is also used
with other materials. For example, the PS@TiO2 based system of Vis-
kadourakis et al. [73] provided a methylene blue dye (20 ppm) removal
efficiency of 98 % in 60 min. In addition, the system is reused for 5
cycles, and at the 5th cycle Rg is 72 %. However, it is often difficult to
achieve high removal efficiencies using other polymers because it
complicates the processing of material with high filler content and the
possibility of obtaining high surface area structures. For example, the
LDPE@TiO2 system made by Maria J. Martin de Vidales et al. [74]
removed only 14 % methylene blue (1 mg/dm®) in 120 min. Low Rg was
also obtained in the PETG@TiO2/CNT system of Kristina Miklec et al.
[75] in the removal of Amoxicillin (1 mg/1) in 120 min.

Photodegradation of pollutants also occurs using ZnO as a filler. For
example, Kun Li et al. [56] produced a PLA@ZnO system for the pho-
todegradation of rhodamine blue dye. The system was used in an
aqueous solution with 5 mg/1 pollutant; in 6 h the removal efficiency Rg
was 94.3 %. The stability of the system was tested by reusing it for three
cycles with intermediate ethanol ultrasonications, maintaining an Rg at
the last cycle of 83.7 %. In the same work, the authors produced a
PLA@MOF system by exploiting the photocatalytic potential of the
iron-based metal organic framework for the removal of the ciprofloxacin
(10 mg/1) achieving Rg >90 % in 160 min. The same authors in another
work [57], achieved better performance in removing the rhodamine
blue dye using their PLA@ZnOBi;MoOg system, where bismuth
molybdate (BiMoOg) enhanced photocatalytic activities. In fact, Rg
equal to 99.4 % was achieved in 350 min. Moreover, Rg was maintained
at 91.6 % after three cycles of reuse.

Photocatalytic activity has also been exploited by Manuel Penas-
Garzon et al. [64] in their PLA@Carbon Nitride photocatalyst, for
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removing the venlafaxine (VFX). Specifically, 90 % of VFX was removed
in 60 min from an aqueous solution with 5 mg/1 pollutant. In addition,
the system was used for 5 cycles by washing it in distilled water, without
observing reductions in Rg.

S. Fernandez-Velayos et al. [59], instead, exploited chemical catal-
ysis resulting from sodium persulfate activation for ofloxacin degrada-
tion, using their PLA@Fe304 system; in 3 h, 82 % drug was removed
from an aqueous solution with 1 mg/1 pollutant. Finally, the system of
Agnieszka Rybarczyk et al. [66] provided catalytic degradation pro-
moted by laccase enzyme (biocatalysis), of estrogens 17a-ethynylestra-
diol (EE2) and 17p-estradiol (E2). Specifically, starting from aqueous
solutions with concentrations of 356 ng/L and 187 ng/L, respectively,
removal efficiencies of 40 % and 35 % in 24 h were obtained. The system
was reused for 5 cycles, with intermediate washes in acetate buffer, and
Rg drops, ranging between 10 % and 20 %.

5.1.1.2. Pollutants isolation. More commonly, pollutants removal
methods do not involve their degradation, but their isolation from
aqueous solutions, usually by adsorption processes: in these cases, the
pollutant interacts with the 3D system and it is separated from the
remaining solution, without undergoing transformation of any kind.

In some cases, the adsorptive sites of the polymer matrix are directly
exploited to remove pollutants. For example, Ankur Jyoti Thakuria et al.
[76] exploited the active sites of PETG in their 3D system, to adsorb
non-steroidal anti-inflammatory drugs (NSAIDs), achieving Rg of 80 %.
Alternatively, Ioannis L. Liakos et al. [81] exploited their PCL/Alg sys-
tem for adsorption of Cu®>" copper ions, obtaining low Rg.

However, fillers are frequently inserted for enhancig the ability of 3D
systems to remove pollutants. For example, the PLA@Fe304 system by
Kihoon Kim et al. [58] provided adsorption of the heavy metal arsenic
from a 50 mg/1 solution. Rg was equal to 96 % after the first use, and
became 77 % after 3 cycles with strong acid solution washes and
re-deposition of iron(III) oxide.

