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The need for multifunctional, robust, reusable, and high-flux filters is a constant challenge for sustainable water
treatment. In this work, fully biobased and biodegradable water purification filters were developed and pro-
cessed by the means of three-dimensional (3D) printing, more specifically by fused deposition modelling (FDM).

The polylactic acid (PLA) — based composites reinforced with homogenously dispersed TEMPO-oxidized cel-
lulose nanofibers (TCNF) or chitin nanofibers (ChNF) were prepared within a four-step process; i. melt blending,
ii. thermally induced phase separation (TIPS) pelletization method, iii. freeze drying and iv. single-screw
extrusion to 3D printing filaments. The monolithic, biocomposite filters were 3D printed in cylindrical as well
as hourglass geometries with varying, multiscale pore architectures. The filters were designed to control the
contact time between filter’s active surfaces and contaminants, tailoring their permeance.

All printed filters exhibited high print quality and high water throughput as well as enhanced mechanical
properties, compared to pristine PLA filters. The improved toughness values of the biocomposite filters clearly
indicate the reinforcing effect of the homogenously dispersed nanofibers (NFs). The homogenous dispersion is
attributed to the TIPS method. The NFs effect is also reflected in the adsorption capacity of the filters towards
copper ions, which was shown to be as high as 234 and 208 mg/gnr for TCNF and ChNF reinforced filters,
respectively, compared to just 4 mg/g for the pure PLA filters. Moreover, the biocomposite-based filters showed
higher potential for removal of microplastics from laundry effluent water when compared to pure PLA filters with
maximum separation efficiency of 54 % and 35 % for TCNF/PLA and ChNF/PLA filters, respectively compared to
26 % for pure PLA filters, all that while maintaining their high permeance.

The combination of environmentally friendly materials with a cost and time-effective technology such as FDM
allows the development of customized water filtration systems, which can be easily adapted in the areas most
affected by the inaccessibility of clean water.

Nanochitin

1. Introduction ends up together with many other metals and metalloids in the landfills
in the form of billions of tones of slags, dust, and aerosol by-products as
waste from metal ore mining industry [5]. This can further lead to water

contamination and in consequence negatively impact both wildlife [6]

The contamination of the water sources by various pollutants such as
heavy metals [1] and petroleum-based microplastics [2], which are

defined as ‘any solid plastic particles insoluble in water with dimensions
between 1 ym and 1 mm’ [3] is a developing issue threatening natural
environment and human health. Effluents from vast industrial plants are
one of the main sources of chemical pollution. Copper, as the second
most abundantly used non-ferrous metal in the metallurgic industry [4],

and human health [7]. As it comes to microplastics, their release into
water stems from effluents of wastewater treatment plants, textile and
fishing industries [8]. Moreover, microplastic accumulation in the
environment is escalated by the utilization of household washing ma-
chines. In a recent study Galvao et al. [9] showed that a 6 kg load of
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laundry emits 18,000,000 synthetic microfibers into the environment,
out of which the majority is in the size range between 50 and 100 pm. It
is therefore crucial to develop filtrating methods fitting the commercial
household washing machines to minimize the impact of household
laundry on the environment. It is important to address the problem of
water contamination by using sustainable solutions, which are in line
with the principles of circular economy [10]. That is why the utilization
of biobased composites for the development of green filtration systems is
gaining scientific interest.

Polylactic acid (PLA) is an aliphatic polyester built out of lactic acid
monomers, which can be obtained from renewable resources e.g. sug-
arcane and corn [11]. PLA is often used as a matrix phase for the
preparation of biocomposites due to its renewability, biodegradability,
and ease of processing [11]. The chosen dispersed phase for such com-
posites often include cellulose and/or chitin. These are fully biobased
materials that can be extracted from plants, bacteria and tunicates in the
case of cellulose [12] and e.g. exoskeleton of crustaceans, mushrooms,
nematodes, and insects in the case of chitin [13]. They are often pro-
cessed into nanofibers (NFs) via various mechanical isolation processes
including e.g. high-pressure homogenization [14] and cryocrushing
[15]. The dispersion of non-modified, hydrophilic biopolymer NFs in
nonpolar PLA matrix results in immiscible composite blends of low
interfacial compatibility, low resistance, and water barrier properties as
well as poor matrix-dispersed phase interactions [16,17]. Moreover, the
agglomerated NFs lead to impaired mechanical properties of final
composite products [18]. Previous studies report the development of
PLA-based composites reinforced with cellulose and chitin NFs via so-
lution casting [19], direct melt compounding by extrusion [20],
compression moulding [21] as well as via melt spinning [22]. The
challenge of a homogenous dispersion of cellulose and chitin NFs in the
PLA matrix is addressed by the addition of e.g. silane coupling agent
[19], polyethylene glycol [22], activated biochar [20] and chitosan
[21]. Additionally, NFs can be subjected to chemical and/or surface
modifications such as grafting [23], esterification [24] or acetylation
[25,26] to achieve better interphase compatibility between the fibers
and the composite matrix.

Thermally induced phase separation (TIPS) method can be another
plausible way to enhance the NFs dispersion in the PLA matrix. TIPS
relies on bringing a multicomponent system, such as a composite blend
constituting out of polymer matrix and dispersed phase, into a ther-
modynamically unstable state inducing the separation of the system into
two distinct phases i.e. polymer-rich and polymer-lean phase. The sol-
vent is then removed by e.g. freeze drying which leads to the develop-
ment of highly porous matrices [27,28]. The process was previously
shown to improve the dispersion of nanomaterials in PLA matrix leading
to improved mechanical properties of composite films [29,30] and
scaffolds [29,31]. The development of functional composites for
biomedical [31-33] and water treatment [34] applications by
combining TIPS method with three-dimensional (3D) printing technol-
ogy was previously reported.

