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ABSTRACT: The increasing demand for clean water, coupled with growing concerns over energy
consumption and environmental impact, has intensified the search for sustainable materials and fabrication
strategies for water treatment technologies. Polymer composites have emerged as highly promising
candidates due to their tunable chemistry, lightweight nature, and compatibility with functional fillers. At
the same time, additive manufacturing (AM) offers unique advantages in terms of design freedom, material
efficiency, and customizable architectures. This review provides a comprehensive assessment of
sustainable polymer composites fabricated via additive manufacturing for advanced water treatment
applications. Major AM techniques, including material extrusion, vat photopolymerization, material jetting,
powder bed fusion, binder jetting, and sheet lamination, are critically evaluated with respect to their
printability, design flexibility, and environmental footprint. Emphasis is placed on sustainable polymer
matrices such as polylactic acid, polyhydroxyalkanoates, cellulose-based polymers, and recycled plastics,
as well as eco-friendly fillers and functional additives, including biochar, lignin, chitosan, nanocellulose,
clays, zeolites, hydroxyapatite, and functional nanomaterials (e.g., AgNPs, TiO2, ZnO, and graphene). The
role of composite architecture, surface modification, and hierarchical porosity enabled by AM in enhancing
adsorption, catalytic activity, and antimicrobial performance is highlighted. This review demonstrates that
integrating sustainable materials with additive manufacturing enables the development of multifunctional,
energy-efficient, and circular water treatment systems. The findings support the advancement of
purification technologies aligned with the United Nations Sustainable Development Goals, particularly
SDG 6, SDG 12, and SDG 13.
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1. Introduction

The global water crisis is intensifying, driven by pervasive pollution from multiple sectors. The World
Health Organization stated that approximately 2 billion people still lack access to safe drinking water, which
is a dire situation fuelled by widespread contamination. Industrial and municipal discharges are primary
contributors; for instance, China’s Henan Province alone releases an estimated 1,445,700 tons of chemical
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oxygen demand and 46,300 tons of ammonia nitrogen annually [1]. Similar challenges persist in developed
nations, including the United States, where up to 28% of the population relies on drinking water systems
that violate health standards [2]. The crisis extends beyond freshwater systems. Annually, an estimated 0.5—
11 million tons of petroleum enter the oceans, while agricultural runoff threatens nearly 75% of global
farmland with pesticide pollution, degrading both surface and groundwater [3,4]. River pollution is equally
severe, exemplified by Malaysia, where over 30% of rivers were reported as heavily polluted in 2017,
requiring extensive treatment [5]. These threats highlight the urgent need for innovative, efficient, and
sustainable water treatment technologies to safeguard human health and restore ecosystems.

Over recent decades, a wide range of water treatment technologies have been developed. Physical
methods, such as activated carbon adsorption, are widely used to remove heavy metals, pesticides, volatile
organic compounds, and other organic contaminants [6,7]. However, their sustainability is hampered by the
energy intensity of regeneration, the risks of handling hazardous spent waste, and competitive interference
in complex water matrices [8]. Chemical methods, particularly Advanced Oxidation Processes (AOPs) like
ozonation, Fenton oxidation, and photocatalysis, offer a different approach by generating highly reactive
species to degrade recalcitrant pollutants. While effective and often synergistic with adsorption, AOPs face
practical limitations, including stringent pH requirements, difficulties in catalyst recovery, sludge formation,
and high energy consumption [9]. It is precisely these limitations of conventional physical and chemical
technologies that have driven intense research toward advanced, customizable materials capable of
overcoming such shortcomings.

Among the most prominent emerging water treatment technologies is membrane filtration, particularly
reverse osmosis (RO). This pressure-driven process uses a semi-permeable membrane to remove dissolved
constituents from feedwater [10]. Since the 1980s, the market has been dominated by polymeric thin-film
composites, primarily made from polyamides or cellulose acetate, valued for their high permeability,
selectivity, and strong desalination performance [11]. A typical composite structure features a polyester
web (120-150 um) for support, a microporous interlayer (~40 um), and an ultra-thin polyamide barrier
layer (~0.2 pm) with sub-nanometer pores (<0.6 nm), enabling salt rejection rates over 99% [12]. To further
enhance these membranes, nanomaterials like graphene oxide, carbon nanotubes, and carbon nanofibers
are incorporated into polymer matrices, attributed to their high surface area and mechanical strength [13,14].
Concurrently, natural clays have gained interest as low-cost, effective fillers due to their layered structures
and tunable surfaces [15]. For example, a palygorskite/chitosan composite has demonstrated a high Pb(II)
ions adsorption capacity of 201.5 mg/g, highlighting the promise of polymer/clay hybrids [16].

The pursuit of sustainable, high-performance materials for water treatment has accelerated the adoption
of additive manufacturing (AM), or 3D printing [17]. This technology provides exceptional design freedom,
rapid prototyping, and reduced production costs and development time compared to conventional methods
such as injection molding [18,19]. Specifically for water treatment, AM enables the precise fabrication of
components across several key areas, including polymer membranes, structured catalysts for advanced
oxidation processes, custom water treatment modules, biofilm carriers and microfluidic devices. Figure 1
shows the feasible applications of 3D-printed polymers in water treatment.
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Figure 1. Applications of 3D-printed polymers in water treatment. The figure illustrates diverse components fabricated via
additive manufacturing: (a) 3D printed polymer membranes for filtration, (b) Assorted 3D printed water treatment components.

Aligning material’s innovation with the 2030 sustainable development goals (SGD) is an urgent
priority, AM emerges as a key enabler for Responsible Consumption and Production (SDG 12), primarily
through on-demand fabrication and a significant reduction in supply-chain waste [20,21]. The field is
actively advancing its own sustainability through both optimization and material innovation. Practical
engineering modifications, such as insulating hot ends and heated build chambers, can lower energy use by
over 30%, while sealed printer enclosures reduce total energy consumption by approximately 18%.
Concurrently, design strategies like lightning infill patterns and the development of advanced foaming
polymers can decrease material consumption by up to 51% [22-24].

A compelling demonstration of AM-driven innovation in water treatment is the fabrication of
functional biofilms via Fused Filament Fabrication (FFF). These structures utilize a sustainable polylactic
acid (PLA) matrix, which is surface coated with nanosilver particles (AgNPs). The 3D-printed PLA scaffold
provides customizable, biodegradable architecture, while the AgNPs impart potent antimicrobial properties
and enhance the degradation of organic dyes like Neutral Red Chloride and Alizarin Yellow R [25-30].
This approach exemplifies the powerful synergy achievable by integrating the design freedom of additive
manufacturing with advanced multifunctional nanocoatings.

Ultimately, the sustainable development of high-performance polymer composites for water treatment
hinges on a fundamental and interdependent relationship: structure—properties—processing—application. This
means that achieving environmental sustainability is intrinsically linked to material choices (polymers and
fillers), manufacturing methods (e.g., additive manufacturing), and the resulting functional performance.
Therefore, this review focuses on the critical role of sustainable polymer and filler selection as the cornerstone
of this relationship for advanced water treatment. By focusing the discussion on this materials-centric
paradigm, the review provides a targeted roadmap for designing water treatment solutions that are both
effective and inherently aligned with the principles of green chemistry and responsible production.

2. Additive Manufacturing for Polymer Composites

Additive manufacturing (AM) is a process of joining materials to make parts from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing and formative manufacturing
methodologies [31]. Compared to conventional manufacturing methods, such as injection molding, additive
manufacturing (AM) can offer a cost advantage due to minimal tooling requirements and the elimination
of manufacturability constraints imposed by traditional molds or tool paths. This “complexity-for-free”
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approach enables the integration of topology-optimized features and part consolidation, thereby reducing
downstream assembly labor and potentially lowering lifecycle costs through improved use-phase performance
[32]. Figure 2 shows several categories of AM, including binder jetting, directed energy deposition, vat
photopolymerization, material extrusion, material jetting, powder-bed fusion and sheet lamination.
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Figure 2. Additive manufacturing for polymer composites.

The selection of an optimal printing technique is fundamentally controlled by the target application
and the required performance characteristics of the final part [33]. For water treatment applications, this
section critically assesses the feasibility of these AM processes for fabricating advanced polymer
composites. The ability to precisely control porosity, including pore size, geometry, and interconnectivity,
is a significant advantage of additive manufacturing (AM) in water treatment applications. These structural
parameters significantly influence mass transfer behavior, active surface area accessibility, hydraulic
performance, and overall treatment efficiency across different mechanisms, including adsorption, filtration,
and catalytic degradation. Table 1 shows some studies on AM-fabricated porous materials and the influence
of porosity on water treatment. It also demonstrates some correlation between the structural characteristics
of AM-fabricated materials (e.g., porosity and pore architecture) and their corresponding treatment
performance in selected water remediation applications.

This review covers AM technologies, including binder jetting, material extrusion, vat
photopolymerization, etc. While each technique possesses distinct mechanical and material processing
principles, the discussion is specifically oriented toward their potential and utility in fabricating advanced
polymer composites. The core emphasis is not merely on printing polymers, but on evaluating how these
processes enable the integration of functional fillers (e.g., nanosilver, graphene oxide, natural clays) and
the creation of complex, tailored architectures that can be useful for water treatment.
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Table 1. Some studies on AM-fabricated porous materials and the influence of porosity on water treatment.
Surface-A Ad ti
Materials AM Technique Porosity (%) Pore Size (nm) - ztce rea sor;.) ton Significant Findings Reference
Density Capacity
~68 mg/g The hierarchical grid-like architecture exhibited
. . nm to pm scale s .. . . .
. Micro-extrusion- . (equilibrium); significantly higher Cu(II) adsorption rate and capacity
Alginate and cellulose . (disordered ) .
based 3D coaxial N.A. 28.81 m*/g 97.22 mg/g compared to bulk (solid) hydrogel counterparts. The  [34]
nanocrystal (CNC) . meso- and . L . .
printing (maximum at enhanced performance was primarily attributed to ion
macropores) . D .
25°0) exchange, chelation, and electrostatic interactions.
Narrower channels (0.8 mm) significantly enhanced
Polylactic acid (PLA) Fused Deposition 800 to 4000 um Not explicitly stated 129.87 mg/g for  iron oxide deposition and improved arsenic removal
filter coated with iron Modelin P (FDM) N.A. (0.8t0 4.0 mm (dependent on CAD As (III) (using 0.8 kinetics. The system operates under hydrostatic [35]
(I1I) oxide £ square channels) channel width) mm channels) pressure without the need for electricity, and the filters
can be regenerated through acid washing.
Ranged from 0.183 The material exhibited a rapid initial adsorption rate of
. 2 hol 22mgg 'min’l A imately 92% of th
Acrylate-based UV-  Stereolithography . m/g (round ? es) 3.7 mg/g for meg i bproxtmate’y 92% o © afisor.bed
. . Highly porous 300 pm up to 0.254 m*/g metal ions could be desorbed using EDTA, indicating [36]
curable resin, chitosan (SLA) Cu(Il) o . . o
(skewed hexagonal excellent reusability. The optimal operating conditions
holes) were 25 °C and pH 5.5.
Flat: 38.4%; D- Flat: ~0.015 pm; . .
a & a K +32% (D-Pattern) Patterned structures exhibited higher pure water flux,
FDM for molds, Patterned: D-Patterned: . ..
PES/PVP/NMP + and +29% (HC- reduced fouling propensity, improved flux recovery,
PLA spacer followed by NIPS  46.1%; ~0.024 pm; Pattern) larger area NA. and lower pressure drops compared to flat counterparts [37]
P casting HC-Patterned: HC-Patterned: Vs, flat g inco OratiII)1 b sicalrs) acersp P
49.4% ~0.023 pm ' TPOTALNE phys1cal SPacets.

Remarks: N.A. = Data not available.
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2.1. Binder Jetting

Binder Jetting (BJ) is an energy-efficient and versatile additive manufacturing technique, distinguished
by its ability to fabricate parts from a wide range of powder materials, including the option to combine
multiple powders in a single build [38]. It holds significant promise for the cost-effective production of
complex components, largely because it avoids the energy-intensive melting of raw materials [39].
Commercial systems from manufacturers such as ExOne, HP, and Voxeljet support the binder jetting of
ceramics, metals, polymers, sand, and biomaterials [40].