G. Zhou et al. [61], on the other hand, exploited the adsorptive
properties of GO and Chitosan for adsorption of the crystal violet dye
through their 3D PLA@GO/Chitosan system. Specifically, the system
removed 97.8 % pollutant from an aqueous solution (50 mg/1) in 120
min. Instead, the PLA@GO system by Sung-Sil Park et al. [62] was used
for adsorption of heavy metals, such as cadmium (Cd) and lead (Pb).
Specifically, they achieved Rg >90 % in 120 min for 10 mg/1 solutions.

Lagalante et al. [63] produced a PLA@Carbon Black system,
exploiting the water cleanup properties of the filler, for the adsorption of
volatile organic compounds (VOCs) from water, such as benzene,
toluene, and ethyl benzene, from solutions with concentrations of 105
ppm, 104 ppm, 103 ppm, respectively. In 5 h, Rg of 50.6 %, 81.3 %, 92 %
were obtained, respectively.

Adsorption processes can also be stimulated by biomass such as
microalgae (MA), referring to the process as bioadsorption. For example,
the PLA@MA system by Patricia Laura Marcon et al. [65] was used to
bioadsorb phosphorus and nitrogen species, and pathogenic bacteria,
from real wastewater. Specifically, they achieved removal efficiency of
90 % of chemical species and 80 % of biological species in 5 days. In
contrast, Xinshu Xia et al. [67] made a PLA/PBAT@MA system for
methylene blue bioadsorption. Starting from a 100 mg/1 solution, they
removed 92.66 % in 24 h. In addition, washes in hydrochloric acid (HCI)
allowed for reuse of the system for 6 cycles, with Rg at the last cycle of
72 %.

Alan J. Kennedy et al. [68], in addition, used zeolite-containing
systems to treat ammonia contaminated water. Specifically, they pro-
duced PLA@Zeolite system that was used to treat water with 1 mg/1 of
ammonia, achieving Rg of 65 % in 48 h. Later, they produced a
PLA@Zeolite system increasing the filler content [69], achieving Rg of
83 % in 48 h from solutions with ammonia concentration of 44 mg/1.
Instead, Natalia Fijot et al. [70] removed heavy metals using a PLA@-
HAP system. Specifically, they removed Cd and Pb from aqueous
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solutions 5 ppm, with removal efficiencies of 45 % and 40 %, respec-
tively, in 12 h.

Adsorptive properties are also enhanced by natural fillers. For
example, Yinglian Zheng et al. [71] adsorbed methylene blue using a
PLA/PBS/PVA@CSP system, where camellia seed powder (CSP) pro-
vided sites for dye adsorption, which may involve hydrogen bonding,
electrostatic attraction and other types of multiple interactions, as
shown in Fig. 8.

In detail, they obtained Rg of 89.84 % from aqueous solution with
100 mg/1 pollutant in 72 h. The system was washed in ethanol and
reused for 7 cycles, they observed a slight decline in efficiency. In par-
allel, the 3D system in PLA and TCNF or ChNF by Natalia Fijot et al. [72]
exploited cellulose and chitin fibers to adsorb copper ions (Cu?") from 1
mM aqueous solutions, achieving Rg of 47 % and 51 %, respectively.
After three cycles of use and washes in HCI, Rg decreased by more than
half for both. In addition, Scaffaro et al. [82] exploited the active sites of
NPK fertilizer flour and tomato plant waste particles (Solanum Lyco-
persicum, SLP) in the MB@SLP/NPK system to adsorb Cu®* copper ions.
Specifically, they obtained Rg of 78 % in 30 days, starting from solutions
with 1000 mg/1 concentration.