3D printing also called additive manufacturing (AM) yields the
desired shape by applying one layer of material at a time based on a
computer-aided design (CAD) model [35]. Fused Deposition Modelling
(FDM) is one of the methods of 3D printing, which relies on the intro-
duction of a thermoplastic filament into a heated chamber and the
deposition of the melted material onto the print bed. FDM is a cost- and
energy- efficient method, which does not require expensive tools and
avoids post-processing [35,36]. Therefore, FDM offers the possibility to
produce customized, highly functional water purification filters with
tuned porous structures. Moreover, as 3D printing becomes more and
more available worldwide, it allows producing portable water purifi-
cation filters at the point and time of need. Several studies have reported
the use of 3D printing for the development of water purification systems
[37-39]. However, there are only a few works that combine all three
concepts i.e. 3D printing, green polymer-based materials and water
treatment applications [40]. There are reports on 3D-printed water
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treatment systems based on green polymers such as PLA [34,41,42],
alginate [43,44], cellulose acetate [45,46] and chitosan [47-49].

This study aims to reinforce easily 3D-printable PLA bioplastic with
TEMPO-oxidized cellulose nanofibers (TCNF) and chitin nanofibers
(ChNF), which are characterized by high surface area and charge
[50,51], to develop highly functional, 3D water purification filters
manufactured using scalable and inexpensive FDM process. Different
geometries and porous architectures of the filters were designed to
investigate their influence on the final permeance and adsorption
behaviour of the filters. The performance of the filters for water treat-
ment applications in laboratory conditions was investigated, reporting
the removal of copper ions by adsorption and the removal of micro-
plastics by both physical interactions and size exclusion. We hypothesize
that the studied approach provides an opportunity to utilize the surface
chemistry of the biocomposite material for the adsorption of molecular
pollutants, while also exploiting the tailored pore architecture of the
filters for the separation of bigger suspended particles e.g. microplastics
by size exclusion.

Thus, this study provides a low-cost, custom-optimized, and envi-
ronmentally friendly route to prepare monolithic and mechanically
enhanced PLA-based composite filters with high permeance perfor-
mance suitable for further functionalization. The developed filters are
potentially applicable for the removal of a variety of water contaminants
ranging from small to big molecules.

2. Experimental
2.1. Materials and methods

The raw materials used for the preparation of 3D printable bio-
composites were: transparent extrusion grade PLA pellets (IngeoTM
Biopolymer 4043D, Nature Works, provided by Add North 3D AB,
Sweden), 1,4-dioxane (anhydrous, 99.8 %, Carlo Erba Reagents, Spain),
the 1.5 wt% water suspension of TEMPO (2,2,6,6-tetramethylpiper-
idine-1-oxyl radical)-mediated oxidized cellulose nanofibers (TCNF, 1.1
mmol/g of carboxyl groups) provided by Swiss Federal Laboratories for
Materials Science and Technology (EMPA), Switzerland. The dimensions
of nanofibers, as studied by atomic force microscopy (AFM), were in the
range of 3-5 nm and lengths in um scale [52] (Figure S1). Chitin
nanofibers (ChNF, 2 wt% in water suspension, with less than 5 wt% of
deacetylation degree) with a specific surface area of 200 m?%/g and
polymerization degree of 300 were provided by BiNFi-s, Sugino Machine
Limited, Japan. AFM study of ChNF showed fibrils diameter of 3 nm and
lengths in nm- um scale (Figure S1). The commercial 3D printing fila-
ment used for printing out reference models was a transparent PLA
filament (Add North, 3D AB, Olsremma, Sweden). The reagent used for
the metal adsorption study was copper (II) sulfate pentahydrate (99 %,
Acros Organics, Belgium).

The laundry water sample containing microplastics was donated by
Mimbly AB (Gothenburg, Sweden).

Preparation of TCNF/ChNF/PLA composites: The master batch of
the composite solution was prepared using a modification of the pro-
tocol reported in our previous work on hydroxyapatite/PLA bio-
composite system [34]. In brief, a 10 % PLA/1,4-dioxane solution was
prepared by dissolving the transparent, commercial PLA pellets in 1,4-
dioxane solution and overnight magnetic stirring at room temperature.
Then, a measured amount of either TCNF (1.5 wt% suspension) or ChNF
(2 wt% suspension) was added to the solution and magnetically stirred
for 2 h leading to 5 wt% nanofiber (NF)/PLA suspension. The obtained
TCNF/PLA or ChNF/PLA suspensions were then added drop-wise into
the liquid nitrogen forming NF/ PLA biocomposite pellets. The pellets
were further freeze-dried for 48 h. The final, freeze-dried product was
single-screw extruded at a feed temperature of 180 °C and screw speed
of 100 rpm into 3D printing filaments with a dimension of 2.85 mm.

3D printing: The shapes of the filters were based on cylindrical and
hourglass-shaped CAD models. The dimensions, as well as the porous
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structure, were designed with the use of CURA slicing software prior
generating the G-code file necessary for being processed by the printer.
The printer used was an Ultimaker S5 (Ultimaker BV, The Netherlands).
The general printing parameters used for both the biocomposite and
reference commercial PLA filaments were: nozzle diameter 400 pm, bed
temperature 60 °C, printing speed 35-55 mm/s, layer thickness 150 um,
shell thickness 500 pm. The nozzle temperature was set to 200 °C and
220 °C for the PLA and biocomposite systems, respectively.

Printing parameters for the filters: Four different models were
printed and tested for each composite system and reference PLA. These
included (i) uniform porosity and (ii) three-level gradient porosity cy-
lindrical filters, as well as the (iii) uniform porosity and (iv) two-level
gradient porosity hourglass-shaped filters. The printing dimensions of
the samples were varied depending on the experiment of choice (i.e. 40
x 40 x 40 mm, 20 x 20 x 20 mm and 10 x 10 x 10 mm), however the
porous structure (size, geometry) and proportions were kept consistent.