Binder jetting offers a unique pathway for creating functional porous structures. For instance, Shen et
al. [41] developed a conductive composite by printing graphene ink onto a polyvinyl alcohol (PVOH)
powder bed, forming an interconnected porous framework with a density of 0.62 g/cm’®. The printed
structure exhibited a tensile modulus of 3.59 MPa, demonstrating mechanical properties comparable to
silicone rubbers. More directly relevant to filtration, Meenashisundaram et al. [42] produced highly porous
(40-60%) 316L stainless steel scaffolds with an interconnected open-cell structure, demonstrating the
feasibility of manufacturing binder-jetted porous filters using a polymeric space holder (polymethyl
methacrylate, PMMA). The technique’s compatibility with biopolymers like polylactic acid (PLA) and
polycaprolactone (PCL), achieved through solvent-based binding, further suggests its potential for
fabricating sustainable, custom-shaped biofilm carriers or adsorbent scaffolds [43].

Binder Jetting holds significant potential for fabricating water treatment materials by enabling the
creation of complex, highly porous, and multifunctional polymer composites. Its primary advantage is the
energy-efficient, multi-material fabrication of intricate monolithic structures, such as customized filter
bodies and adsorbent scaffolds, without thermally degrading sensitive functional fillers, such as bio-
adsorbents or metal-organic frameworks (MOFs). The technique is uniquely capable of producing parts
with designed, interconnected porosity essential for high surface area and flow.

2.2. Directed Energy Deposition

Directed Energy Deposition (DED) is an additive manufacturing process defined by the use of focused
thermal energy to fuse materials by melting as they are being deposited [44]. Renowned for its high
deposition rates and ability to fabricate large-scale parts (up to ~1 m®), DED is predominantly applied in
metalworking for repairing high-value components, constructing large structures (compare with powder
bed fusion 3D printing), and depositing specialized coatings [45-47].

While DED has been traditionally associated with metals, technological advancements have
successfully extended its capabilities to polymer composites [48,49]. Notable demonstrations include the
fabrication of polyamide 12 (PAl2)/carbon nanotube composites [50], the deposition of
polyetheretherketone (PEEK) coatings on metal substrates [51], and the integration of metal-organic
frameworks (MOFs) within acrylonitrile-butadiene-styrene (ABS) matrices [52]. These examples highlight
DED’s potential for creating high-performance, multifunctional composite structures.

However, the direct application of DED for fabricating polymer composites specifically engineered for
water treatment remains a significant and largely unexplored frontier. This gap presents a compelling
opportunity to harness DED’s distinctive advantages. The process’s high deposition rates and scalability
make it ideal for manufacturing large, durable structural components, such as custom reactor housings.
More innovatively, DED’s precision melt-deposition capability enables the single-step fabrication or
cladding of surfaces with functional polymer composites. For example, a corrosion-resistant structural
substrate could be directly coated with a composite layer embedding photocatalytic nanoparticles (e.g.,
titanium dioxide, TiO2) for in-situ pollutant degradation, or with a porous polymer matrix containing
selective adsorbents, such as metal-organic frameworks (MOFs). This ability to engineer multifunctional,
graded structures, where composition, porosity, and functionality are spatially tailored, could pioneer a new
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class of integrated filtration media that synergistically combine structural integrity, high surface area, and
targeted reactivity, thereby overcoming the inherent limitations of conventional homogeneous materials.

2.3. Vat Photopolymerization

Vat photopolymerization (VP) is one of the earliest and most extensively used additive manufacturing
technologies, with broad adoption across sectors including electronics, aerospace, automotive, and
biomedical applications like tissue engineering and drug delivery [53—55]. The process operates by using a
light source to selectively cure and solidify photosensitive liquid resins layer by layer. The technology
encompasses several categories distinguished by their curing mechanisms and light sources. The primary
variants include stereolithography, digital light processing, two-photon polymerization, and volumetric 3D
printing [56]. These techniques are particularly well-suited for fabricating polymer composites, typically by
incorporating functional nanomaterials, such as nano-metallic particles, into the photocurable resin matrix.

It is worth noting that VP offers significant sustainability advantages in terms of energy efficiency.
Among its variants, stereolithography is exceptionally energy-efficient, with a specific energy consumption
of approximately 75-148 MlJ/kg. This is considerably lower than many other AM processes, including
fused deposition modeling (up to 1246 MJ/kg), selective laser melting (83 to 588 MJ/kg), and direct metal
laser sintering (241 to 339 MJ/kg) [57]. Despite that, VP also enables precise porosity control in membranes.
Hoskins and Zou [58] achieved pores ranging from 0.57-3.73 um and porosities of 4.5-60% via two-photon
polymerization, demonstrating independent tuning of pore size and porosity (e.g., 1.9 um pores at both 38%
and 22% porosity). This capability is essential for optimizing permeability and selectivity independently in
water treatment membranes.

Despite the challenge of volatile organic compound (VOC) emissions, the sustainability profile of vat
photopolymerization for water treatment composites can be significantly enhanced through material
innovation and process control. The environmental impact is primarily governed by resin chemistry. The
development and use of bio-based, acrylate-free, or water-developable photopolymer resins directly reduce
hazardous emissions at the source. Furthermore, VP’s inherent advantages, i.e., high precision and low
energy consumption compared to other AM methods, remain compelling. For water treatment, this
precision enables the fabrication of complex, high-resolution structures ideal for advanced applications,
such as photocatalyst-loaded monoliths for pollutant degradation, intricately patterned microfluidic devices
for contaminant sensing, or membranes with precisely engineered pore architectures. By prioritizing
greener resin formulations and tailoring VP’s design capabilities, the technology can produce effective,
tailorable polymer composites for purification while aligning with broader environmental goals.

2.4. Material Extrusion

Material extrusion is a dominant, cost-effective additive technique in which material is dispensed
through a nozzle and deposited layer-by-layer [59]. It primarily encompasses two methods: Fused Filament
Fabrication (FFF)/Filament Deposition Modeling (FDM), which melts solid thermoplastic filaments, and
Direct Ink Writing (DIW), which extrudes viscoelastic pastes or inks. The fundamental distinction lies in
the feedstock: FFF is constrained to processable filaments, whereas DIW can utilize a broader range of
materials provided the ink exhibits suitable rheological properties [60]. A key advantage of DIW is its
ability to operate at ambient conditions without heated components, enabling the single-step fabrication of
complex, multi-material structures, often with minimal post-processing [61].

From a sustainability perspective, the environmental impact varies considerably between these
methods. For FFF, energy use and emissions are directly tied to material and process parameters; for
instance, printing with ABS consumes more energy than PLA due to higher temperature requirements [62].
A study on a Stratasys Dimension SST FDM machine reported emissions of approximately 23.7 g CO2 per
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build [63]. In contrast, DIW generally presents a more favorable profile, as it frequently employs water-
based inks and operates at room temperature with gantry-based systems, substantially reducing energy
consumption and offering greater flexibility for integrating functional fillers [64].

Both FFF and DIW hold considerable promise for fabricating polymer composites for water treatment.
FFF/FDM offers superior process stability, accessibility, and ease of use, making it a robust platform for
prototyping and standardized components. DIW emerges as a more sustainable and versatile technology,
capable of producing multifunctional composite architectures with lower energy input, though its
advancement depends on overcoming challenges in ink development and scalability.

The feasibility of using Fused Filament Fabrication (FFF) and Direct Ink Writing (DIW) to produce
sustainable polymer composites for water treatment is strong but distinct. FFF offers practical viability by
utilizing commercially available bio-based filaments (e.g., PLA) compounded with sustainable fillers,
suitable for fabricating customizable, macro-scale components like filter housings and biofilm carriers with
a focus on material circularity. suitable for fabricating customizable, macro-scale components like filter
housings and biofilm carriers with controlled macro-porosity and a focus on material circularity. For
example, Roy Barman et al. [65] showed that FDM allows direct control of porosity through adjustable
infill density, achieving 92% ethylbenzene removal at 50% infill, while PLA-TiO: filters reached 100%
methyl orange degradation at 34-50% infill. DIW provides a transformative, high-potential pathway
centred on minimal energy use and advanced functionality. It enables room-temperature printing of
aqueous-based inks loaded with sensitive nanomaterials or biological agents, ideal for creating intricate,
multi-functional structures such as catalytic monoliths or graded membranes.

2.5. Material Jetting

Material Jetting (MJ), also referred to as PolyJet or Multijet, is widely recognized as one of the most
convenient and effective additive manufacturing (AM) methods for producing high-resolution composite
materials [66—68]. MJ offers excellent scalability, enabling reliable operation from laboratory-scale
prototyping to industrial-scale production [69]. Compared with many other AM technologies, MJ provides
superior cost-efficiency, printing speed, and material flexibility. For instance, the piezoelectric—pneumatic
material jetting (PPMJ) system, an ink-based AM process, can fabricate 3D structures at speeds of up to
500 mm/s and is capable of printing extremely viscous inks (up to 1,000,000 mPa-s), far exceeding the
limits of conventional inkjet and aerosol-jet systems [70]. Balavandy et al. [71] reported that the MJ method
can fabricate 136 devices in a single 136-min run at an approximate cost of USD 0.60 per device.

In the context of water treatment, MJ has been applied to specialized devices such as microfluidics and
biocarriers. Examples include single-material fluidic devices with integrated filters for point-of-collection
colorimetric sensing [72] and acrylic-based gyroid biocarriers for biological wastewater treatment [73].
Material Jetting (MJ) has strong potential to produce functional polymer composites for water treatment,
provided its materials and processing strategies are carefully optimized. Advancements in resin chemistry,
including water-stable, hydrophilic, or hybrid organic—inorganic photopolymers, can significantly increase
the chemical durability of MJ-printed components in aqueous environments. Incorporating functional
nanomaterials such as TiO2, ZnO, AgNP, graphene oxide, and inorganic fillers (e.g., zeolite, hydroxyapatite)
into jettable inks can further impart adsorption, photocatalytic, or antimicrobial properties essential for
pollutant removal. Multi-material jetting also enables the fabrication of gradient structures, hybrid filtration
layers, and surface-localized catalytic regions, enhancing filtration efficiency and broadening MJ’s
applicability beyond prototyping.

Mechanical limitations of MJ can be mitigated through the integration of nanocellulose, short fibers,
ceramic microfillers, or polymeric reinforcements, while post-processing treatments, such as UV/thermal curing,
plasma activation, dip-coating, or nanocomposite surface films, can improve hydrophilicity, durability, and anti-
fouling behavior. By combining these material innovations with MJ’s inherent precision and high-resolution
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capabilities, the technology can be repositioned as a sustainable platform for fabricating microfluidic devices,
catalytic reactors, and modular filtration units. With continued development in resin recovery, reduced support
usage, and energy-efficient curing systems, MJ could become a viable and environmentally responsible method
for producing polymer composites tailored for water and wastewater treatment.

2.6. Powder Bed Fusion

Among the major additive manufacturing (AM) technologies, Powder Bed Fusion (PBF) stands out as
a highly suitable technique for fabricating large, complex components [74]. Similar to other AM methods,
PBF enables the creation of intricate geometries with excellent dimensional accuracy and supports a wide
variety of materials, including polymers, ceramics, and metals [75]. A major advantage of PBF is its
solvent-free, layer-wise processing approach. Additionally, the unsintered powder surrounding the part acts
as a natural support, making the process effectively “support-free”. Most importantly, PBF is renowned for
producing structures with controlled porosity and highly interconnected pore networks, which are
particularly beneficial for filtration, adsorption, and catalytic applications [76].

PBF technologies operate by selectively fusing powder particles layer by layer using a thermal energy source
[77]. This general category includes Selective Heat Sintering (SHS), Selective Laser Sintering (SLS), Selective
Laser Melting (SLM), Direct Metal Laser Sintering (DMLS), Electron Beam Melting (EBM), and Multi Jet Fusion
(MJF). While many of these systems are optimized for metals or ceramics, Selective Laser Sintering (SLS) and
Multi Jet Fusion (MJF) are the primary PBF techniques capable of processing polymer composites.

A wide range of polymer composite systems has been produced using SLS and MJF. Notable examples
include polypropylene (PP)/Dowex 21K resin composite filters for palladium and platinum adsorption [78],
gyroid nanostructured polyamide components, and polyamide-12 (PA12) parts coated with silver-based
antibacterial layers [79]. The sustainability of PBF varies considerably with the type of material processed;
metal-based PBF typically requires far more energy than polymer-based systems. For instance, machining
1 kg of aluminium alloy, A17075 uses only 16.3 MJ/kg, whereas laser powder bed fusion (L-PBF) consumes
approximately 560 MJ/kg to deposit 1 kg of AlSi10Mg alloy and up to 1678.13 MJ/kg to fabricate a complete
part [80]. By comparison, energy consumption for PA12 printing is substantially lower, at approximately
986.48 MJ/kg [81].