Instead, Sidra Waheed et al. [77] used their ABS@ZnO system to
perform in-situ growth of a type of metal-organic frameworks (ZIF-8), as
previously explained: the filler had adsorptive properties, which ensured
extraction of the pollutant malachite green dye (5 mg/1) with Rg of 99 %
in 5 h. In addition, the system was reused for 7 cycles, with intermediate
washes in ethanol and final Rg equal to 50 %. Similarly, Zhen Liu et al.
[78] performed in Situ Growth of Ca?* based metal-organic Framework
on ABS/TPU@CaSiO3 3D system for methylene blue (50 mg/1) adsorp-
tion. Rg achieved 88 % in 5 h and it was maintained at 70 % after 6
cycles of reuse and ultrasonication in methanol.

Yuanchun Ji et al. [79] used polyoxometalate (POM) anions as heavy
metal binding sites. Specifically, their ABS@POM system adsorbed
copper, nickel, and cobalt ions (Cu?*, Ni%t, Co?") from 2.2 mM aqueous
solutions, with Rg of 67.1 %, 44.2 %, 40.5 % in 12 h, respectively.

Recently, Camila Scheid et al. [80] used PA@Carbon fiber system to
remove organochlorine pesticides (OCPs) and organophosphorus pesti-
cides (OPPs), achieving RE 100 % in 120 min from solutions with
pollutant concentration 100 pg/l1. In addition, the system was reused for
10 cycles without exhibiting loss of efficiency.

5.1.2. Ink MEX systems
Table 5 will discuss in detail the types of removal for specific
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Fig. 8. Possible adsorption mechanism of methylene blue on PLA/PBS/
PVA@CSP system. Reproduced with permission [71]. Copyright 2021, Elsevier.
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pollutants, the removal efficiency at the first cycle of use, and after
various cycles, for systems produced by 3D ink MEX printing.

5.1.2.1. Pollutants degradation and transformation. In the category of ink
MEX 3D printed systems, the removal of pollutants by degradation is
predominantly a biological process guaranteed by the presence of bac-
teria or enzymes (bioremediation or biocatalysis, respectively); in fact,
for this type of production, incorporating biomasses and ensuring their
activity, is easier than in melting processes, as mentioned in the previous
paragraphs.

For istance, Yan Li et al. [112] exploited the bioremediation action
produced by bacteria (B) in their PEGDA/Alg/PVA@n-clay,B 3D system
for ammonia removal, achieving Rg nearly 100 % in 72 h. The system
was reused for 3 cycles without losing efficiency. High Rg was also
previously obtained by bioremediation of phenolic compounds, by using
HA@B system of Manuel Schaffner et al. [116]. Specifically, starting
from a concentrated solution (400 mg/1), complete removal of the
pollutant was achieved in 135 h.

More recently, Zitong Sun et al. [114] incorporated an algal-bacteria
consortium into an Alg/F127-DA system for methyl orange bioremedi-
ation, achieving RE 90 % in 48 h. In addition, the system was reused for
4 cycles without intermediate treatment, reducing RE to 43 %. Alter-
natively to bioremediation, in this category we also find systems used for
biocatalysis, usually by enzyme laccase. For example, Jianxing Liu et al.
[113] used their system in Alg/AM@HAP,Laccase, to degrade chlor-
ophenol from 10 mg/ml aqueous solutions. Rg of 80 % in 24 h was
obtained. In addition, the system was reusable for 7 cycles, with inter-
mediate washes in deionized water.

Instead, the 3D F127-DMA/Alg@Laccase system by Yuwaporn
Pinyakit et al. [115] was used to degrade orange(II) from solutions with
25 ppm pollutant concentration. Rg of 100 % was obtained in 60 min. In
addition, the system was reusable for 7 cycles, maintaining Rg at 50 %.

Alternatively, ink MEX printed systems are also used for photo-
catalytic processes, tipically by adding TiOy as a filler. For example,
Chitosan@TiO; system produced by Laura Bergamonti et al. [129] was
used to degrade the antibiotic amoxicillin, achieving 100 % removal in
120 min. Instead, recently, Hani Nasser Abdelhamid et al. [125] used
their Cellulose@MOFs system to catalytically degrade methylene blue
and adsorb cobalt ions (CO*"), achieving complete dye removal in 10
min and high adsorption capacities for the heavy metal in 12 h.