The printing parameters for cylindrical filters were: infill density: 10
%, infill line distance: 1.5 mm, infill pattern: grid, wall thickness: 0.5
mm, printing speed: 45 mm/s.

The printing parameters for hourglass shapes filters were: infill
density: 10 %, infill line distance: 1.5 mm, infill pattern: lines, wall
thickness: 0.2 mm, printing speed: 55 mm/s.

2.2. Characterization of the biocomposite system

Scanning Electron Microscopy (SEM): The morphology of the
biocomposite pellets and 3D printing filaments as well as the pore
structure of the 3D printed porous filters, was investigated with the use
of a Hitachi TM3000, Tabletop Microscope (Hitachi 1td, Japan) and a
JEOL JSM-7000F Analytical Scanning Electron Microscope (JEOL lItd,
Japan). The samples were analysed at an accelerating voltage of 5 kV
and 15 kV in both secondary electron and back-scattered electron
modes. All the samples were prepared for the microscope examination
by sputtering with a thin layer of gold (for 60 s, at 10 mA and from a 30
mm distance). The pore size of each model was measured based on each
porosity level cross-section from the obtained SEM image using ImageJ
software.

Thermogravimetric Analysis (TGA): The thermal decomposition of
the composites in the form of freeze-dried pellets and custom extruded
biocomposite filaments as well as their corresponding PLA references
were analysed with the use of a Discovery TGA (TA Instruments Inc.,
United States). The samples were weighted to fractions of between 15
and 25 mg, placed in high-temperature platinum holders, and then
heated from 30 °C up to 550 °C at a heating rate of 10 °C/min under
airflow of 20 mL/min. The following data were obtained based on the
thermograms: Topget (temperature at which the degradation starts), Tsoo,
(temperature at which loss of 50 wt% of the material occurs), and Tepgget
o, (temperature at which less than 99 wt% material is degraded).

X-ray Diffraction (XRD): The crystallinity of the TCNF/PLA and
ChNF/PLA 3D printing filaments and starting materials (i.e. PLA pellets
and TCNF and ChNF films prepared from the starting gels) was assessed
by XRD. All of the tested samples were in the form of casted films. The
instrument used was a PANalytical X’Pert PRO MRD City (Malvern In-
struments, UK) with copper radiation (A = 1.54056 10\) and a scan range
between 26 = 5° and 40°.

Fourier-transform Infrared Spectroscopy (FTIR): The PLA pellets,
filaments, and 3D printed parts as well as their corresponding synthe-
sized TCNF/PLA and ChNF/PLA biocomposite pellets, filaments, and 3D
printed parts were analysed by infrared spectroscopy with a Varian
610-5 IR FT-IR spectrometer (Varian Inc., CA, USA) equipped with the
Specac Golden Gate single reflection attenuated total reflection (ATR)
accessory with a diamond ATR element (Specac, UK). Sixteen scans
between 4000 cm ™! and 400 cm ™! were averaged for each spectrum at
intervals of 1 em™! with a resolution of 4 cm™!. Each sample was
measured three times.

The characterization of biocomposite systems is discussed in
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Supplementary Information. The compiled TGA, XRD and FT-IR re-
sults are presented in Figure S2.

2.3. Characterization of the 3D printed composites

Mechanical testing: Compressive tests of the printed models were
performed with following the Standard Test Method D695-15 on spec-
imens in the cuboid shape with dimensions of 12.7 x 12.7 x 25.4 mm
and a print infill density of 40 %. 30 samples were tested in total (10 for
each composite system and reference PLA system, out of which 5 were
uniformly porous and 5 had gradient porous structure). Specimens were
conditioned before analysis for 48 h in a conditioning chamber at 23 °C
and 51 % relative humidity. A 10 kN load cell and a compression rate of
1 mm/min until 60 % deformation was reached were applied. Tests were
performed by applying the force perpendicular to the printing direction
on an Instron 5960 dual column universal test frame (Instron Corpora-
tion, USA) in a controlled environment (23 °C and 51 % relative hu-
midity). The apparent compressive elastic modulus was calculated from
the slope of the linear elastic section of the stress-strain curves, without
considering the plateau and the densification regime. The energy dissi-
pation, i.e. toughness of the samples, was calculated considering the
area under the stress—strain curve.

Permeance measurements: The water permeance of the bio-based
filters was measured using an in-house constructed water permeance
instrument in dead-end filtration mode (Figure S3). The measurements
were conducted at room temperature and a water temperature of 20 °C
at a constant flow-rate of 1500 cm®/min. The permeance of the samples
was assessed by measuring the exact time (t) needed for 2 L of water (V)
to pass through the filter with a cross-sectional area (A) (Eq. (1)). The
pressure difference between filter’s inlet and outlet was measured. There
were five experimental repetitions for each filter design and material.
Permeance = L 1

tXAXp

Batch adsorption tests: The metal ion adsorption capability of fil-
ters was assessed by immersing the 3D printed hourglass-shaped filters
with uniformly porous structure (weighing between 1.5 and 2.5 g
dependent on the 3D printing filament used) in 80 mL of 1 mM or 10 mM
aqueous solutions of copper sulfate. The adsorption tests were con-
ducted at a pH range between 6.0 and 7.5. These pH values were chosen
based on the previous literature reports, which have reported optimal
adsorption of copper ions in these conditions [53,54] and based on the
conducted surface zeta potential measurements confirming the nega-
tively charged surface of the 3D printed filters at that pH range
(Figure S3). The adsorption experiments were carried out at room
temperature under magnetic stirring (450 rpm). The filtrate samples
with a volume of approximately 15 mL were collected after 30 min, 1 h,
3 h, 6 h, and 8 h. The metal concentration in the collected aliquots was
assessed with the UV-vis spectrophotometer (Genesys™, 40/50, Ther-
moFisher) using the colorimetric method (A\™* = 810 nm). The adsorbed
copper ions were desorbed from the filters with a hydrochloric acid
treatment (immersion of the filters in 80 mL of 10 M HCI), followed by
immersion in deionized water at room temperature and overnight air-
drying. Adsorption-desorption experiments were repeated three times
on the set of three filters for each material to assess the recyclability of
the developed filters. The adsorption capacity (g., mg/g) and adsorption
efficiency (%) were calculated with Equations (2) and (3), respectively.