Improving the sustainability of Powder Bed Fusion (PBF) requires a combination of optimized
processing parameters, efficient material management, and intentional design strategies. From a processing
perspective, one of the most effective sustainability improvements is the optimization of energy usage
during laser or lamp exposure. This can be achieved by fine-tuning scan strategies, reducing unnecessary
overexposure, and employing adaptive power modulation based on part geometry and thermal history.
Reusing and rejuvenating unfused powder is another critical element; controlled sieving, blending with
virgin powder, and implementing powder-aging monitoring systems help extend powder life while
maintaining consistent mechanical performance. Lower-temperature polymer powders, such as
thermoplastic polyurethane (TPU), and newly developed bio-based or recyclable powders, represent a
promising pathway to reduce energy consumption compared to high-temperature polymer systems.

2.7. Sheet Lamination

Sheet lamination, commonly termed Laminated Object Manufacturing (LOM), is an additive
manufacturing process that constructs parts by sequentially bonding and cutting layers of sheet material
[82]. This method shares the advantages of other AM techniques, such as producing complex geometries
at relatively low cost, while offering specific benefits like nontoxic processing, inexpensive raw materials,
and continuous production capability [83].
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Laminated Object Manufacturing (LOM) offers a direct pathway to producing sustainable polymer
composites for water treatment by exploiting its unique process advantages. Its inherent nontoxic, solvent-
free bonding, typically using heat and pressure alone, aligns with green manufacturing principles by
avoiding volatile organic compound (VOC) emissions. The process is highly compatible with recycled,
bio-based, or natural material sheets, such as those made from PLA, cellulose, or polymer-fiber mats, which
can be laminated with functional interlayers. For water treatment, this could enable the fabrication of large-
scale, laminated composite panels or structured packings where each layer serves a distinct purpose: a
structural support layer from recycled polymer, an adsorbent layer infused with biochar or clay particles,
and a functional top layer with antimicrobial properties. This multi-material, waste-minimizing approach,
coupled with LOM’s ability to use inexpensive, non-toxic feedstocks, positions it as a potentially
sustainable and scalable method for creating customized filtration components. However, realizing this
potential requires focused research to develop suitable recycled or bio-based sheet materials and to design
effective, layer-specific functionalities for targeted water treatment.

2.8. Summary Remarks on Printability, Design Flexibility, and Sustainability of AM for Polymer Composites

The additive manufacturing (AM) techniques reviewed herein demonstrate distinct capabilities for
printing polymer composites. Fused Filament Fabrication (FFF/FDM) and Direct Ink Writing (DIW) offer
high accessibility and broad compatibility with diverse polymer matrices and functional fillers, making
them well-suited for fabricating composites with customized adsorption or antimicrobial properties. In
contrast, Selective Laser Sintering (SLS) and Multi-Jet Fusion (MJF) provide superior geometric precision
and mechanical performance, enabling the production of robust, porous, or architectured composites
capable of withstanding the operational stresses of water treatment systems. However, methods such as
Directed Energy Deposition (DED) and Laminated Object Manufacturing (LOM) currently show limited
direct applicability for polymer-based water treatment composites due to prevailing material constraints
and process complexity. Nonetheless, their unique inherent strengths point toward distinct, high-potential
niches. DED’s capability for large-scale, high-deposition-rate manufacturing and its ability to clad or coat
existing components could be exploited for creating durable, multifunctional surfaces on structural water
treatment modules. Similarly, LOM’s solvent-free, layer-by-layer assembly is exceptionally well-suited for
fabricating sustainable, multi-material laminates from recycled polymer sheets or bio-based composites,
offering a promising route for large-area, panel-type filtration media. Thus, while not yet mature for
mainstream application, these methods represent compelling avenues for future research to overcome
current limitations and unlock novel, scalable, and sustainable composite architectures for water treatment.

A universal advantage across AM is its inherent design flexibility. Unlike conventional manufacturing,
AM facilitates the fabrication of intricate internal geometries, controlled porosity, lattice structures, and
surface micro-architectures that can dramatically enhance water treatment performance. These capabilities
enable improved fluid dynamics, maximized surface area for adsorption, enhanced mass transfer, and the
spatial integration of multifunctional zones (e.g., catalytic or antimicrobial regions). This geometric control
allows for the optimized design of 3D-printed components, such as adsorbers, photocatalytic reactors,
biofilm carriers, and microfluidic devices with higher efficiency and reduced material consumption.

From a sustainability perspective, AM processes vary significantly in energy consumption and
environmental impact. Vat Photopolymerization (SLA/DLP) and DIW, which operate at lower
temperatures, generally exhibit lower energy demands. Conversely, powder-based systems such as
SLS/MJF require substantial thermal input, leading to a higher carbon footprint. The sustainability profile
is further influenced by the choice of polymers, fillers, and build strategies. While AM can minimize
material waste through on-demand fabrication and design optimization, certain methods (e.g., material
jetting, powder bed fusion) still generate notable waste streams or rely on energy-intensive equipment.
Therefore, a balanced consideration of printability, design freedom, and environmental impact is critical
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when selecting an AM process for sustainable water treatment composites. The diverse capabilities of AM
establish a robust foundation for developing polymer composites tailored for advanced water purification.
The ability to simultaneously fine-tune geometry, material composition, and process sustainability positions
AM as a transformative tool for creating high-performance, resource-efficient, and environmentally
conscious water treatment solutions.

Table 2 shows the comparison of AM techniques and potential key modification strategies for water
treatment. Although the seven additive manufacturing techniques differ significantly in their baseline
printability, energy demand, and sustainability performance, all can be engineered into viable platforms for
polymer composite-based water treatment systems through targeted processes and material modifications.
For example, Vat Photopolymerization and Material Jetting excel in precision and multifunctionality but
require improvements in resin sustainability and waste reduction, whereas Material Extrusion and Binder
Jetting offer greater compatibility with recycled and bio-based polymers. Powder Bed Fusion provides
unmatched control over interconnected porosity, critical for filtration and adsorption, but must address
energy intensity through powder reuse and design optimization.

The comparison reveals that functional performance in water treatment is more strongly governed by
post-print functionalization, filler distribution, and structural design than by the printing method itself.
Strategies such as surface coating, polymer—nanofiller hybridization, lattice-based eco-design, and modular
scaffold fabrication enable even traditionally limited techniques (e.g., DED and Sheet Lamination) to
contribute meaningfully. Consequently, additive manufacturing for water treatment should be viewed not
as a selection of good or bad techniques, but as a spectrum of modifiable manufacturing platforms aligned
through sustainable design and functional intent. Through material reformulation, process optimization,
and surface functionalization, all seven additive manufacturing techniques can be transformed into
sustainable and application-ready routes for polymer composite water treatment technologies.

While all seven additive manufacturing (AM) techniques can be technically adapted for polymer
composite-based water treatment, cost, including capital expenditure, material consumption, energy use,
and post-processing requirements, ultimately governs technology selection for real-world implementation.
Differences in process efficiency, material utilization, and post-processing demands can significantly
influence overall expenses, making some AM techniques more suitable than others for large-scale
applications. The cost-effectiveness of different AM techniques is compared qualitatively based on their
relative economic practicality. This comparison considers major cost-related factors, including capital
investment, feedstock cost, energy consumption, post-processing requirements, material utilization
efficiency, and scalability for water treatment applications. Among the AM techniques, Material Extrusion
demonstrates the highest cost-effectiveness due to its low equipment cost, inexpensive thermoplastic
feedstocks, moderate energy consumption, minimal material waste, and strong scalability for porous
monolith fabrication. Sheet Lamination and Binder Jetting follow, benefiting from relatively low energy
demand and reasonable material efficiency, although binder costs and post-processing slightly reduce the
economic advantage of Binder Jetting. Vat Photopolymerization offers high fabrication precision but is
limited by expensive resins and mandatory post-curing, resulting in moderate cost-effectiveness. Powder
Bed Fusion requires higher capital and energy input, reducing its cost competitiveness. Material Jetting is
constrained by high equipment and material costs, as well as support waste, while Directed Energy Deposition
shows the lowest cost-effectiveness due to substantial capital expenditure, high energy consumption, and
limited relevance to polymer-based adsorption systems. It should be emphasized that this ranking represents
a qualitative comparison and does not constitute a comprehensive quantitative cost analysis.

A detailed lifecycle cost analysis could further quantify these differences and provide a data-driven
basis for selecting the most economically viable AM approach. Techniques that combine low material cost,
moderate energy demand, minimal post-processing, and compatibility with bio-based or recycled
feedstocks are most likely to transition from laboratory demonstrations to scalable water treatment solutions.
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Future research should shift from technique-centric optimization toward cost-normalized performance
metrics, such as adsorption capacity or contaminant removal efficiency per unit cost and energy input, to
enable meaningful comparison and accelerate real-world adoption.
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Table 2. Comparison of AM techniques and potential key modification strategies for water treatment.

Cost- Design Energy Functionalization

AM Technique  Printability Effectiveness Flexibility Efficiency Sustainability Potential

Key Modification Strategies for Water Treatment

Use polymer—ceramic hybrid powders, bio-based or water-soluble
Binder Jetting ok k % %k K dokkk  kokkok 2. 8.8.8 ¢ 2. 8.8, 8. ¢ binders, post-print infiltration with alginate, chitosan, GO, or TiO,; low-
temperature curing enables porous adsorptive filters

Directed Epergy ok * kK % ok - Adal?ted for pc?lymer use via low-energy laser or extrusmp-assmtedlDED;
Deposition hybrid deposition of polymer scaffolds followed by functional coatings
Vat Develop low-toxicity, bio-based resins; embed nanofillers (GO, TiO»,
. okokokok Yk Kk dokkkk  kokk Yk k 28,888 ZnO, AgNPs); apply post-curing washing and plasma treatment to remove
Photopolymerization . .
residual monomers and activate surfaces
Material Extrusion s s T Tk kk  Akkk I Tk Use recycled or bio-based filaments; compound with clays, lignin, HAp,

and biochar; design gyroid/lattice porosity for enhanced mass transfer
Reduce waste via voxel-level material control; incorporate functional inks

Material Jetting ok kk*k * 2. 8.8.8.8 * k %k 2.8.8 8.8 ¢ (GO, AgNPs); shift toward water-based or biodegradable photopolymers;
post-print solvent extraction

Optimize laser power and scan strategy; reuse powder; design self-
Powder Bed Fusion %% %% * Y %k * % Yk Kk 2 8.0.8. supporting porous architectures; apply surface coating (TiO», Ag,
chitosan) instead of bulk loading

Employ biodegradable polymer sheets; integrate adsorptive interlayers
Sheet Lamination s %k k 1. 8. 8.8 dokk  hokkkk kokokkok 2.8 8 (GO, cellulose, clay films); solvent-free thermal bonding for low-energy
fabrication

Notes: Functionalization potential reflects ease of incorporating adsorptive, photocatalytic, or antimicrobial functions either during or after printing. Rating: % = very low; % %= low;
% % % = moderate; % % % % = high; %% % %% = very high.
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3. Sustainability Aspects and Considerations in 3D Printing Polymer Composites for Water
Treatment

The successful integration of additive manufacturing (AM) into water treatment technologies depends
not only on functional performance but also on minimizing environmental impact across the material lifecycle,
from sourcing and fabrication to end-of-use. While broader sustainability considerations in AM, such as
machine energy consumption, circular economy frameworks, and full lifecycle assessments, are undeniably
important, this review adopts a materials-centric perspective to ensure a focused and in-depth analysis.

Consequently, this section concentrates on the foundational material choices that govern the
sustainability of 3D-printed composites for water treatment. It is structured around two important aspects:
(1) the selection of sustainable polymer matrices and (2) the choice of eco-friendly and functional fillers.
By examining these core elements, we establish the principles for designing printable polymer composites
that are both effective for water purification and aligned with green material science.

3.1. Sustainable Polymer Selection for Water Treatment

Market data reflects a rapidly accelerating demand for sustainable polymer composites, with the global
market value reaching USD 73.56 billion in 2020 and projected to grow to USD 102.79 billion by 2028
[84]. Within this context, sustainable polymers are defined as materials sourced from renewable, recycled,
or waste-carbon feedstocks that are designed for end-of-life recyclability, biodegradability, or composting,
and which demonstrate a reduced environmental footprint across their entire lifecycle [85].

Polymer composites are engineered materials comprising two primary components: a polymer matrix
that forms the continuous phase and a reinforcement or filler that enhances mechanical properties and
introduces specific functionalities [86]. Advances in green chemistry and nanotechnology have positioned
these composites as highly promising for wastewater treatment, owing to their advantageous combination
of lightweight design, excellent mechanical properties, thermal stability, ease of functionalization, and
selective adsorption capacity [87,88].