5.1.2.2. Pollutants isolation. In the context of ink MEX systems that
ensure the isolation of pollutants by exploiting the active sites of the
polymer matrix, Abraham Samuel Finny et al. [118] proposed the
Alg/Gelatin/PEI system for the adsorption of copper ions (Cu"),
achieving a removal efficiency Rg of 98 % in 18 h. Peyman Asghartabar
Kashi et al. [119], on the other hand, used their PVA/AA system for the
removal of lead ions (Pb?") with good adsorption capacity in few mi-
nutes. Gayan A Appuhamillage et al. [120] also focused on the removal
of metal ions with the Chitosan/DAPluronic F-127 system, capable of up
to 95 % metal removal in 30 min from 3000 ppb stock solutions.
Recently, Bo Xu et al. [121], developed a CNC/LAE system for the
adsorption of microplastics. Specifically, they removed polystyrene (PS)
microspheres from aqueous solutions (0.10 mg/ml), achieving an
adsorption capacity of 300 mg/g in 210 min.

Also in this category, immobilization of biomass such as microalgae
(MA) ensures bioadsorption processes. For example, Seon-Won Yoon
et al. [109] exploited their Alg/MC@MA 3D system that efficiently ab-
sorbs nitrogen and phosphorus; in particular, starting from aqueous
solutions with concentrations of 23.6 mg/1 and 2.11 mg/1, respectively,
they achieved Rg of 52 % and 88 % in treatment times ty of 15 days.

Mahdiyar Shahbazi et al. [122], instead, exploited the filler in their
Alg/AA@n-clay system to enhance the adsorption abilities of lead ions
Pb%* from aqueous solutions (500 mg/1), with good adsorption capacity.

Covalent Organic Frameworks (COFs) are also often used, as in the
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Table 5
Type of removal for specific pollutants, removal efficiency at the first cycle of use and after n cycles for water remediation produced by 3D ink MEX printing recently.
Ref Composition Type of Removal Type of Pollutant Pollutant 1st Rg tr Treatment for ~ Reusability nth Rg
Pollutant conc. reuse [nth cycle]
[112] PEGDA/Alg/ Bioremediation Chemicals Ammonia 70 mg/1 ~100 % 72h / 3 ~100
PVA@n-clay,B %
[116] HA@B Bioremediation Phenolics Phenol 400 mg/1 100 % 135h / / /
[114]  Alg/F127-DA@ Bioremediation Dyes Methtyl orange 10 mg/1 90 % 48h / 4 43 %
Algal-B
[113]  Alg/AM@ Biocatalyst Phenolics Chlorophenol 10 mg/ml 80 % 24h Washed in 7 ~40 %
HAP,Laccase deionized
water
[115]  F127-DMA/Alg@  Biocatalyst Dyes Orange(II) 25 ppm 100 % 60min / 7 50 %
Laccase
[129] Chitosan@TiO5 Photodegradation Drugs Amoxicillin / 100 % 120min Washed in 3 80 %
distilled
water
[125] Cellulose@ Catalyst, Dyes, heavy Methylene Blue, 1 mg/ml, >99 %, 10min, / / /
MOFs adsorption metals Co** 500 ppm 328 mg/g 12h
[118]  Alg/Gelatin/PEI Adsorption Heavy metals cu®t 100 ppm 98 % 18h / / /
[119] PVA/AA Adsorption Heavy metals Pb(I) 500 mg/1 700-800 10min / / /
mg/g
[120]  Chitosan/ Adsorption Heavy metals  Cu®', Cd*", 3000 ppb 95 % 30 min / / /
DAPluronic F-127 Pb?t, Hg?*
[121]  CNC/LAE Adsorption Microplastics PS 0.10 mg/ml 300 mg/g 210min / / /
[109] Alg/MC@ Bioadsorption Chemicals Nitrogen, 23.6 mg/I, 52 %, 88 % 15days / / /
MA phosphorus 2.11 mg/1
[122]  Alg/AA@ n-clay Adsorption Heavy metals Pb%+ 500 mg/1 500 mg/g 60 min / / /
[123] CNF/Alg@ Adsorption Heavy metals Ccu?* 100 ppm 90 % 180min Soaked in HCl 3 No
COFs decline
[124]  Alg/Gelatin@ Adsorption Dyes Methylene Blue 20 ppm 99.8 % 20min Washed in 10 82 %
MOFs HCI
[126] Cellulose@ Adsorption Dyes Methylene Blue 5.6 mg/1 88.5 % 60s Acid washing 3 85.7 %
Fe304
[127] PDA/BSA@GO Adsorption Heavy metals, Cr(VI), Pb(VD), 25 ppm, >93 %, 96h Washed in 3 95 %
dyes methylene blue 200 ppm >99.17 % ethanol