C() - Ce

Adsorptioncapacity(q,) = — % Vv 2)

x 100% 3

G —C,
Adsorptionefficiency = OC

0
Co and C, are the initial and equilibrium concentration (ppm), m is

the mass (g) of the adsorbent and V is the volume (L) of the solution
containing solute.
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Microplastics removal: Mimbly AB (Gothenburg, Sweden) kindly
donated the model microplastics dispersion in the form of a laundry
effluent sample. The initial liquid sample contained bigger pieces of
debris, therefore before proceeding with the separation experiments, the
sample was sieved through a 1 mm mesh to ensure that all of the
dispersed particles met the specification of microplastics stated in ISO/
TR 21960:2020, i.e. their diameter was equal or below 1 mm. 100 mL of
sieved liquid was then poured into a previously weighed, clean, and
oven-dried beaker, and placed in a furnace at 100 °C to evaporate the
water. The separation experiments were conducted on uniformly porous
TCNF/PLA, ChNF/PLA and reference PLA filters of both geometries i.e.
hourglass and cylindrical. The separation efficiency was measured by
gravimetric method. 50 mL of microplastics solution was pushed
through each filter with the use of a syringe, followed by a thorough
rinse with deionized water for approximately 1 min. The filtrate solution
was collected in an oven-dried pre-weighed beaker and placed in the
furnace at 100 °C to evaporate water. The remaining debris was
weighted and related to the weight of the starting microplastics content.
To ensure experimental reproducibility, the presented results are an
average of 5 experimental runs for each filter’s design and material used.

Transmission Electron Microscopy (TEM): Bright-field TEM im-
ages were obtained using a JEM-2100F from JEOL operated at 200 kV
using a Gatan Ultrascan camera with an exposure time of 1 s. The TCNF
solution (0.001 %) was drop-casted onto a glow-discharged carbon-
coated copper grid (EMS CF150-Cu-UL). The characterisation of the final
3D printed TCNF/PLA filter, an internal part of the filter was first
sectioned into 100 nm thickness using a Leica Ultracut UCT with a
45°diamond knife from Diatome and later transferred the same type of
grid.

3. Results and discussion
3.1. Development of the biocomposite filaments

Homogenous dispersion of hydrophilic cellulose and chitin

Single-screw
extrusion

—00

Biocomposite
pellets
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nanofibers (NFs) in a hydrophobic PLA matrix is known to be chal-
lenging due to the NFs’ polar surfaces, large surface area and high aspect
ratio[55]; therefore various compatibilizers [56,57] are commonly
added during the composite preparation process. However, this study
shows that even without additional compatibilizers, the development of
functional, well-dispersed biocomposites reinforced with 5 wt% of the
NF of choice is possible, which can likely be attributed to the thermally
induced phase separation (TIPS) pelletization step of the procedure.

The preparation of PLA-based biocomposites by physical blending
followed by TIPS was reported in the previous work [34] on the
development of fish scale-extracted hydroxyapatite (HAp)/PLA com-
posite for water treatment applications. The pelletization of the bio-
composite by the TIPS method showed to be an efficient route to
enhance filler dispersion in the polymer matrix by utilizing the devel-
opment of a well-interconnected polymer network [27]. In the previous
study [34], a well-dispersed HAp/PLA biocomposite with 15 wt% of
functional filler was obtained. However, in an attempt to improve the 3D
printability of the composites, within this study, the development of two
new formulations is presented. The spherical PLA biocomposite pellets
reinforced with either TCNF or ChNF were formed upon dropwise
addition of PLA/NF/ dioxane suspension into the liquid nitrogen (LN5).
The obtained pellets were instantly freeze-dried, followed by single-
screw extrusion into 3D printing filaments (Fig. 1).

The extruded biocomposite 3D printing filaments showed surface
texture and flexibility comparable to that of pure, commercial PLA
filament, however differed in odour and colour. The desired application
of the 3D printed filters is water treatment, therefore addition of
adsorption functionality already at the filament-development stage is of
essence. The choice of NFs ensured the addition of functional chemical
groups i.e. COO™ for TCNF enabling adsorption of positively charged
metal ions by electrostatic interactions [53]; as well as amide (-NHCO-)
and amine (-NHj) groups in case of ChNF with lone pair of electrons
enabling adsorption by chelation [58].

O} +/or/
P O n
3D

Printing
—

Functional water
purification filters

-« TEMPO-oxidized cellulose nanofibers (TCNF)

<= Chitin nanofibers (ChNF)

Fig. 1. Overview of the experimental procedure for processing the biocomposites, 3D printable filaments and the filters.
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3.2. Characterization of the 3D printed models

3.2.1. 3D printing procedure

To ensure the precision of the 3D printing procedure and avoid
nozzle obstruction, the printing temperatures for the biocomposite fil-
aments were programmed 20 °C higher than for the reference PLA
filament. The 3D printing procedure was smooth, and no clogging or
disruption in the material flow was observed for neither of the bio-
composite filaments, yielding high quality, and detailed prints (Fig. 2a-
d). The designed and printed porous filters were either cylindrical or
hourglass-shaped. The filters were designed to vary the contact time
between different contaminants and different adsorbent nanospecies i.e.
TCNF and ChNF, while maintaining steady and satisfactory permeance
due to big pores.