A wide variety of polymers serve as matrices in wastewater treatment composites. Common synthetic
thermoplastics include polyvinyl alcohol (PVA), polyether sulfone (PES), polyvinylidene fluoride (PVDF),
polyvinyl chloride (PVC), polypropylene (PP), polyethylene (PE), and polyacrylonitrile (PAN) [89].
Thermosets such as epoxies and polyurethanes, along with polymers like polyethylene glycol (PEG) and
various polyacrylates, are also utilized [90]. Concurrently, biopolymers represent an important and
expanding category. This includes natural polymers like chitosan, alginate, casein, cellulose, and chitin
[89-91], as well as biodegradable polyesters such as polycaprolactone (PCL), polylactic acid (PLA),
polyhydroxybutyrate (PHB), and polyhydroxybutyrate-co-valerate (PHBV) [92-94].

The final performance of these composites depends on synergistic interactions between the matrix and
functional reinforcements. To enhance adsorption capacity, catalytic activity, selectivity, and reusability,
contemporary composites frequently incorporate nanofillers or nanocoatings [95-97].

In application, polymer composites for water treatment are most commonly engineered into two functional
forms: hydrogels and membranes. Polymeric membranes remain highly attractive due to their low cost, high
contaminant rejection, low energy consumption, small carbon footprint, and material availability [89].
Hydrogels represent another emerging class with significant advantages, including fast-swelling kinetics,
tunable surface charge, tailored pore structure, catalytic functionality, and broad chemical compatibility,
making them effective for adsorbing diverse pollutants [98—100]. Based on this overview, the following
subsections examine high-potential polymer matrices for additive manufacturing in wastewater treatment.
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3.1.1. Poly(lactic acid) (PLA)

Poly(lactic acid) (PLA) is currently one of the most versatile and widely adopted thermoplastics for
polymer additive manufacturing [101]. Its broad usage stems from several sustainability and performance
advantages, including its inherent biodegradability, its environmental friendliness characterized by lower
emissions of volatile organic compounds and nanoparticles compared to materials like acrylonitrile-
butadiene-styrene (ABS), and its excellent biocompatibility [102—-104]. In wastewater treatment, PLA-
based composites have emerged as promising materials due to their ability to serve as effective carriers or
matrices for active components used in heavy metal removal, dye adsorption, photocatalysis, and
antimicrobial treatment. This potential is attributed to the uniqueness of PLA. First, PLA exhibits excellent
printability across various AM techniques, enabling the precise fabrication of complex, architectured
geometries such as lattices, spirals, gyroids, and structures with gradient porosity. These designed surfaces
enhance mass transfer, increase the available active surface area, and improve interactions with
contaminants. Second, certain PLA composites facilitate energy-efficient treatment; for example, 3D-
printed PLA-hydroxyapatite filters have demonstrated high water flux driven solely by gravity or capillary
action, eliminating the need for external pressure or electrical input [105]. Third, PLA possesses favorable
surface chemistry, allowing straightforward functionalization via methods such as plasma treatment,
photografting, alkaline hydrolysis, and atom transfer radical polymerization. These surface modifications
promote strong bonding of active materials to the polymer matrix, which is essential for maximizing
performance and minimizing the leaching of functional agents during water treatment operations [106].

3.1.2. Polyhydroxyalkanoates (PHA)

Polyhydroxyalkanoates (PHAs) are a versatile family of biodegradable and biocompatible polyesters
synthesized by various microorganisms as intracellular carbon and energy storage compounds [107—109].
Despite their excellent inherent biodegradability and biocompatibility, commercial variants like PHB and
PHBV are hindered by low impact strength, high brittleness, and limited flexibility, reducing their
suitability for many industrial applications when compared to conventional or other biodegradable
polymers [110]. Furthermore, high manufacturing costs, driven partly by substrate expenses accounting for
approximately 40% of total production, continue to constrain large-scale adoption [111]. Nevertheless,
PHAs possess several intrinsic advantages that support their use as sustainable alternatives. Their
biodegradation profile is particularly noteworthy, as reported by Koller et al. [112], showing that PHAs
meet all biodegradability standards specified in EN 13432 across diverse environments, including soil,
freshwater, seawater, and composting systems, and crucially degrade without leaving behind persistent
microplastic residues.

Recent work has explored the performance of PHA-based composites in diverse water treatment
processes, demonstrating their functional versatility. Notable examples include heavy metal removal, where
a PLA/PHBV/graphene oxide composite produced via melt compounding and compression molding
achieved 98% Pb*" removal [113]. For nickel adsorption, a PHB/cellulose acetate film fabricated by solvent
casting demonstrated 86.44% Ni?* removal with an adsorption capacity of 5.042 mg/g [114]. In dye and oil
remediation, a cost-efficient PHBV/cellulose membrane produced by solution casting removed up to 95.15%
of vegetable oil and 83.79% of Congo red dye, while retaining more than 40% of its adsorption capacity after
three reuse cycles [115]. Beyond these specific applications, PHA-based systems have also shown promise
for bacterial filtration, nanoparticle rejection, landfill leachate treatment, desalination, and solvent
dehydration, demonstrating their broad potential as functional and sustainable water treatment materials [116].

For successful 3D printing, PHA often requires formulation into a composite feedstock to overcome
its inherent brittleness and improve thermal processability. This can involve blending with other
biopolymers, such as PLA, melt-compounding with plasticizers, or incorporating functional fillers, such as
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biochar, clay, or graphene oxide, directly into the filament or resin. These modifications simultaneously
enhance printability and introduce adsorption or catalytic sites for water purification. The design freedom
of additive manufacturing can then be exploited to fabricate geometrically optimized structures, such as
high-surface-area scaffolds and/or porous monoliths from these PHA composites, maximizing contact with
contaminated water and creating efficient, biodegradable filtration media.

3.1.3. Cellulose-Based Polymers

Cellulose is a naturally occurring polysaccharide and the most abundant biodegradable biopolymer
[117]. It is primarily derived from plant cell walls, but is also produced by algae, fungi, bacteria, and marine
organisms such as tunicates [118]. The numerous hydroxyl groups along its molecular chains enable strong
hydrogen bonding with water, causing cellulose to swell or disperse easily in aqueous environments, a
characteristic widely exploited in processing steps such as dissolution, regeneration, and chemical
modification [119].

In recent years, nanocellulose-based composites have emerged as one of the most promising classes of
materials for water purification, exhibiting high performance in dye removal, heavy metal adsorption,
general water purification, and oil absorption [120—-123]. Nanocellulose exists in three principal forms, each
with distinct structural and functional properties. Cellulose nanocrystals are rigid, rod-like nanocrystals less
than 100 nanometers in thickness, known for a high surface-to-volume ratio and exceptional mechanical
properties, including tensile strength of approximately 10 GPa, which make them excellent for adsorption,
catalysis, and composite reinforcement [124]. Cellulose nanofibers consist of long, flexible fibers typically
5-60 nanometers in diameter and 0.1-2 micrometers in length, produced via mechanical fibrillation often
preceded by chemical or enzymatic pretreatment; their lower crystallinity (50-80%) and high aspect ratio
contribute to a strong network-forming ability, making them well-suited for applications in membrane
filtration and flocculation. Bacterial cellulose is biosynthesized by microorganisms such as
Gluconacetobacter hansenii and is characterized by ultra-high purity and crystallinity (84-89%), an
exceptional water-holding capacity (up to 99%), and outstanding mechanical strength, biocompatibility,
and biodegradability, rendering it an ideal material for advanced filtration and high-value water treatment
applications. Together, these nanocellulose variants offer extensive tunability and functionality for
fabricating sustainable, high-performance water treatment composites, a potential that is significantly
amplified when integrated with the design freedom of additive manufacturing [125].

Cellulose, particularly in its nanofibrillated or nanocrystalline forms, can be incorporated into 3D
printing for water treatment by formulating it into functional bio-inks for Direct Ink Writing (DIW) or as a
reinforcement in thermoplastic filaments for Fused Filament Fabrication (FFF). As a highly hydrophilic
and modifiable biopolymer, cellulose provides an excellent, sustainable matrix for loading with active
fillers such as metal-organic frameworks (MOFs) or graphene oxide. When 3D printed, cellulose-based
composites can be shaped into high-surface-area architectures, such as porous lattices, monoliths, or
structured membranes, that maximize contact with contaminated water for efficient adsorption of dyes,
heavy metals, and oils, exploiting both the material’s distinctive affinity for pollutants and the geometric
advantages of additive manufacturing.

3.1.4. Recycled and Upcycled Polymers

The global transition toward a circular economy, a regenerative model designed to eliminate waste and
keep materials in continuous use, has intensified interest in recycling and upcycling polymers [126]. Within
this paradigm, AM has emerged as a promising platform for valorizing post-consumer plastic waste by
converting it into functional feedstock for 3D printing. A wide variety of recycled plastics have been
successfully processed via AM, including recycled polyethylene terephthalate (rPET), polypropylene (rPP),
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high-density polyethylene (rHDPE), polylactic acid (rPLA), acrylonitrile butadiene styrene (rABS), high-
impact polystyrene (rHIPS), and polycarbonate (rPC) [127].

To restore or enhance the properties of these recycled materials, a common strategy is to blend them
with virgin polymers. This approach improves printability and mechanical strength while reducing the
demand for new petroleum-based plastics, thereby conserving resources and extending material lifecycles
[128]. From an environmental perspective, recycling plastics for AM offers substantial sustainability
benefits by diverting waste from landfills and incineration, thereby mitigating associated CO2 emissions
and toxic releases [129]. This integration supports sustainable manufacturing goals by reducing raw
material extraction, minimizing waste, and lowering the carbon footprint of production. Recycled and
upcycled polymers represent a vital and growing material class for sustainable 3D printing. They offer a
compelling combination of environmental, economic, and functional advantages, positioning them as
foundational components in the development of eco-friendly polymer composites for advanced water
treatment systems.

The application of recycled polymers in 3D printing for water treatment offers a direct pathway to
fabricating sustainable, customized components such as filter housings, structural packings, biofilm carriers,
and modular reactor elements. By processing materials like rPET or rPLA into functional filaments or inks,
AM can transform post-consumer waste into geometrically complex parts designed to optimize hydraulic
flow, maximize surface area, and integrate functional zones for adsorption or catalysis. For instance, a
recycled polymer matrix can serve as a durable scaffold, into which sustainable fillers (e.g., biochar or clay
minerals) are compounded, creating a composite that exploits both the circularity of the matrix and the
remediation capability of the filler. This approach can divert plastic from the waste stream as well as enables
the on-demand, localized production of treatment components, reducing supply chain emissions and
material surplus.

However, several technical and quality concerns must be addressed to ensure reliability and
performance. The primary challenge is the inconsistent properties of recycled feedstocks, which often
exhibit batch-to-batch variations in molecular weight, contamination levels, and thermal stability, leading
to unpredictable printability and mechanical performance. There is also the risk of leaching of residual
additives or adsorbed contaminants from the recycled plastic into the treated water, necessitating rigorous
cleaning protocols and material certification for safe use. Overcoming these barriers requires advanced
sorting and purification technologies, and the development of standardized recycling and printing
guidelines specifically tailored for water treatment applications.

3.2. Sustainable Fillers and Functional Additives

The selection of fillers and functional additives profoundly influences the performance and
sustainability of 3D-printed polymer composites for water treatment. While the polymer matrix provides
the structural framework and printability, the incorporated filler phase imparts critical functionalities, such
as adsorption, catalysis, antimicrobial activity, and mechanical reinforcement, tailoring the composite for
specific purification tasks. This section examines the critical role of sustainable fillers, often energy-
intensive, which focus on alternatives that align with green chemistry principles and circular economy goals.
These additives can enhance the efficacy of water treatment composites as well as determine their overall
environmental footprint, lifecycle, and potential for safe end-of-use scenarios.

Fillers for sustainable composites can be broadly categorized into several main classes based on their
origin and function: bio-based fillers, inorganic fillers, and functionalized fillers. Bio-based fillers, derived
from renewable biological resources, offer low environmental impact and inherent biocompatibility. Bio-
fillers represent a diverse class of sustainable additives derived from renewable biological sources,
generally categorized into several groups: cellulose-based, starch-based, protein-based, mineral-based
fillers, and emerging materials derived from sources such as microalgae and paper sludge residues [130].
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Their adoption in polymer composites is propelled by compelling advantages, including cost-effectiveness,
reduced environmental impact, renewability, and their capacity to enhance specific material properties. The
inherently low density of many bio-fillers also contributes to the development of lightweight composite
structures. As a result, bio-reinforced polymer composites have garnered significant industrial interest and
are increasingly applied in sectors ranging from biomedicine and construction to electronics and automotive
manufacturing [131]. For water treatment applications, bio-fillers are particularly valuable as they can
introduce or enhance functionalities such as contaminant adsorption, biodegradability, and biocompatibility,
aligning material performance with the principles of a circular economy. Inorganic fillers, including various
mineral and engineered particles, provide robust mechanical and thermal properties, often with high natural
abundance. Functionalized fillers represent an advanced category in which any base material, whether bio-
based or inorganic, is chemically or physically modified to introduce targeted, high-performance properties
for contaminant removal.