CNF/Alg@COFs system of Hani Nasser Abdelhamid et al. [123], capable
of remove Cu?* ions from aqueous solutions with 100 ppm concentra-
tion, achieving good adsorption capacities in 180 min. In addition, the
system was suitable to be reused for 3 cycles with intermediate HCl
washes, obtaining slight decline in performance. Instead, Rui Pei et al.
[124] Alg/Gelatin@MOFs system exploited metal-organic frameworks
(MOFs) to enhance methylene blue adsorption, achieving Rg of 99.8 %
in 20 min from aqueous solutions with 20 ppm concentration. Moreover,
the system was notably stable; in fact, it has been used for 10 cycles, with
washes in HCI for regeneration processes as shown in Fig. 9, and Rg was
reduced at 82 %.

Yang Zhang et al. [126] produced magnetic cellulose-based system
containing Fe304 nanoparticles as ideal adsorbents for removing organic
dyes from water. In fact, the 3D Cellulose@Fe304 removed methylene
blue, with Rg 88.5 % in just 60 s. In addition, Rg remained nearly the
same after 3 cycles of use.

Finally, Arvid Masud et al. [127] exploited graphene oxide (GO),
producing a PDA/BSA@GO system to remove organic dyes and heavy
metals. Specifically, they removed methylene blue (200 ppm) with Rg
>99.17 %, and chromium ions Cr(VI) and lead Pb(VI) (20 ppm), with Rg
>93 %. The system was tested positively for multiple cycles of dye

removal, by performing ethanol washes.

5.2. Non-Material Extrusion (non-MEX) systems

Table 6 will discuss in detail the types of removal for specific pol-
lutants, the removal efficiency at the first cycle of use, and after various
cycles, for systems produced by 3D non-MEX printing.

5.2.1. Pollutants degradation and transformation

In the category of 3D systems produced by non-MEX processes and
intended for the degradation of pollutants, the presence of fillers capable
of ensuring photodegradative processes is prevalent. For instance,
Mathieu Grandcolas et al. [134] emploied the photocatalytic activity of
TiO4 in the PA@TiO; system for the degradation of methylene blue from
aqueous solutions with 10 mg/1 concentration. They obtained Rg 94.1 %
in 180 min. Similarly, Do Hyeog Kim et al. [144] photodegraded the
same pollutant, using a PEGDA@TiO; system. In this case, they almost
completely removed the pollutant in 6 h from solutions with 10 mol/1
concentration. Instead, Ampika Bansiddhi et al. [137] produced a Res-
in@TiO2/Si0O2 3D system, exploiting the synergy between the adsorp-
tion property of SiO5 and photocatalytic behavior of TiO», to degrade the

Fig. 9. Recyclability of the Alg/Gelatin@MOFs 3D system: regeneration process of adsorbents by washing in dilute HCI solution. Reproduced with permission [124].