3.2.2. Morphology and permeability of the 3D printed filters

The morphology of the synthesized biocomposite pellets as well as of
all of the 3D printed porous filters was assessed with the use of the SEM
(model size 10 x 10 x 10 mm). The pore size and shape, channel
interconnectivity, and print quality were of main interest.

The morphology of all of the samples was tested within each
experimental step (Fig. 2e). As observed by the SEM, both the pellets and
filament cross-sections of the biocomposites do not differ from the
reference PLA samples, as all of them exhibited homogenous and smooth
surfaces. The pore size data (Table 1) and print quality of the filters
confirmed what was observed by the naked eye, i.e. all of the filters show
very high print quality with uninterrupted print pattern and consistency
in terms of the line width and geometry of the designed pores. It was not
possible to observe any inhomogeneity in the developed TCNF/PLA
filters using high-resolution transmission electron microscopy (TEM)
(Figure S4), which indicates a well dispersed NFs in the PLA matrix. As
presented in Fig. 2f the presence of functional NFs is expected both

TCNF/PLA filter
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within the bulk of the filter’s wall as well as on its surface.

It was shown that the 3D printing procedure induced shrinkage of the
material, leading to actual pore sizes differing from the programmed
ones (Table 1). Shrinkage of the programmed pore sizes in a porous
model is a natural phenomenon occurring during 3D printing while
using thermoplastic polymers due to temperature changes between the
freshly extruded thermoplastic melt and cooled extruded layers [35].
The reference PLA filters were least affected by the shrinkage, as the
actual porous structure of the 3D printed filter was very well maintained
when compared to the programmed porosity architecture (i.e. biggest
pores of the three-level gradient cylinder and the smallest pores of the
two-level gradient hourglass-shaped model). However, in other cases,
the actual pore sizes of the PLA filter were smaller than the programmed
ones. The reduction of the pore size of uniformly porous cylinder and
hourglass-shaped filter was 26 % and 19 %, respectively. For the
gradient porosity cylindrical and hourglass-shaped filters, the reduction
oscillated around 20 % and 8 %, respectively.

The effect of pore size shrinkage was more pronounced for both of
the biocomposite samples. The pore size drop for the uniform cylinder
filters was 27 % and 42 % for the TCNF/PLA and ChNF/PLA, respec-
tively. For the gradient porosity cylinder, the average pore size reduc-
tion was 17 % for the TCNF/PLA and 19 % for the ChNF/PLA samples.
The uniform and gradient hourglass-shaped samples exhibited pore size
reduction of 27 % and 23 % for the TCNF/PLA and 24 % and 28 % for
ChNF/PLA filters, respectively. In general, the pore size reduction for
the composite samples was approximately the same range for all of the
tested shapes which indicates that the relative pore size reduction is
independent of the filter’s design and depends on the type of NF added.
The polymer chains orient themselves during the 3D printing process,
and the shrinkage of the material is affected by whether the direction of
the polymer’s flow is parallel or perpendicular to the print bed. Hence,
the addition of high aspect-ratio fillers such as TCNF or ChNF to the

Pellet Filament cross-section Filter

PLA/TOCNF

PLA/ChNF

ChNF/PLA filter

Fig. 2. 3D printed filter models a) uniform porosity cylinder, b) three-level gradient porosity cylinder, c) hourglass-shaped uniform porosity filter, d) hourglass
shapes two-level gradient porosity filter, e) SEM images of each experimental step, i.e. pellet, filament and filters cross-section for the reference PLA and both the
composite samples; f) graphic representation of dispersion of NFs on the filter’s surface.
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Table 1
Measured pore size and percent of shrinkage (%g,) of the 3D printed water
purification filters.

Model Porosity Programmed PLA TCNF/ ChNF/
structure pore size (mm) (mm) PLA PLA
(mm) (mm)
Uniform 1.5 1.12 1.09 + 0.87 +
+0.11 0.09 0.07
Y%sn. = Yosn. = Yosn, =
25 27 37
O Three-level 8 8.08 7.81 + 7.52 +
gradient +0.47 0.02 0.50
Yosn. = %sn. =2 Ysn. =6
0
4 3.20 313+ 3.09 +
+ 0.16 0.22 0.18
Yosn. = Yosn. = Yosn, =
20 22 23
2 1.59 1.49 + 1.45 +
+0.05 0.06 0.08
Yosh, = Yosn. = Yosh, =
20 25 27
Uniform 1.5 1.21 1.09 + 1.14 +
+0.09 0.10 0.10
Yosh. = Yosh. = Yosh. =
19 27 24
Two- level 3 2.76 235+ 211 +
gradient +0.04 0.16 0.17
Yosh. = Yosh. = Yosn. =
8 22 30
1.5 1.58 1.15 + 1.12 +
+0.04 0.09 0.10
Yosh, = Yosh. = Yosh. =
0 23 25

polymer matrix can somewhat disrupt the polymer chain orientation
during melt and extrusion process leading to more pronounced
shrinkage of the final porous 3D printed model [35,59]. Within this
work, in most 3D printed designs, there was no big difference in pore
size shrinkage between the two NFs used, however ChNF seems to
induce bigger pore shrinkage when compared to the relative designs
printed with the use of TCNF-reinforced filaments, hence indicating that
ChNF presents slightly higher aspect ratio than the TCNF used. Another
plausible explanation of this phenomenon is the impact of the bio-
composite filaments’ viscosity during the melting stage of the 3D
printing process. Naturally, addition of both TCNF and ChNF NFs change
the viscosity of the PLA filament. This, combined with higher printing
temperature, which is essential for ensuring the high print quality of the
biocomposite filters, leads to lower viscosity of the biocomposite ma-
terial in the printers’ heated chamber and consequently easier extrusion
and flow through the heated nozzle. Therefore, easier and slightly faster
deposition of the biocomposite material on the print bed could mean
that more of the biocomposite material is being extruded and deposited
when compared to the commercial PLA filament, which leads to thicker
walls and in consequence smaller pore size. This observation would be
expected to be more pronounced in absolute numbers for designs with
smaller programmed pore sizes, hence it correlates well with the data
collected in Table 1.