The integration of these fillers into polymer matrices for additive manufacturing presents unique
opportunities and challenges. The chosen filler must be compatible with the printing process, whether dispersed
in a filament for Fused Filament Fabrication (FFF) or suspended in a resin for Vat Photopolymerization, without
compromising rheology or curing kinetics. Furthermore, the filler-matrix interface must be engineered to ensure
strong adhesion, load transfer, and long-term stability in aqueous environments.

While biopolymers such as cellulose, chitosan, and lignin can serve as the primary matrix in 3D-printed
composites for water treatment, they are also highly effective as functional fillers or minor components
within a synthetic or other biopolymeric matrix. Their suitability for this secondary role stems from their
distinct physics and properties. When processed into specific forms, such as nanocellulose fibrils, chitosan
nanoparticles, or micronized lignin powder, these materials provide high surface area, abundant functional
groups (e.g., hydroxyl, amine, phenolic), and intrinsic adsorption capacity. Incorporating them as fillers,
even at low loadings, can significantly enhance the composite’s performance by introducing active sites for
pollutant binding, improving mechanical reinforcement, or imparting antimicrobial properties. This
approach utilizes the unique functionality of biopolymers while mitigating potential limitations in their
printability or mechanical strength when used alone as the matrix, thereby enabling the design of hybrid
composites that optimize both processability and water treatment efficacy. The following subsections will
detail each potential filler, evaluating their performance, characteristic properties, mechanisms of action in
water treatment, and their specific suitability for use in sustainable, 3D-printed composite systems.

3.2.1. Lignin (as Filler)

Lignin is the most abundant renewable source of aromatic biopolymers, constituting approximately
15-40% of the dry weight of most plants [132]. Structurally, it is a highly complex, amorphous
heteropolymer composed of three major phenylpropanoid monomers: p-coumaryl alcohol, guaiacyl alcohol,
and syringyl alcohol. Its molecular architecture varies with biomass source; for example, softwood lignin
is rich in guaiacyl (G) units, forming a densely cross-linked network, while hardwood lignin contains a
mixture of guaiacyl (G) and syringyl (S) units, resulting in a more linear and less condensed structure [133].

This chemical versatility, characterized by abundant hydroxyl, methoxyl, and other functional groups,
enables strong interactions with various polymer matrices. Consequently, lignin is widely employed as a
filler, stabilizer, compatibilizer, and reinforcing agent in polymer composites [134]. In recent years, these
functional characteristics have also positioned lignin as a promising, low-cost adsorbent for wastewater
treatment. However, its inherent structural heterogeneity and low porosity often result in limited adsorption
efficiency in its native form [135]. To overcome this limitation, various modifications, including
sulfonation, oxidation, graft polymerization, and carbonization, have been employed to enhance its
adsorption capacity and selectivity. These tailored treatments have successfully enabled lignin-based
materials to remove heavy metals, dyes, pharmaceuticals, and other organic pollutants effectively. To
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realize the full commercial potential of lignin-based materials, several defined challenges must be addressed.
These include standardizing feedstock variability, refining extraction processes to improve cost-
effectiveness and product consistency, and fostering stronger collaboration across the value chain, from
research institutions to industrial producers and end-users. Successfully overcoming these hurdles presents
a significant opportunity to unlock lignin’s promise as a scalable, high-performance, and sustainable
material for advanced applications [136].

Lignin’s complex aromatic structure, rich in phenolic and methoxy groups, provides a distinct
mechanism for water treatment through n-n interactions, hydrophobic attraction, and redox activity, making
it particularly effective for adsorbing and potentially degrading persistent organic pollutants like
pharmaceuticals, endocrine disruptors, and synthetic dyes. In 3D printing, lignin’s dual role is to act as a
sustainable reinforcement, improving the thermal stability and UV resistance of biopolymer matrices, while
simultaneously introducing active sites for contaminant capture. When formulated into composite filaments
or resins, lignin enables the additive manufacturing of robust, multifunctional structures, such as
photocatalytic supports or filters for non-polar contaminant removal, demonstrating its natural affinity for
aromatic and hydrophobic compounds and offering a valorization pathway for a major biomass byproduct
into tailored water purification media.

3.2.2. Chitosan (as Filler)

Chitosan is the second most abundant natural polymer after cellulose, derived from the deacetylation
of chitin (a biopolymer) widely sourced from the exoskeletons of crustaceans, insects, and mollusks
[137,138]. As a biocompatible, biodegradable, and non-toxic biomolecule, chitosan possesses a flexible
polysaccharide backbone rich in reactive amine (-NH2) and hydroxyl (-OH) groups [139]. These functional
groups are central to its interactions with contaminants, establishing chitosan as one of the most versatile
and effective bio-fillers for water treatment applications. The amine and hydroxyl groups enable chitosan
to form stable coordination complexes with heavy metal ions, functioning as a highly efficient bio-
adsorbent. Under acidic conditions, the polymer becomes protonated and polycationic, facilitating strong
electrostatic attraction to negatively charged pollutants such as anionic dyes, phosphates, and organic acids.
Its ability to form hydrogen bonds further broadens its affinity for a wide range of inorganic and organic
contaminants [140].

Owing to its chemical versatility, chitosan has been extensively studied as a sustainable filler for the
development of advanced polymer composites, membranes, hydrogels, and adsorbent beads, with strong
potential for wastewater remediation. Chitosan’s unique polycationic nature and abundant functional
groups make it particularly valuable for creating 3D-printed components designed for selective contaminant
removal and antimicrobial action. In water treatment, these properties are exploited by formulating chitosan
into composite inks for Direct Ink Writing (DIW) or by incorporating it into thermoplastic filaments for
Fused Filament Fabrication (FFF). Chitosan can actively participate in the purification process, in which
its protonated amine groups in acidic or neutral water provide strong electrostatic binding sites for anionic
pollutants like phosphates, nitrates, and certain dyes, while also exhibiting intrinsic antibacterial activity
that inhibits biofilm formation on the printed structures.

The integration of chitosan into additive manufacturing enables the fabrication of complex, high-
surface-area architectures, such as porous scaffolds, helical mixers, or gradient-density filters that are
optimized for specific water treatment mechanisms. For instance, a 3D-printed chitosan-based hydrogel
monolith can be designed to swell in water, exposing a vast internal network of active sites for rapid
contaminant adsorption. Moreover, chitosan’s biocompatibility allows it to be combined with other
bioactive agents or enzymes within a printable matrix, paving the way for advanced smart filters capable
of degrading specific organic pollutants. This synergy between chitosan’s inherent chemical functionality
and the geometric design freedom of 3D printing facilitates the development of highly efficient,
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customizable, and sustainable treatment modules that target complex water matrices beyond the capability
of traditional adsorbents.

3.2.3. Cellulose (as Filler)

Cellulose exhibits excellent properties for water treatment, most notably as an effective adsorbent for
removing metal ions, dyes, and various organic and inorganic pollutants. Beyond its adsorption capabilities,
cellulose and its derivatives also serve as highly effective reinforcement materials, owing to their high
Young’s modulus and intrinsic mechanical robustness [141]. Nanocellulose, in particular, demonstrates
exceptional potential as a composite filler due to its nanoscale dimensions, high crystallinity, and
exceptionally large specific surface area. Its incorporation into polymer matrices significantly enhances dry
and wet mechanical strength, improves interfacial bonding, and promotes filler flocculation, leading to
more uniform dispersion and composite integrity [142]. These attributes improve the material’s overall
stability and durability in aqueous environments.

This reinforcement capability is clearly demonstrated by Kelly et al. [143], where the addition of just
0.5 wt% nanocellulose nearly doubled the tensile strength of a polymer composite to 17.20 MPa and
substantially increased flexural strength from 19.31 MPa to 24.51 MPa. Furthermore, nanocellulose
reduced voids and interlayer porosity in the 3D-printed structure, thereby improving interlayer adhesion
and yielding a denser, more continuous final part. Comparable enhancements were reported by Miiller et
al. [144], who evaluated various cellulose derivatives, including cotton flakes, miscanthus fibers, and
walnut particles, within a stereolithography (SLA)-printed resin. These reinforcements significantly
increased tensile strength while improving elongation at break by 63% to 323%, depending on the cellulose
type, demonstrating nanocellulose’s unique ability to simultaneously enhance stiffness, strength, and
ductility in polymer composites. To fully harness cellulose’s reinforcing and functional potential, chemical
modifications, such as grafting, esterification, etherification, and acylation, are often employed. These
treatments improve compatibility with hydrophobic polymer matrices, introduce targeted functional groups,
and enhance stability and selectivity for water treatment applications [145].

In water treatment, cellulose is primarily valued for its high surface area and abundance of hydroxyl
groups, which provide active sites for the adsorption of heavy metals, dyes, and oils. When used in additive
manyfacturing, cellulose is incorporated into polymer composite filaments or resins to create structured
adsorbents and filters with precisely engineered geometries. 3D-printed structures from cellulose
composites maximize hydraulic contact and internal surface area, significantly enhancing pollutant capture
efficiency compared to conventional forms. Furthermore, cellulose can be chemically modified or
combined with other functional agents within the printable feedstock to introduce additional capabilities,
such as photocatalytic degradation or selective ion exchange, thereby creating multifunctional, sustainable
purification devices through additive manufacturing.

3.2.4. Biochar

Biochar is a carbon-rich solid material produced from organic biomass through thermochemical
decomposition under oxygen-limited conditions [145]. Its feedstock sources are highly diverse,
encompassing agricultural residues, forestry by-products, wood chips, algae, sewage sludge, animal manure,
and various types of organic municipal waste [146]. Production methods primarily include pyrolysis, as
well as hydrothermal carbonization, gasification, and torrefaction. In wastewater treatment, biochar has
emerged as an attractive adsorbent for removing heavy metals, nutrients, and organic contaminants, owing
to its advantageous physiochemical properties [147]. These include a large specific surface area, well-
developed micro- and meso-porosity, high carbon content, abundant surface functional groups, and alkaline
surface chemistry, which contribute to a strong affinity for pollutants. Numerous studies have demonstrated
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the high efficacy of modified biochars in adsorbing heavy metals such as Pb*" and Cd** [148-150].
Furthermore, modified biochars often exhibit excellent selectivity toward specific metal ions and maintain
strong performance over multiple regeneration cycles.

Beyond heavy metal adsorption, biochar is increasingly recognized for its ability to remove excess
nutrients, particularly nitrogen (N) and phosphorus (P), which are key contributors to eutrophication [151].
Treatment strategies such as electro-oxidation, microalgae-based membrane bioreactors, and adsorption
have been employed to enhance nutrient removal, with metal-modified biochars showing promise by
substantially reducing nutrient leaching. For example, eggshell-modified corn-stalk-derived biochar
exhibited a remarkably high phosphorus uptake capacity of 557 mg/g [152]. Biochar also demonstrates
significant potential in absorbing diverse organic contaminants, including dyes, phenols, pesticides, and
antibiotics, thereby broadening its applicability in comprehensive water purification [153].

In additive manufacturing, biochar is typically incorporated as a functional filler within printable
matrices such as hydrogels or polymer-based inks. Nevertheless, maintaining printability requires careful
control of filler loading and particle size. Current studies suggest that relatively low biochar contents (<5—
10 wt.%) and small particle sizes are necessary to preserve rheological stability and extrusion fidelity [154].
For example, incorporating 10 wt.% biochar increased the ink viscosity, thereby enhancing printing
resolution. The fabricated hydrogel demonstrated a threefold increase in pore volume, accompanied by a
significant improvement in contaminant adsorption capacity [155].

3.2.5. Zeolite

Zeolites are inorganic polymeric materials characterized by a three-dimensional tetrahedral framework,
where each tetrahedron (denoted as TOa4) contains a central trivalent, tetravalent, or pentavalent element,
such as aluminum, silicon, or phosphorus. These tetrahedra connect through shared oxygen atoms, forming
highly ordered networks of [SiO4]*~ and [AlO4]> units [99]. This unique crystalline structure imparts the
defining properties of zeolites, e.g., high porosity, ion-exchange capacity, and molecular sieving behavior,
making them cost-effective and environmentally compatible materials for separation processes [156].