Copyright 2020, Elsevier.
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Table 6
Type of removal for specific pollutants, removal efficiency at the first cycle of use and after n cycles for water remediation produced by 3D non-MEX printing recently.
Ref Composition Type of Removal Type of Pollutant Pollutant 1st Rg tr Treatment for Reusability nth Rg
Pollutant conc. reuse [nth cycle]
[134] PA@TiO, Photodegradation Dyes Methylene Blue 10 mg/1 94.1 % 180min / / /
[144] PEGDA@ Photodegradation Dyes Methylene Blue 10 mol/1 ~ 6h / / /
TiO, 100 %
[137]  Resin@ Adsorption and Dyes Methylene Blue, 5 mg/1 81.9 %, 8h Washed in 3 ~
TiO2/SiO, photodegradation Rhodamine Blue 60 % hydrogen 70 %,
peroxide 50 %
[145]  Resin@ Photodegradation Drugs SMX 20 mg/1 ~ 60min Washed in 10 Slight
WO3+UiO- 90 % ethanol decline
66+1rGO
[139]  Resin@ Photodegradation Dyes Methylene Blue 110 ppm 95.5 % 120min / 10 93.5 %
Graphene/
MnO,/Fe304
[138] Resin@ Catalyst Chemicals Oxalic Acid, 1 mM, 25 %, 45 / / / /
PdCl, Bromate 200 ppb %
[142]  Resin@ Catalyst Dyes Rhodamine Blue 5 mg/1 100 % 10min Washed with 10 98 %
MOFs water
[146] Resin@ Biocatalyst, Pesicides, Methyl Parathion, 0.2 mM, 57.9 % 10 min, / / /
ZIF-8+OpdA adsorption Heavy Cu(In 200 ppm 42 % 40min
metals
[141] PEGDA@ Biocatalyst Drugs Diclofenac, 2.5 mg/1 95 % 24h, 2h Washed in 18 /
Laccase Ethinylestradiol distilled water
[132]  Chitosan/PU Adsorption Heavy Cu®*, Pb%* 1000 mg/l  19.6 mg/  5h / / /
metals g,30.4
mg/g
[135]  Chitosan/ Adsorption Heavy Cu(I) 100 mg/1 >95 % 120min Desorption with 5 Slight
Resin metals EDTA decline
[133] PA@MOFs Adsorption Dyes Methylene Blue 5 ppm >90 % 24h Washed in 5 80 %
methanol
[147] Resin@ Adsorption Dyes Methyl orange, 30 ppm 91.98 %, 1h Washed in 4 90 %,
MXOFs Direct red 84.9 % ethanol/acetone 70 %
[136]  Resin@TiO2 Adsorption Heavy As(11D) 100 pg/1 99.67 % 24h Centrifugation in 10 Slight
metals NaOH decline
[143] PEGDA@ Adsorption Heavy Hg(II) 8 mg/1 94 % 8h / / /
AgNPs metals

dyes methylene blue and rhodamine blue. Specifically, starting from
solutions containing 5 mg/1, they obtained Rg of 81.9 % and 60 % in 8 h,
respectively. After hydrogen peroxide treatments, they reused the sys-
tem for 3 cycles, with nearly 10 % decrease in Rg.

Recently, Vu Thi Huong et al. [145] produced a ternary nano-
composite 3D system Resin@WO3+UiO-66+rGO with photocatalytic
activities for the degradation of the antibiotic sulfamethoxazole (SMX)
from aqueous solutions with 20 mg/1 concentration. They achieved Rg of
90 % in 60 min, and the system was reusable for 10 cycles without loss of
efficiency. Similarly, Bhuvaneswari Kandasamy et al. [139] used a
Resin@Graphene/MnOy/Fe304 system for the photodegradation of 10
ppm of methylene blue dye. Specifically, 95.5 % pollutant was degraded
in 120 min. In addition, the system was reused for 10 cycles, with final
Rg of 93.5 %, proving cyclic stability.

Instead, Pauline Blyweert et al. [138] replaced photodegradation
with a chemical catalytic degradation process with tannin-based res-
in@PdCl2, to test them as catalysts for oxalic acid oxidation and
bromate reduction, achieving a 25 % transformation of the former and
45 % reduction of the latter. The Resin@MOFs system by Andreu Fig-
uerola et al. [142] was also used for chemical-activated catalytic pro-
cesses for the degradation of organic dyes (rhodamine blue) in water.
Specifically, starting from solution with dye concentration 5 mg/l, a
complete degradation of the pollutant was achieved in 10 min. In
addition, the system showed excellent reusability up to 10 cycles, with
Rg at the 10th cycle 98 %.