All of the structures exhibited excellent permeance values, as the
relatively big pores enable a high rate of water transport through the 3D
printed filters. In a first approximation, we accounted for most of the
pressure loss to the inlet and outlet tubes (4 mm hydraulic diameter),
which expanded to the 40 mm filter diameter just upstream of the filter.
The resulting uneven flow distribution, i.e., higher flow rate at the
centre and lower flow rate at the outer diameter, will affect the pressure
loss and pollutant adsorption. Therefore, adsorption studies were con-
ducted in steady-state on immersed filters. Microplastics retention is less
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impacted by the uneven flow-distribution given that the main reason is
size exclusion on the filter surface. Additionally, the microplastics debris
on the filter can increase the total pressure loss and even the flow up-
stream of the filter improving the performance. The high permeance
measured, under consideration that the filter itself only marginally
contributed to the resistance, proves its applicability and employment
without the contribution of higher driving pressures.

3.2.3. Mechanical properties

PLA, TCNF/PLA, and ChNF/PLA 3D printed filters, with uniform and
gradient porous structures, were subjected to uniaxial compression tests.
The reinforcing effect of the TCNF and ChNF on the PLA matrix as well
as the effect of different porosity architectures on the mechanical
properties of the filters was studied. Representative stress—strain curves
are shown in Fig. 3a from where it is possible to distinguish three
different stages of compressive deformation for all the prototypes [60].
Fig. 3b shows the first stage of compressive deformation. This region of
the curve showed a linear elastic behaviour for all of the samples and
was used to determine the apparent compressive elastic modulus
(calculated values for all tested specimens are presented in Table S3).

When comparing the samples with uniform porosity against the fil-
ters with gradient porosity (Fig. 3c¢), it was possible to observe major
differences in their behaviour. The collapse of the uniformly porous
structure was initiated in the middle of the filter and spread along the z-
axis for as long as the uniaxial compression force was applied. This
behaviour i.e. bending of the structural walls of the filters is represented
in Fig. 3b. The calculated apparent compressive elastic modulus for
TCNF/PLA samples was 3 % higher than for the PLA, while for ChNF/
PLA it was 7 % lower (Fig. 3d).

The improvement of compressive elastic modulus for uniformly
porous samples had no significant statistical value, however, the
gradient porosity structures exhibited a more pronounced enhancement
of mechanical properties. When analysing the results of the gradient
porosity samples, the first section of the curve, represented in Fig. 3a
(and zoomed-in in Fig. 3b), is the result of the bending of the walls
where the larger pores are situated (refer to Fig. 3c for the differences in
pore structure). For these particular samples, it was possible to observe
two different behaviours. For PLA samples the section with the larger
pores, was completely bent, while the smaller pore-size section was
unaffected by the compression force. Nevertheless, for both TCNF/PLA
and ChNF/PLA, the bigger pore sized section was affected at the
beginning, and then followed by the bending of the smaller pore size
section. This resulted in apparent compressive elastic modulus values
that were 13 % and 28 % higher for TCNF/PLA and ChNF/PLA,
respectively, than for the reference PLA (Fig. 3d). This can be an indi-
cation of the impact of porous architecture on the final properties of the
3D printed filters.

The second region of the curves represented in Fig. 3a or the “plateau
region” of the curves, presented the full collapse of the walls. In the case
of the uniformly porous structure, a rise of stress values after this plateau
region was observed. This is considered to be the densification regime,
which is characteristic for the walls that approach each other and touch.
Contrary to this behaviour, in the case of the gradient porous structure,
the rise of the stress values defined the compressive strain at which the
wall from the smaller-pored section started bending. It continued until
reaching a new maximum, and then decreased as the bent walls collapse.
Although this behaviour is interesting and quite characteristic of the
gradient structures, for practical applications its values are not of much
importance since in working conditions, the filter would be permanently
damaged after the first region of the curve and thus higher stress ought
to be avoided.

Furthermore, for the desired application, the energy dissipation i.e.
toughness, is the most important parameter in terms of mechanical
properties. This was calculated considering the area under the stress vs
strain curve. As shown in Fig. 3d, for both uniform and gradient struc-
tures, the addition of TCNF and ChNF improved the energy absorption
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values. The most interesting behaviour was observed for ChNF/PLA with
gradient pores, with the energy dissipation value being 117 % higher
than its equivalent in PLA. Moreover, the gradient ChNF/PLA sample
exhibited high compressive modulus value, which together with the
obtained toughness values, indicate achieving a great balance between
stiffness and toughness [61]. This behaviour is not commonly observed
for PLA, which is normally characterised as a very brittle material [62].
Nevertheless, higher values of compressive elastic modulus and tough-
ness were observed for samples with uniform pore structures, which had
smaller pores, hence larger wall thickness compared to the gradient
structures. The biggest improvement in the mechanical performance of
filters was however observed for samples with gradient arrangement of
pores, which shows great potential of implementing tuneable porosity
structures into water filtration systems.

Ultimately, the good mechanical properties and structural resistance
of the TCNF/PLA and ChNF/PLA porous filters were considered
favourable for use in the water treatment industry. The enhancement of
mechanical properties is assigned to the synergistic effect of both
tailored pore architecture and overall design of the 3D printed filters as
well as of homogenous dispersion of NF in the plastic matrix acting as a
reinforcement, which supports previous indicative TEM observations
(Figure S4).