Zeolites are fundamentally divided into natural and synthetic classes [157]. Natural zeolites, such as
clinoptilolite, typically exhibit irregular, plate-like morphologies with rough, porous surfaces, resulting in
high specific surface areas [158]. Owing to their intrinsic porosity and cation-exchange capacity, natural
zeolites have been widely applied in water filtration, heavy-metal and dye adsorption, oil removal, and
antimicrobial treatment [159-161]. In contrast, synthetic zeolites are engineered via hydrothermal synthesis
to achieve highly controlled pore structures, uniform crystal size, and tailored purity, making them ideal
for precise catalytic and separation applications [162—164]. The superior performance of synthetic zeolites
comes with the challenge of higher resource intensity, highlighting a critical research imperative to develop
more sustainable synthesis pathways that balance exceptional functionality with improved economic and
environmental metrics [165].

Polymer/zeolite composites have gained significant attention by merging the high adsorption capacity
of zeolites with the mechanical durability and processability of polymer matrices. These composites are
commonly fabricated through coating or extrusion molding techniques [166]. Their integration offers key
operational advantages, including reduced pressure drop at high fluid velocities, enhanced mass transfer
from increased external surface area, improved product selectivity, and longer operational lifetimes due to
reduced fouling [167].

Recent studies have reported the effectiveness of polymer/zeolite composites for water treatment. For
instance, electrospun polylactic acid (PLA) fibers containing 4 wt% clinoptilolite (a type of zeolite) have
demonstrated multi-functional filtration, achieving complete microplastic rejection, over 90% removal of
methylene blue dye, and significant antimicrobial activity [168]. According to Kennedy et al. [169], melt-
extruded PLA/zeolite composites have shown 40—-60% ammonia removal within 48 hours. For heavy metal
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remediation, polyvinyl alcohol (PVA)/zeolite composites exhibit strong affinity and selectivity, typically
following the adsorption order: Pb > Cr> Cu>Zn> Cd > Ni [170,171]. Furthermore, polysulfone blended with
zeolite has achieved 96.8% copper ion removal via crossflow microfiltration under low pressure [172]. These
studies highlight zeolite filled polymer composites as a promising and scalable platform for advanced water
purification, combining high contaminant selectivity with enhanced mechanical performance and processability.

3.2.6. Clay

Clays and their associated oxides (e.g., Al, Fe, Si) have gained prominence in contaminant remediation
due to their natural abundance, low cost, and eco-friendly profile. Their effectiveness stems from key
physicochemical properties, notably high surface area and strong ion-exchange capacity, which make them
potent adsorbents for diverse pollutants [173]. Structurally, clays belong to the phyllosilicate family,
characterized by layered architectures of alternating tetrahedral silica and octahedral alumina sheets [174].

Among these, montmorillonite (MMT) is one of the most extensively studied clays for water treatment.
MMT is a 2:1 phyllosilicate, consisting of an octahedral aluminum/magnesium oxide sheet sandwiched
between two tetrahedral silica layers. Isomorphic substitution within its structure generates a permanent
negative surface charge, making it particularly effective for binding cationic heavy metals [175,176].
Beyond its charge characteristics, MMT exhibits notable anisotropy, excellent barrier properties, high
thermal stability, and can be exfoliated into nanosheets with extremely high aspect ratios [177,178]. These
properties enable diverse applications; for example, polyacrylamide/MMT composites have achieved
removal efficiencies of 98.7% for Co?" and 99.3% for Ni** [179], while 3D-printed gelatin/alginate
hydrogels containing MMT demonstrated a Pb®" adsorption capacity of 134 mg/g [180]. MMT is also
effective in dye removal and enhances membrane performance, in which, polysulfone/MMT (loading = 2
wt%) membrane achieved 79% diclofenac removal with strong antifouling properties [181]. In additive
manufacturing, MMT has been integrated into polyethylene terephthalate glycol (PETG)-based composites,
though surface modification remains essential to preserve mechanical performance in the final printed
structures [182].

Kaolinite is another prominent clay mineral, valued as a cost-effective alternative to MMT [183]. It is
a 1:1 dioctahedral phyllosilicate, typically composed of approximately 46% SiO2 and 38% Al2Os, and
belongs to the aluminum silicate group, which is obtained by processing kaolin [184,185]. Unlike the
swelling structure of MMT, kaolinite adopts a rigid, non-swelling arrangement stabilized by strong
interlayer hydrogen bonds, resulting in lower cation-exchange capacity and more uniform particle
dimensions [186]. When exfoliated, its plate-like structure provides a large surface area that enhances gas-
barrier properties and mechanical reinforcement in polymers. Its surface aluminol and siloxane groups can
also be chemically modified to improve interfacial bonding with organic matrices [187].

In water treatment, polymer/kaolinite composites demonstrate strong performance, particularly in dye
adsorption. A composite assembled from natural chitosan and exfoliated kaolinite nanosheets achieved a
maximum adsorption capacity of 261.69 mg/g for Cu?" ions, demonstrating superior selectivity for copper
in mixed metal systems (Cu?* > Ni** > Co** >Zn?" > Mn?") driven by a triple synergistic mechanism of
coordination bonding, ion exchange, and electrostatic attraction. The incorporation of kaolinite nanosheets
served as physical cross-linkers, significantly enhancing thermal stability and mechanical flexibility (tensile
strain >300%), while the material retained over 85% removal efficiency after five adsorption-desorption
cycles [188]. In another research, a poly(aniline-co-o-phenylenediamine)/kaolinite microcomposite
synthesized via in-situ chemical oxidative copolymerization exhibited enhanced thermal stability compared
to the pure copolymer, while achieving significant removal efficiencies for heavy metals from lake water
with a selectivity order of Pb*" > Cu?" > Cd*" (for 10% clay loading), driven by the chelating properties of
amino and imino groups in the polymer chain [189]. Beyond environmental applications, kaolinite also
enhances additive manufacturing processes by acting as a nucleating agent, improving crystallization,
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increasing the melt flow index, and reducing warping, thereby enhancing the dimensional stability of 3D-
printed parts [190,191].

3.2.7. Hydroxyapatite

Hydroxyapatite (HAp, Caio(PO4)s(OH)2) is the predominant calcium phosphate ceramic and closely
mimics the mineral composition of natural bone [192]. HAp has emerged as a potential adsorbent for
diverse water pollutants attributed to its high biocompatibility, bioactivity, large specific surface area (~100
m?-g 1), and intrinsic porosity [193]. It exhibits a strong affinity for organic contaminants such as dyes and
antibiotics [194] and functions as an effective “green” photocatalyst in wastewater treatment [195].

HAp demonstrates notable efficacy in heavy metal remediation, effectively removing ions like Cd**
(99%) and Pb*" (97%) through surface complexation, ion exchange, and dissolution—precipitation
mechanisms [196]. However, its wide band gap (~5.5 eV) limits its inherent photocatalytic activity,
resulting in minimal degradation of certain antibiotics under photolysis [197,198]. To address these
constraints, HAp is frequently engineered into nanocomposites with enhanced optical and surface
properties, achieving significantly improved adsorption capacities, for example, up to 769 mg/g for Congo
red [199].

In additive manufacturing, HAp is a well-established filler in biomedical applications, particularly for
fabricating bone scaffolds, where it enhances antibacterial activity, thermal stability, and mechanical
properties such as flexural modulus [200,201]. Based on this foundation, recent research has adapted HAp-
based composites for water remediation. Fijot et al. [105] used a direct compounding approach via
thermally induced phase separation to embed HAp into PLA filaments, producing monolithic filters with
exceptional selectivity for Pb?* and Cd** and adsorption capacities reaching 360.5 mg/g through a
dissolution—precipitation mechanism. Wang et al. [202] employed a scaffold-filling technique, injecting a
chitosan/HAp mixture into a 3D-printed PLA frame; the composite achieved a Cu** uptake of 119 mg/g
through synergistic interactions with chitosan’s functional groups.

3.2.8. Silver Nanoparticles (AgNPs)

Silver nanoparticles (AgNPs) are metallic nanostructures typically ranging in size from 1 to 100 nm
[203]. Their exceptionally high surface-to-volume ratio and large proportion of surface atoms impart unique
optical, electrical, and functional properties [204]. AgNPs exhibit broad-spectrum antimicrobial activity,
demonstrating potent inhibitory and bactericidal effects against a wide range of pathogens, including Gram-
positive and Gram-negative bacteria, viruses, and fungi [205]. The high biocidal performance has
established AgNPs as a leading nanomaterial for disinfection and microbial control.

In environmental and water treatment applications, AgNPs are valued for their strong affinity for
halogens and their inherent antimicrobial efficacy. They are utilized for iodide removal in drinking water
production and for capturing radioactive iodine in nuclear wastewater streams [206,207]. An approach
developed by Polo et al. [208] employed a magnetically assisted oxidation—precipitation process using Ag-
nanoparticle-functionalized magnetic microparticles. In their research, ~20 nm AgNPs anchored on polymer-
coated Fe3O4 cores are activated by hydrogen peroxide to oxidize Ag to Ag", which subsequently precipitates
halides. The method achieved removal efficiencies of 67.01% for bromide and 56.92% for chloride at neutral
pH, though performance was notably influenced by pH and the presence of organic scavengers.

Owing to their ease of synthesis, stability, and proven antimicrobial action, AgNPs are increasingly
integrated into additive manufacturing processes [209]. Their incorporation into 3D-printed polymer
composites significantly enhances the disinfection capability of fabricated structures, extending their utility
to advanced water purification, filtration, and surface-contact pathogen control. However, the efficacy of
these structures is often limited by silver ion leaching, which occurs via surface oxidation followed by
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dissolution into the water stream. This leaching process is primarily influenced by water chemistry factors,
such as low pH, which promotes Ag" dissolution, and by hydrodynamic conditions, including flow rate and
residence time, which affect release kinetics [210]. To ensure safety and environmental sustainability, these
systems must be optimized so that silver concentrations do not exceed the WHO and US-EPA regulatory
limit of 180 pg/L [211].

3.2.9. Titanium Dioxide (TiOz2)

Titanium dioxide nanoparticles (T102) are among the most extensively studied photocatalysts for water
treatment [212]. TiO2 can be synthesized through various routes, including sol-gel, hydrothermal, and
green chemistry methods [213]. TiO2 generally exhibits low toxicity, making them a safer and more
environmentally compatible option for remediation [214]. In alignment with this safety profile, the U.S.
Food and Drug Administration (FDA) classifies TiO2 as “Generally Recognized as Safe” (GRAS). It is
approved for use as a color additive in food products, provided its concentration does not exceed 1% of the
food’s weight, as specified in FDA regulations (21 CFR 73.575) [215]. The photocatalytic performance of
TiO2 is profoundly influenced by its crystalline phase. TiO2 exists in three primary polymorphs: the
tetragonal Anatase and Rutile phases, and the orthorhombic Brookite [216]. Among these, Anatase is
typically preferred for organic pollutant degradation due to its high surface reactivity and favorable charge
carrier dynamics. Rutile, the most thermodynamically stable phase, possesses a high refractive index that
enhances light scattering and harvesting efficiency. Brookite, a metastable phase with a high absorption
coefficient, is less common and can transform into Rutile under prolonged hydrothermal conditions [217-220].

The photocatalytic efficacy of TiO2 polymorphs in aqueous systems is well-documented. For instance,
Anatase slurries have been reported to remove ~98% of cationic methylene blue within 150 min [221],
while Anatase-based nanocomposites can degrade 99.7% of anionic methyl orange in 30 min [222]. Mixed-
phase systems often exhibit synergistic effects; the commercial P25 formulation (contains 80.3% anatase
and 19.7% rutile) achieves over 95% methylene blue degradation under optimized conditions [223].

Recent research has explored the integration of TiO: into additive manufacturing via the
polymer/nanoparticle composites technique. However, achieving a balance between photocatalytic
efficiency and printability remains a key challenge, as performance is highly dependent on filler loading.
For example, Bansiddhi et al. [224] incorporated 5 wt% mixed-phase TiO: into a photocurable resin,
achieving significant dye removal (81.9% methylene blue, 60% Rhodamine B), though the dominant
mechanism was adsorption rather than photocatalysis. Sangiorgi et al. [225] observed that high loadings
(30 wt%) of surface-treated TiO2 in a PLA matrix led to printing defects, such as pore collapse, yet the
composite still achieved complete methyl orange removal after 24 hours due to increased surface roughness.
Han et al. [226] demonstrated that the TiOz-coated 3D-printed Acrylonitrile Butadiene Styrene (ABS)
scaffold achieved >99% oil rejection in oil-water separation systems and exhibited excellent regenerability.