Ruhani Singh et al. [146] also produced a system by incorporating a
type of MOFs capable of encapsulating organophosphate biodegrading
enzyme (OpdA). Specifically, the Resin@ZIF-8+OpdA system was
capable of degrading pesticides (methyl parathion) (57.9 %) and
adsorbing Cu?* copper ions (42 %). The biocatalytic process, was also
promoted by the PEGDA@Laccase system of Xiaoyan Xu et al. [141]
which degraded diclofenac and ethinylestradiol from aqueous solutions
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with concentration 2.5 mg/1, with Rg 95 % within 24 and 2 h, respec-
tively. In addition, the system was reused for 18 cycles to evaluate
enzymatic stability, via oxidation of the test substrate 2,2-azino-bis
(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS).

5.2.2. Pollutants isolation

In the category of non-MEX systems produced for pollutants isola-
tion, there is the possibility of exploiting the adsorptive sites in the
matrix, as well. For instance, Pengbo Sun et al. [132] produced a Chi-
tosan/PU system, exploiting natural adsorptive properties for Cu®*
copper ions and Pb?>" lead removal, achieving good adsorption capac-
ities. Similarly, Dongxing Zhang et al. [135] exploited the properties of
chitosan in a 3D system intended for the removal of Cu" copper ions,
from aqueous solutions with 100 mg/1 concentration. They obtained Rg
>95 % in treatment time of 120 min. They also showed that ethyl-
enediaminetetraacetic acid (EDTA) can desorb metal ions from the
surface of the system, ensuring high efficiencies even for successive
cycles of use (up to 5 cycles).

Adsorptive properties can be enhanced with fillers, as observed
above. Rui Li et al. [133] used PA@MOFs system for adsorption of
methylene blue from 5 ppm aqueous solutions, achieving Rg >90 % in
24 h. In addition, the system was reusable for 5 cycles with intermediate
washes in ethanol, achieving Rg, at the 5th cycle equal to 80 %. Hossein
Shahriyari Far et al. [147] similarly used their Resin@MXOFs system,
exploiting a modified version of MOFs with MXene, to adsorb methyl
orange and direct red, from 30 ppm aqueous solutions. They obtained Rg
of 91.98 % and 84.9 % in 1 h, respectively. In addition, the system was
reusable up to 4 cycles (4th Rg equal to 90 % and 70 %, respectively), by
washing it in ethanol/acetone.

Dingyi Wang et al. [136], on the other hand, made 3D Resin@TiO,
systems for adsorption removal of arsenic As(III) in water, achieving in
24 h Rg equal to 99.67 %. The system was reusable, by performing
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centrifugation in sodium hydroxide (NaOH), with no significant reduc-
tion in Rg at the 10th cycle. Recently, Burratti et al. [143] used their
PEGDA@AgNPs system to adsorb Hg(II) mercury ions from 8 mg/1
aqueous solutions. They obtained Rg 94 % in 8 h.

6. Discussion

The analysis conducted so far on parameters and performance of 3D
systems highlights the usefulness of a trasversal comparison to evaluate
the results.

When comparing various 3D manufacturing methods, melt-MEX
systems are the easiest to use and the most popular due to their acces-
sibility and simplicity of operation. Indeed, it is notable that most of the
work in the literature in this regard fits into the melt-MEX category:
considering the extreme prevalence of such technologies in various
application fields, it is not surprising that it also plays a major role in
water purification. Melt-MEX technology makes it possible to obtain
various types of architectures quickly and easily, by using a large class of
polymeric materials and by appropriately varying the printing param-
eters. As it turned out, the most widely used material is PLA, as it is very
suitable for melt-MEX 3D printing processes. Fillers of various types can
be added to these systems, which enhance pollutant removal capabil-
ities, such as degradation or isolation. In general, the removal efficiency
is high and the systems are used for multiple cycles. These possibilities
are ensured by the high surface area and architecture of the system,
which allow high contact times between absorbent and pollutant; in
addition, the three-dimensionality and mechanical stability of the
structure allow easy recovery of the structure and recycling possibilities,
as observed.