3.2.4. Functionality of the 3D printed filters: Cu (II) adsorption and
microplastics removal by size exclusion

The adsorption performance of the 3D printed PLA-based filters
reinforced with either TCNF or ChNF was assessed via a batch adsorp-
tion study with the use of Cu?* ions. As the adsorption capabilities of the
filters were not tested under direct water flux due to limitations of the in-
house constructed setup resulting in uneven flow distribution, the per-
meance was not taken into consideration and the hourglass-shaped filter
with uniform porosity structure was used as the model filter. The ob-
tained results summarizing the maximum adsorption capacity and
maximum adsorption efficiency of three different filters (i.e. TCNF/PLA,
ChNF/PLA, and reference PLA filter) in two differently concentrated

solutions are summarized in Fig. 4.

As expected, the highest adsorption capabilities for all the filters and
both of the concentrations were observed during the initial adsorption
cycle. For the 1 mM solution, the maximum adsorption efficiency was
achieved by ChNF/PLA filters with almost 51 %, followed by TCNF/PLA
with 47 % removal efficiency. Both composites showed a significant
increment in the maximum removal efficiency over the reference PLA
filter that was oscillating around 11 %. The calculated maximum
adsorption capacity was 88 and 90 mg/gnr for ChNF/PLA and TCNF/
PLA filters, respectively, compared to 10 mg/g for the reference PLA
filter. The adsorption capacity increased with the initial concentration of
the metal solution (i.e. at 10 mM) reaching 208 mg/gnr (10.4 mg/gsiter)
and 234 mg/gnr (12.6 mg/gsiter) for CANF/PLA and TCNF/PLA filters,
respectively. Compared to the adsorption capacity of the reference PLA
filter (4 mg/g), this shows the great potential of the developed 3D filters
for the removal of copper ions from the aqueous medium. The obtained
results clearly indicate the presence of NFs, not only as a reinforcement
within the bulk of the filaments and filters but also on the surface of the
filters, as illustrated on Fig. 2f. However, the role of PLA in the
adsorption process should not be overlooked. The adsorption capacities
are presented per g of NFs in the filters, however PLA enhances
adsorption. Plastics are considered inert; however previous studies
report sorption of metal ions onto various plastics, including PLA [63].
Moreover, the pH of adsorption is above PLA’s point of zero charge
(pHpzc), hence the filter’s surfaces become negatively charged (as shown
by zeta potential results presented in Figure S5) and prone to attracting
positively charged Cu®* ions [58,63].

Both the adsorption mechanism and adsorption kinetics of various
metal ions onto cellulose [64-67] and chitin [58] - based materials were
previously broadly reported in the literature, hence we do not expect
different adsorption mechanisms to occur. The adsorption of metal ions
onto the chitin surface occurs via coordination and formation of stable
complexes between the metal ions and amino sugars of chitin [68,69].
The lone pair at amino and N-acetylamino groups can bond with tran-
sition metal ions [68]. Moreover, deprotonated hydroxyl groups can



N. Fijot et al.

a) 1mM

100 . . .
T PN 50
9 [ m ,—” Y
> o N
£ 80| ~ N
< N N k40
2 ~ N
] AN AN
o
g 00 AN AN k30
c . N
S ~~ .
E=3 -
g ~a k20
2
®
£ & k10
g 204 S~
3 N N
= | °

0 T

1st 2nd 3rd

Adsorption cycle

Maximum adsorption efficiency (%)
Maximum adsorption capacity (mg/gys)

Chemical Engineering Journal 457 (2023) 141153

b)

T
[ |TCNF/PLA
[ JChNFPLA ||
S PLA

~ = - TCNF/PLA
~ e - ChNF/PLA

N

a

S
I

N

=}

S
I

Iy
S

=)
3

3
Maximum adsorption efficiency (%)

T
1st 2nd

Adsorption cycle

Fig. 4. Adsorption capacity and efficiency of the filters as tested in a) 1 mM and b) 10 mM copper sulfate solutions at pH = 6-7.5.

form bonds with metal ions via coordination [68]. For oxidized cellulose
and chitin, respectively, Sehaqui et al. [54] studied the adsorption of
Cu®* ions onto oxidized cellulose and chitin NFs and showed that the
adsorption increases linearly with carboxylate content for pH 3 and 7
with maximum adsorption capacities of 135 and 55 mg/g. It was
established that Cu?" ions are adsorbed onto the TCNF via electrostatic
interactions involving the carboxyl groups on the oxidized cellulose
fiber surface [64]. The proton of the carboxyl group is exchanged with a
metal ion during the adsorption process. Liu et al. [53] studied the
mechanism of adsorption of copper ions onto pure TCNF and suggested
that the Cu®" ions are first adsorbed by the carboxylic groups on the
TCNF, and then gradually reduced and self-assembled to Cu (0) or
copper oxide nanoparticles by microprecipitation.

3.2.5. Recyclability and reusability of the 3D printed filters

The recyclability potential of the 3D printed filters was evaluated
showing that the maximum adsorption efficiency drops by approxi-
mately 50 % after the first adsorption cycle and another 30 % after the

b)

PLA/TCNF  PLA/ChNF

pore ¢ (mm) pore ¢ (mm)

1.09 + 0.10 1.14 * 0.10

_

Removal efficiency 54% 35%

second adsorption cycle for both of the biocomposite materials. It is
therefore highly recommended to explore other potential uses of the
filters after the first adsorption cycle is completed and the adsorbed
metal ions are desorbed. Thus, it was proposed to further utilize the
unique potential of the tuned porosity architecture of the filters. The
filters were used for the separation of debris from contaminated laundry
water samples via size exclusion, enhanced by physical interactions
between the filters’ surface and debris particles. An actual laundry
sample collected from a shared laundromat was used to test the potential
of the filters for removal of debris, further referred to as microplastics.
The laundry effluent itself was not analytically tested, therefore it could
contain inorganic particles and contaminants of other origin as well as
microplastics, however for the experimental purposes we treated the
contaminated water as a model containing solely microplastics. Within
this study, it was established that 1 L of laundry water contains
approximately 195 mg of fibre residues i.e. microplastics. It is estimated
that a single wash cycle consumes approximately 60 L of water [70],
meaning that up to 12 g of microplastics are released into the