3.2.10. Zinc Oxide (ZnO)

Zinc oxide (ZnO) nanoparticles can crystallize in three polymorphs, i.e., hexagonal wurtzite, cubic
zincblende, and cubic rocksalt, which are widely recognized for their advantageous physicochemical
properties, including low cost, environmental compatibility, and biocompatibility [227]. A defining feature
is their wide bandgap, which confers strong UV absorption and scattering capabilities, making ZnO an
effective ultraviolet radiation blocker [228]. In addition to its functional efficacy, ZnO is classified by the
U.S. Food and Drug Administration (FDA) as Generally Recognized as Safe (GRAS) when used as a
nutrient or dietary supplement (21 CFR 182.8991) [229]. For environmental safety and water quality, the
World Health Organization (WHO) and the U.S. Environmental Protection Agency (EPA) have established
a secondary maximum contaminant level for zinc at 5.0 mg/L (5 ppm) [230]. This threshold is primarily



Sustain. Polym. Energy 2026, 4(1), 10005. doi:10.70322/spe.2026.10005 25 of 48

based on organoleptic properties, such as taste and water turbidity, as zinc is an essential element and
generally exhibits low toxicity to humans at these concentrations.

ZnO NPs also exhibit broad-spectrum antimicrobial activity, demonstrating high efficacy against
pathogens such as Escherichia coli, Staphylococcus aureus, and bacteriophages [231]. This biocidal
performance is strongly size-dependent, as smaller nanoparticles provide a larger reactive surface area for
generating reactive oxygen species (ROS), such as hydrogen peroxide. These ROS penetrate microbial cell
walls, inducing oxidative damage and cell death [232]. Beyond antimicrobial applications, ZnO NPs serve
as multifunctional additives in polymer composites, enhancing toughness, mechanical integrity, and anti-
aging properties in polymer matrices [233]. Furthermore, their photocatalytic efficiency can be significantly
improved through doping with metals (e.g., Ag, Cu) or non-metals (e.g., N, C), which enhance charge
separation and electron mobility [234].

In additive manufacturing, ZnO has attracted significant interest in importing advanced functional
properties. Kumar et al. [235] demonstrated that PLA filaments containing 2 wt% ZnO, produced via melt
extrusion, achieved a shape recovery rate of 99.64% at 40 °C, increased crystallinity, and produced
smoother surfaces suitable for biosensing. Additionally, certain ZnO formulations exhibit room-
temperature ferromagnetism, enabling magnetic-assisted wastewater treatment; magnetic ZnO composites
have achieved approximately 70% methylene blue removal with good reusability over multiple cycles [236].

The integration of ZnO into polymer matrices for additive manufacturing presents a defined
opportunity to enhance functional performance, which can be fully realized by addressing interfacial
compatibility [237]. By advancing these material engineering approaches, the inherent functional benefits
of ZnO, such as antimicrobial activity, UV responsiveness, and photocatalytic capability, can be
successfully integrated into 3D-printed components without compromising their structural integrity.

3.2.11. Graphene-Based Filler

Graphene-based nanomaterials have gained significant attention in membrane engineering due to their
two-dimensional morphology, lightweight structure, and characteristic honeycomb lattice [238]. This
family of materials includes graphene oxide (GO), reduced graphene oxide (rGO), graphene nanosheets,
and multilayer graphene, each offering distinct properties based on chemical composition, layer count, and
defect density. Among these, graphene oxide (GO) is particularly significant for water treatment
applications due to its abundance of oxygen-containing functional groups, large specific surface area, and
excellent colloidal stability. These characteristics enable GO to disperse effectively in polymer matrices
and function as a highly versatile nanofiller [239].

GO enhances membrane performance through multiple mechanisms. Its hydrophilic surface chemistry
improves water transport, while its functional groups enhance interfacial compatibility with polymers and
increase pollutant adsorption capacity [240]. These combined effects lead to superior separation efficiency,
as demonstrated by the incorporation of up to 3 wt.% GO into polyethersulfone (PES) membranes, which
significantly improved heavy-metal removal to 85-90% for Zn, 70—75% for Cu, and 65-70% for Cd [241].
Saeedi-Jurkuyeh et al. [242] fabricated a thin-film nanocomposite forward osmosis membrane by
embedding GO nanosheets within a polyamide active layer, which increased water flux to 34.3 L-m 2-h!
and achieved exceptional heavy-metal rejection (Pb: 99.9%, Cd: 99.7%, Cr: 98.3%). GO also exhibits
strong potential for dye adsorption via m—m interactions, electrostatic forces, and binding to surface
functional groups, effectively removing a broad spectrum of anionic and cationic dyes depending on its
oxidation state and surface chemistry [243,244].

Recent advances in additive manufacturing have further expanded GO’s role as a multifunctional filler.
For example, Mohd Nizam et al [245] incorporated 10-25 wt.% GO into a polyurethane acrylate (PUA)
matrix using digital light processing, significantly enhancing hydrophilicity and mechanical strength while
imparting antimicrobial activity and high adsorption capacity for heavy metals. In another approach, Feng
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et al. [246] integrated 0.7 wt.% nano-GO into a methacrylated chitosan/gelatin matrix via UV-assisted
direct ink writing, which increased the Young’s modulus nearly tenfold and produced a membrane with
superhydrophilicity and underwater superoleophobicity, enabling high permeation flux (>39,500 L-m2-h™")
and >99.5% oil-water separation efficiency.

These studies demonstrate that graphene-based materials, particularly GO, are among the most
versatile and high-performance nanofillers for water purification. They enable the development of advanced
membranes and 3D-printed structures that simultaneously enhance mechanical performance, hydrophilicity,
antifouling resistance, and multi-contaminant removal efficiency.

3.2.12. Regulatory Considerations for Filler Materials in Water Treatment

Table 3 presents an assessment of several filler materials commonly employed for water treatment
applications. We can evaluate each filler according to its application roles, leaching or migration behavior,
and the water chemistry parameters that influence its stability and performance. A critical observation is
the diversity of leaching mechanisms across materials, ranging from the oxidative dissolution of silver ions
(Ag") to the release of dissolved organic carbon (DOC) from biochar and the protonation-induced
dissolution of chitosan under acidic conditions. This variability highlights the importance of matching filler
selection not only to treatment goals but also to the specific chemical characteristics of the target water
matrix to minimize unintended migration of filler components into treated water.

While certain fillers demonstrate promising functional properties for water treatment, such as high
adsorption capacity or filtration efficiency, their practical feasibility is contingent upon compliance with
stringent regulatory standards for water quality and material safety. A significant challenge arises from the
heterogeneity of regulatory frameworks across material classes, which complicates direct comparisons
among fillers. For instance, some materials are governed by health-based guidelines (e.g., WHO provisional
values for silver), while others are subject to operational use limits (e.g., NSF/ANSI 60 standards) or
indirect regulation through finished water quality parameters (e.g., aluminum and turbidity limits for clay
and zeolite). Despite these inconsistencies, Table 3 provides valuable insights into the regulatory landscape
governing filler materials, offering researchers a foundational understanding of safety considerations. This
information can help guide future research directions in polymer-filler composites for water treatment,
emphasizing the need to design materials that not only enhance performance but also demonstrate
compatibility with existing regulatory frameworks and prioritize minimal leaching or migration of filler
constituents into treated water.
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Table 3. Some assessment of filler materials for water treatment applications, including leaching behavior, water chemistry influences, regulatory status, and risk mitigation strategies.

Leaching/Migrati Risk Level
Filler Application Roles B:;‘l:lvlizlglr lgra l(mWater Chemistry Influence Regulatory Status ( (;sllalifavt(;VC) Mitigation Strategies
. S E lation;
Strong Ag" ion release WHO guideline =0.1 mg/L ncapsp .a lo.n’
. . . DL Dy . . . . . Moderate to Immobilization;
Ag (Silver NPs) antimicrobial (oxidative Oxidation of silver ion; Aggregation Not recommended for disinfection . . .. .
. . . High Alternative disinfection
agent dissolution) of drinking-water
methods
Dissolved Organic Content (DOC): High DOC .
1SSOIVE rgt'mlc ontent ( ): Hig Follow EBC (European Biochar
Heavy metal levels can detrimentally affect the removal of E. Foundation) and IBI (International Controlled pyrolysis;
Y DOC leaching; Fine coli. Redox Activity: Biochar’s conductivity Low to PYTOYSIS:

Biochar adsorption; Biochar Initiative) standard Pre-ozonation; Washing

. particle migration  and surface functional groups Sy . Moderate .
Organic removal . . . . . guidelines for safe use in water prior to use
(quinones/phenolics) mediate microbial electron
treatment.
transfer.
Structural Volumetric swelling: FDA/Material Safety Standard Surface modification
Cellulose reinforcement; Fiber release g’pH; Ionic strength Generally Recognized as Safe Low (TEMPO-oxidation);
Hydrophilicity (GRAS) Crosslinking
Adsorption of Protonation and pH < 6.3: Dissolution; Malaysia (SPAN/MOH) pH 6.5— Covalent crosslinking;
Chitosan metals; dissolution in acidic pH > 7.0: Stability increases; High salinity 8.5; Turbidity < 5 NTU; Standard A Low Polymer composites
Coagulation media affects swelling BOD <20 mg/L. formation
Aluminum: Secondary MCL 0.05—
. Barri rties; . . . . . .2 mg/L (EPA). EU st :0.2 i ificati
Clay (bentonite, ArTICT PIOPETUES: A luminum leaching; lonic strength affects dispersion; pH extremes 02 mg/L ( )- EU standard: 0 Organic modification
kaolinite) Adsorption; Particle release increase aluminum leachin mg/L. Low (organoclays); Strong
Turbidity removal & Turbidity: Must achieve <1 NTU matrix bonding

before system integration.

Explicitly not approved for public
water supply use in UK. “There are

GO (Graphene Adsorption Sheet detachment no approvals nor applications under Covalent crosslinking;
. . v u .
. P P under poor Ionic strength and pH affect stability I?p . PP Moderate Reduction to rGO; Layer
Oxide) enhancement o consideration for the use of
crosslinking . ’ confinement
graphene oxide products” under
Regulation 31
NSF/ANSI 60 maximum use level:
Phosphat . . o intering at high
. osphate Minimal Ca*/POs* _. .. o . 1207 mg/L (operational limit for Sintering at hig
Hydroxyapatite removal; Metal Dissolution increases under acidic conditions i ow temperatures; Stable
release treatment chemicals).

sequestration matrix incorporation
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Photocatalysis;
TiO, Contaminant
degradation

Very low ionic
dissolution;
Particulate migration

Mechanical shear;
UV exposure; pH

No WHO or national drinking water
standards for ingestion.

Inhalation toxicity is primary
concern.

NSF/ANSI 60 specifies max use
level of 90 mg/L as total Ti
(operational limit, not health-based).

Low—
Moderate

Matrix bonding; Sintering;
Immobilization on
supports

Ion exchange;
Zeolite Adsorption;
Filtration media

Low; Potential
Aluminium leaching
at pH extremes

pH-dependent cation exchange capacity;
Ionic strength

Max Use Level: Up to 66 g/L
(NSF/ANSI 60).

Aluminium leaching: EPA SMCL Low
0f 0.05-0.2 mg/L; WHO/MOH limit

of 0.2 mg/L.

Acid-washing prior to use;
Particle size control; pH
monitoring
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3.3. Selection of AM-Fabricated Polymer-Filler Composites in Water Treatment

Figure 3 presents the key criteria guiding the selection of polymer matrices and functional fillers for
the fabrication of 3D-printed sustainable polymer composites for water treatment applications. From the
polymer perspective, emphasis is placed on 3D printability and process compatibility to ensure reliable
fabrication using AM techniques. In addition, the water stability (e.g., water resistance) of the 3D printed
polymer composite’s structure should be considered as an essential factor in order to maintain their
performance during prolonged exposure to an aqueous environment. Sustainability-related considerations,
including the use of bio-based materials, low carbon footprint, and compatibility with circular economy
principles, are highlighted as increasingly important factors in the design of water treatment materials.

The filler selection is primarily governed by functional performance and physicochemical properties
that directly influence contaminant removal efficiency and overall treatment effectiveness. Functional
fillers such as adsorbents, photocatalysts, or antimicrobial agents are selected to impart targeted capabilities,
including adsorption, separation, or microbial inhibition, while maintaining compatibility with the polymer
matrix and the printing process. Sustainability considerations, including filler abundance, environmental
safety, and the potential for reuse or regeneration, further ensure that the resulting 3D-printed composites
function as effective and environmentally responsible materials for water treatment.

Polluted water Cleaned water

3D Printing o & ° . O

Polymer Selection: B
3D-printable, Sustainable, 9  eg

Low Carbon Footprint,
Water-Stable, Circular —
Economy-Based (\)

Filler Selection: O
Functional Performance, 9
Physicochemical
Properties, Sustainability

Figure 3. Key criteria for polymer and filler selection in 3D-printed sustainable polymer composites for water treatment
applications.