However, in this category, manufacturing processes are usually
performed at high temperatures, which can lead to problems, such as
thermal degradation of sensitive materials or fillers. In addition, the
incorporation of fillers PRE printing is limited to low concentrations,
given the expected rheological complexity of the produced composite. In
fact, POST production filler immobilization is often used, which is a
simpler process, but it is more complex to accurately determine the
amount of immobilized filler and filler leaching can occur.

On the other hand, ink-MEX systems operate at lower temperatures,
allowing the use of different materials, often natural polymers, tipically
alginate-based, with adsorptive properties, and ensures the facilitated
incorporation of biomass for bioremediation processes, but with slightly
greater complexity in process management, for the accuracy required in
ink production and robust cross-linking processes.

Finally, non-MEX 3D printing, despite its good performance in the
field of pollutant removal, is still a niche area in its use with polymer
powders and resins, as it is limited to specific materials and the process is
more complex to manage.

All the 3D systems analyzed provide good functional performance,
which could be enhanced further. In fact, all of the systems produced
enable the removal of various types of pollutants with high levels of
efficiency, even over several cycles, with differences in terms of the type
of removal, related mainly to the kind of filler incorporated and the
properties of the material.

7. Conclusions and future perspectives

The increasing severity of water pollution requires innovative and
efficient solutions for its mitigation. In this context, the use of polymeric
3D systems for the removal of aqueous pollutants has emerged as
particularly promising and, therefore, much explored in recent years.
These systems offer numerous advantages over traditional 2D or 1D
systems, including ease of production, versatility and greater long-term
mechanical stability. In addition, additive manufacturing process en-
sures the production of complex, highly porous, high surface area ge-
ometries that can provide higher performance in pollutant removal; in
fact, peculiar architectures were produced, sometimes biomimetic, in
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the shape of flowers, hourglasses, grids with different types of patterns,
demonstrating enormous processing versatility. Important to note that
these geometries are hardly achievable by traditional methods and in
any case, would not have the same mechanical performance. Among the
categories proposed for the production of these systems, considering
that functional performance can be high in all cases, it can be concluded
claiming the greater versatility allowed by melt-MEX systems in terms of
composition, however, there is a prevalence of ink-MEX systems for
specific types of remediation, with more sensitive fillers.

It should be pointed out that the main current limitation for these
technologies lies in the difficulty of achieving high porosity. Although
the manufacturing processes for these 3D systems are simpler and faster
than traditional processes for producing 2D or 1D systems, the latter
provide higher porosity and greater surface area, thus higher removal
efficiency. However, 3D systems are mechanically more stable, so they
can be used for more cycles.

Then, future perspectives should include the implementation of
advanced combinated processes, such as melt-mex processes involving
selective leaching, aimed at increasing porosity and surface area of 3D
systems while preserving their mechanical robustness. Architectures
could also be more developed, aiming at increasing surface area through
complex schemes, as already beginning to be explored; in addition, it
would be interesting to evaluate how the geometry of the system affects
the contact times between absorber and pollutant, through fluid dy-
namic analysis and multidisciplinary approaches.

Additional implementations should be conducted on fillers, which, in
all categories, emerge as useful in enhancing the functionality of 3D
systems; while the incorporation of these fillers into the systems should
be optimized, it is essential to find alternative fillers to traditional ones
with lower costs and easy processing. Recently, also in this context,
attention is turning toward natural fillers produced from waste masses,
which, in addition to promoting the transition to a circular economy,
often exhibit adsorptive properties toward various pollutants.

In conclusion, the continuous evolution and improvement of 3D
systems for the removal of aqueous pollutants represent a promising
path toward more sustainable and effective solutions to address water
pollution. For optimal results, it is essential to know and carefully select
the most advantageous combinations of materials and production
technologies. These choices must be based on the specific properties
needed to treat different types of pollutants, thus ensuring targeted and
sustainable effectiveness.
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