PLA/TCNF PLA/ChNF

pore  (mm) pore ¢ (mm)

-~ 0.5 +0.04 0.5 £ 0.07
76 % 62 %

Fig. 5. a) Microplastics solution collected from laundry and SEM image of the particles, and average pore diameter and microplastics removal efficiency of b) filters

with programmed pore size of 1 mm and c¢) programmed pore size of 0.5 mm.
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environment with each wash cycle. Considering, that each day there are
thousands of wash cycles occurring all over the world, it can be esti-
mated that the daily release of microplastics from laundry machines
reaches tens of tons. This estimation is based on microplastics particles,
which are smaller than 1 mm in their biggest diameter, and does not take
into consideration particles often reported as microplastics in the size
range between 1 and 5 mm [71]. Expanding the size definition of the
microplastics means that there are hundreds of tons of petroleum-based
particles released into the environment daily from washing machines
alone.

The microplastics debris in the test water was visible to the naked
eye. Microplastics were present in various shapes, sizes, and forms,
ranging from elongated fibrils of up to 0.9 — 1 mm in size to smaller dot-
like particles and clusters with diameters smaller than 100 pm (See
Fig. 5a). Two different filter designs were tested for the removal of
microplastics i.e. hourglass and cylindrical filters with uniform porous
structures.

The average removal efficiency (as tested for 10 samples per mea-
surement) of microplastics for the ChNF/PLA filters was 35 % for both of
the geometries, whereas for the TCNF/PLA filters it was 40 % for the
hourglass and 54 % for the cylindrical filter. The influence of the NFs,
especially in the case of the TCNF/PLA filter, is evident, as the average
removal efficiency for the reference PLA filters is 26 % for the cylindrical
and 29 % for the hourglass-shaped filter. The microplastics retained on
the filter surface were stably deposited and retained whilst washing the
filter with 1 L of deionized water, observed visibly by eye, proving the
permanent removal of microplastics from the effluent without
compromising their permeance.

After filtering the microplastics solution through 3D printed filters,
the reduction of the microplastics concentration was evident since the
filtrate solution was less turbid. Most of the elongated fibril-like species
were effectively stopped, irrespective of the filter’s shape and bio-
composite used for 3D printing (Fig. 5). The filtrate collected using the
reference PLA filter showed much more debris than either of the bio-
composite filters, which strongly indicates the participation of the NFs in
the filtration process and their impact on the overall pore size of the
filters [72]. This interaction potentially occurs via formation of stronger
physical bonds between the filter’s reinforcing nanospecies and micro-
plastics particles compared to interactions between PLA with speculated
lower chances of the microplastics slipping off the filter during reten-
tion. Further, the particles not removed at the initial retention filtration,
for example, particles being smaller than the pore size, can be removed
by adhesion to the filter wall. The fact that removal is affected by the
presence of the NFs points towards chemical interactions in addition to
mechanical sieving. This phenomenon and related mechanisms, how-
ever, needs to be evaluated systematically using model water systems
and will be done in a separate study.

The separation process could be repeated with a similar efficiency
many times — 10 times successful repetition on the lab scale — by simply
rinsing filters thoroughly with deionized water for several minutes and
recovering the leftover residues. This allows a simple route for the
collection and further treatment and/or appropriate disposal of the
microplastics collected. As a follow-up experiment carried out within
this work, the prototype filters in hourglass and cylindrical form with
uniform porosity structure with an average pore size of 500 um were 3D
printed and tested for microplastics separation efficiency. Whilst the
permeability drops with the pore size, the removal efficiency (by
retention at the filter inlet and possible adhesion at the larger specific
surface) increases on average by 75 % and 60 % for the TCNF/PLA and
ChNF/PLA filters of both shapes, respectively (Fig. 5¢) All of the filters
with a programmed pore size of 0.5 mm are presented in Figure S6. In a
future investigation, the gradual reducing cross-section for retention
filtration will be further explored.
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4. Conclusions

Two different PLA-based biocomposites reinforced with 5 wt% of
either TCNF or ChNF were developed by physical blending, followed by
TIPS, and 3D printed in cylindrical and hourglass-shaped designs of
multiscale porosity architectures. The 3D printed filters exhibited a very
high surface-finish quality and consistency in both pore shape and
channel interconnectivity throughout the entire length of the filters,
irrespective of their geometry, porous design and materials used for 3D
printing.

The 3D printed filters showed great permeance, high compressive
strength, and improved toughness values when compared to pure PLA
filters. Moreover, they proved to be functional for the adsorption of
copper ions from a contaminated aqueous medium on the lab scale as
well as for the separation of microplastics from laundry efflux water. The
adsorption of metal ions was attributed to electrostatic interactions
between the NFs dispersed and PLA itself and copper ions, whereas the
microplastics removal occurred primarily via size-exclusion enhanced
by physical bonding of particles onto the filters’ surface. The filters can
be recycled, by initially being utilized for the adsorption of metal ions
and then, after desorption and safe collection of metal ions, being reused
multiple times for the removal of microplastics from contaminated
laundry water.

The ease of processing of the developed biocomposite filaments via
3D printing indicates their high commercialization potential for low-
cost, custom production of durable filtration systems easily available
at the point of need. The increased accessibility of the nanoentities on
the filters’ surface as well as further surface functionalization by
chemical or physical treatments to tailor the filters for specific appli-
cation requirements, can be the scope of future studies.
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