Table 4 summarizes some examples of 3D-printed polymer composites that demonstrate strong
potential for water treatment applications. Although some of the reported studies were originally designed
for general or multifunctional purposes, their findings provide valuable insights that can be translated into
water purification and environmental remediation systems. The table highlights how different additive
manufacturing techniques, including DIW, DLP, FDM, FFF, and SLA, have been applied to prepare
polymer composites with tailored functionalities and targeted applications.
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Table 4. Additive manufacturing of polymer composites with potential applications in water treatment.

Printing

Polymer Matrix Fillers/Loading . Significant Finding Reference
Technique
PLA Zeolite (~16 wt%) FFF 40-65% ammonia removal in 48 h [169]
Removed ~40% of estrogens from
PLA Laccase immobilized enzyme FFF wastewater. [247]
Retained 80% activity after 20 days.
High adsorption capacity for cadmium
. (360.5 mg/g) and lead (112.6 mg/g).
0,
PLA Hydroxyapatite (15w1%) FFE Achieved high water flux without [105]
external pressure.
Achieved >90% removal of methylene
Cu-doped TiO»/tGO (applied as a blue (30 cycles) and high stability
PLA coating using 4 mg/mL suspension) FDM (200% reduction in leaching via PDA [248]
bioadhesive)
Silver nanoparticles Achieved >99% reduction of S.
PLA FDM 24
(0.01-5 wt%) aureus, E. coli, and P. aeruginosa [249]
Achieved super hydrophobicity (WCA
PLA Si0O; nanoparticles + PDMS FFF 158.2°) and 88.6% continuous oil— [250]
water separation efficiency.
PLA Silver nitrate (0.5, 1.0,2.0, 2.5 wi%) ~ pLp  nowed inhibition zones of S, aureus )5
and E. coli
: . . 2+ :
PVA/.sodlum Graphene oxide (~33 wt%) DIW Achleyed a high Cu** adsorption [252]
alginate capacity of 208 mg/g.
Acrylate base . . Removal of methylene blue (81.9%)
. T 0 + 0, LA . 224
photocurable resin 10 (5 wt%o) + Si02 (5 wi%%) S and Rhodamine B (60%). [224]
. Zeolitic imidazolate framework-67 Effective removal in ternary systems
Chitosan (~20 Wi%) SLA (Pb, Cd, Cu) [253]
Dimethylacetamide AgNPs (0.3—1.2 mL) with GO (0.3— UV Inkjet 3D Inhibited >95% of Coliforms and [254]
modified Chitosan 1.2 mL) Printing  99.9% of E. coli
Eliminated all tested bacteria within
4h and fungi within 19 h.
ABS AgNPs FDM Maintained efficacy for up to 8 usage [253]
cycles.
Polycaprolactone Sodium alginate FFE Achieved copper adsorption capacity [256]

(5-30 wt%) (93.3 mg/g)
Remarks: DIW = Direct Ink Writing; DLP = Digital Light Processing; FDM = Fused Deposition Modeling; FFF = Fused
Filament Fabrication; SLA = Stereolithography.

A variety of polymer matrices, such as PLA, PVA, chitosan, ABS, and PCL, have been explored, in
combination with functional fillers including zeolites, hydroxyapatite, TiO2, silver nanoparticles, graphene
oxide, and other inorganic or carbon-based additives at different loading levels. These material
combinations enable the targeting of diverse water contaminants, including ammonia, heavy metal ions,
dyes, pharmaceuticals, oils, and pathogenic microorganisms.

There is a growing interest in sustainable, biodegradable, and low-carbon materials for environmental
applications. Meanwhile, hydrophilic polymers such as PVA and chitosan are particularly attractive for
adsorption- and bio-interaction-driven processes, while photocatalytic or antimicrobial fillers (e.g., TiOz,
silver nanoparticles, graphene-based materials) impart additional functionality beyond simple physical
filtration. The incorporation of functional fillers demonstrates that additive manufacturing can serve as a
versatile platform for tuning surface chemistry, adsorption capacity, antimicrobial activity, and separation
performance without compromising geometric complexity or design freedom.
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3.4. Practical Implications

The transition of AM-fabricated water treatment modules from laboratory-scale prototypes to industrial
systems requires a careful evaluation of operational performance, structural reliability, and environmental
impact. Additive manufacturing enables the creation of diverse functional modules, including adsorbents,
membranes, porous filters, photocatalytic reactors, ion-exchange units, and bioreactors, each of which
benefits from tunable porosity, hierarchical architectures, and tailored material properties. While laboratory
studies highlight AM’s capacity for precise control over geometry and functionality, industrial deployment
demands attention to continuous flow operation, mechanical stability, reproducibility, and process
integration. Material selection, energy consumption, post-processing, and recyclability collectively
influence sustainability and cost-effectiveness. Pilot-scale studies incorporating AM modules can help
optimize flow dynamics, regeneration cycles, fouling mitigation, and overall process efficiency, providing
actionable guidance for practical implementation.

3.4.1. Hydrodynamics

Hydrodynamic performance is critical for all AM-fabricated water treatment systems. Whether for
porous adsorbents, flow-through membranes, catalytic reactors, or bioreactors, structures must satisfy
constraints related to pressure drop, flow distribution, mass-transfer efficiency, and fouling resistance. AM
facilitates geometric innovations that improve fluid dynamics, such as Triply Periodic Minimal Surfaces
(TPMS), lattice networks, or hexagonal/honeycomb channels, which are difficult or impossible to produce
via conventional fabrication [257-259]. Optimized flow enhances mixing, reduces dead zones, and
improves contact between water and functional surfaces, benefiting diverse applications from filtration to
catalytic degradation.

3.4.2. Fouling and Material Functionality

Fouling, caused by the accumulation of organic, inorganic, or biological matter, can degrade the
performance of membranes, filters, and reactor surfaces [260-262]. AM allows functionalization of module
surfaces, embedding antimicrobial agents, designing superhydrophobic or Slippery Liquid-Infused Porous
Surfaces (SLIPS), or creating shear-optimized geometries to mitigate fouling while maintaining high
throughput [263-265]. These strategies apply broadly across water treatment modules, enhancing
performance in microfiltration, ultrafiltration, bioreactors, and other flow-through systems.

3.4.3. Scaling Up

Scaling AM from lab prototypes to industrial modules requires consideration of structural integrity,
reproducibility, and integration into process units. Challenges include printer design, material rheology,
interlayer bonding, and geometric fidelity [266]. Successful examples, such as the replacement of
traditional filter components with 3D-printed modules, illustrate cost and lead-time reductions while
demonstrating the importance of performance-driven scale-up. Geometries effective at small scales may
require optimization to maintain efficiency, minimize hydraulic resistance, and resist fouling in larger-scale
modules [267]. Standardized metrics for volumetric productivity, regeneration robustness, and mechanical
stability are essential to bridge the gap from lab-scale demonstrations to full-scale operation.

3.4.4. Environmental and Economic Considerations

AM offers potential environmental advantages through waste reduction, localized manufacturing, and
design optimization [268-270]. However, life-cycle analyses indicate that benefits depend strongly on
production volume, material choice, and design optimization [271-273]. For example, AM can outperform
conventional manufacturing for small batch production or for modules specifically designed to control
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AM’s unique capabilities, achieving better “performance-per-environmental-cost” outcomes. Evaluating
sustainability and cost-effectiveness must therefore account for the functional performance of the water
treatment module, not just production metrics.

3.5. Deployment-Oriented Screening Matrix for AM Techniques in Water Treatment Applications

Recall that Table 1 suggests the potential feasibility of various AM methods for fabricating polymer-
filler composites; nevertheless, translating laboratory-scale success to practical water treatment applications
requires a deployment-oriented screening framework that considers scalability, material compatibility, and
process constraints. Table 5 addresses this need by presenting a decision matrix that evaluates several AM
techniques against criteria critical for real-world deployment, namely scalability for high-volume
production, suitability for polymer-filler composite formulations, primary operational constraints, and post-
processing requirements.

The comparative analysis reveals Material Extrusion as the most deployment-ready technique, offering
high scalability and excellent compatibility with polymer-filler systems. Vat Photopolymerization and
Binder Jetting follow as moderate-to-high suitability options, though each presents distinct challenges, resin
toxicity and filler sedimentation for the former, and the mandatory post-infiltration step for the latter. At
the lower end of the suitability spectrum, Directed Energy Deposition and Powder Bed Fusion face
significant thermal degradation risks that limit their applicability for polymer-based composites, while
Material Jetting remains constrained by high costs and nozzle reliability issues at scale. This screening
framework provides researchers with a structured approach for method selection aligned with their target
application scale and material system, ultimately supporting more efficient translation from laboratory
innovation to deployed water treatment solutions.
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Table 5. Deployment-oriented screening matrix for AM techniques in water treatment applications.

Deployment Suitability for Post-Processin
,p y . AM Techniques Scalability Polymer-Filler Primary Constraint . g Best Suited For
Suitability . Requirement
Composites
High Material Extrusion sk k% T Nozzle CIQggmg with excesslve Minimal—support removalPllot.—to—lndustrlal scale; h1gh filler
filler loading; filament consistency only loadings; complex geometries
- o . ; o I _
Vat o - T Resm toxicity; filler sedimentation ngh washmg post ' .
Moderate-Hich Photopolymerization in vat curing required High-resolution components; moderate
8 Binder Jetting I I Limited. polymer options; post- Modera.te—depqwdering +production volumes
infiltration needed infiltration + curing
. . ) . . .... Moderate—support
Material Jetting % 2. 8. 8.8.8.¢ i{vitg}? t?lllaet resrlal cost; nozzle rehablhtyremoval + solvent
extraction Specialized applications; prototype
: . — — i i . .
Moderate Powder Bed Fusion % k% - High thermal degradatlon risk for Moderate .depowdermg dev§lopment, surface-functionalized
polymers; material waste surface coating devices
L. Limited tri lexity; .. . .
Sheet Lamination 18,889 kK e geo'me' ' Cf)mp ety Minimal—trimming only
layer delamination risk
Low Directed Energy * ok Polymer incompatibility; thermal = High—machining often =~ Research only; metal-polymer hybrids;

Deposition degradation required coating applications

Rating: % = very low; % %= low; % % % = moderate; % % % % = high; % % % % % = very high.
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4. Conclusions and Future Perspectives

This review has highlighted the strong potential of sustainable polymer composites fabricated via
additive manufacturing (AM) for advanced water treatment applications. By integrating environmentally
friendly polymer matrices, bio-based fillers, and/or functional nanomaterials, AM enables the fabrication
of customized, high-performance structures with controlled porosity, high surface area, and
multifunctionality. Compared with conventional manufacturing routes, AM offers clear advantages in
material efficiency, design flexibility, and the ability to tailor structures for specific water treatment
functions such as adsorption, catalysis, filtration, and antimicrobial action. However, significant
technological gaps remain, particularly concerning the trade-off between printing resolution and material
durability. Current additive manufacturing techniques face challenges in achieving the sub-micron
precision required for advanced membranes, such as reverse osmosis (RO) and nanofiltration (NF), while
using materials that can withstand the harsh chemical and thermal environments typical of industrial water
treatment [274]. These processes are prone to structural defects, including void formation and “stair-
stepping” [275], nanoparticle agglomeration that creates stress concentrations [276], and thermal
instabilities, such as warping and poor molecular interfusion, during large-scale production [277].
Addressing these interrelated challenges is therefore essential to improving the reliability and performance
of additively manufactured polymer structures for practical water purification applications.

The widespread adoption of these promising technologies offers exciting opportunities for targeted
research and development. Key areas for advancement include expanding the library of durable, water-stable
sustainable feedstocks, optimizing composite formulations to balance functionality with printability and
strength, and enhancing the energy efficiency of AM processes [278]. Addressing performance consistency,
developing strategies for the circularity of multi-material composites, and establishing standardized
evaluation frameworks will be crucial to accelerate industrial translation. Furthermore, conducting
comprehensive life cycle assessments, particularly for novel hybrid and multi-material systems, will provide
the essential data to validate and guide their sustainable development for water treatment applications.

Future research should focus on developing low-energy AM processes, recyclable or reprocessable
composite systems, and bio-derived (or waste-based fillers) with minimal environmental impact. Advances
in digital design, such as topology optimization, lattice architectures, and gradient porosity, will play an
important role in improving treatment efficiency while reducing material usage. For real-world
implementation, scaling up requires transitioning from laboratory-scale prototypes to modular, repeatable,
and easily maintainable systems compatible with existing treatment infrastructure. By addressing these
challenges through interdisciplinary collaboration, additive-manufactured sustainable polymer composites
can evolve from promising laboratory concepts into practical, scalable solutions for global water treatment,
supporting circular economic principles and long-term environmental sustainability.
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