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3D-printed monolithic biofilters based on

a polylactic acid (PLA) — hydroxyapatite (HAp)
composite for heavy metal removal from an
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High flux, monolithic water purification filters based on polylactic acid (PLA) functionalised with fish scale
extracted hydroxyapatite (HAp) were prepared by solvent-assisted blending and thermally induced phase
separation (TIPS), followed by twin-screw extrusion into filaments and processed via three-dimensional
(3D) printing. The printed filters with consistent pore geometry and channel interconnectivity as well as
homogenous distribution of HAp in the PLA matrix showed adsorption capabilities towards heavy metals
i.e. cadmium (Cd) and lead (Pb) with maximum adsorption capacity of 112.1 mg gHAp‘1 and 360.5 mg
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1. Introduction

The demand for clean drinking water has been increased by
a factor of six over the past decade due to the industrial revo-
lution and growing population." According to the United
Nations report for water development,* the global population
used 68-91% of improved drinking water source and sanitation
facilities. The report also observed that 80% of wastewater was
discharged without proper treatment. Water contamination
with heavy metals such as cadmium (Cd) or lead (Pb) is one of
the primary sources of hazardous pollutants causing several
health problems for human beings, animals, and plants.>?
Removal of heavy metals can be achieved via several methods
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a combination of ion exchange, dissolution and precipitation on HAp and surface complexation.

such as chemical precipitation, oxidation/reduction, ion-
exchange, filtration, sedimentation, adsorption, reverse
osmosis, and electrochemical treatment.**

Adsorption is the widely applicable method for water treat-
ment due to its simple procedure and capability to treat larger
volumes of contaminated water. Natural materials such as
cellulose®” and chitin,® and hydroxyapatite (HAp)-based mate-
rials have been intensively used as adsorbents to remove heavy
metals.”’ Hydroxyapatite (HAp), with the general formula
Cay9(PO,4)s(OH),, is the primary mineral component of bone
and teeth. It is used extensively in medical applications as bone
regeneration scaffolds or biocompatible coatings,"** in the
pharmaceutical and chemical industry for separation,™ and in
the environmental remediation industry to purify the air, water
and soil.”® Two distinct binding sites in HAp namely C and P
sites are key in using HAp in environmental treatment; posi-
tively charged C sites containing calcium ions that can absorb
anionic species and negatively charged P sites with phosphate
groups that can adsorb cationic species such as metal ions.

The hydroxyapatite (HAp) crystals or nanoscale hydroxyapa-
tite (nHAp) crystals are usually synthesized by solid-state reac-
tions, crystal growth under hydrothermal reaction, layer
hydrolysis of other calcium phosphate salts and sol-gel crys-
tallization ."»** The HAp crystals can also be isolated from bio-
logical sources such as mineral rocks, plants, and more
importantly from biological waste such as animal bones (fish,
chicken and bovine bones), and biogenic products (eggshells,
molluscan shells, corals).'® Due to the low production cost and
the worldwide availability, the use of fish scale bio-waste for the
processing of HAp crystal has gained momentum'”*® and found
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application as a bioactive component in the biomedical field.*
It is, however, known for its inferior mechanical properties.*®
Moreover, utilization of HAp or nHAp in powder form is limited
and calls for suitable material processing to meet the targeted
application requirements. In the case of water treatment, it is
essential to develop products that combine versatile surface
chemistry, adsorption capacity with high water flux and
mechanical and dimensional stability in moist environment.
Literature shows that HAp composites with poly(lactic acid),"
polyacrylamide,® polyurethane,” magnetic nanoparticles
(Fe;04/HAp)*** and magnetic nanoparticles-immobilized
oxidized multiwall carbon nanotubes (mMHAP-oMWCNTSs)* in
the form of powder, hydrogels and foams were used in water
treatment.

In this context, 3D printing offers a possibility to develop
monolithic HAp composite filters, with charge-specific
adsorption capability, tuned pore structure, interconnected
pores and easy handling during water treatment. Therefore,
a PLA-based composite reinforced with fishbone extracted HAp
was prepared in the current work, which contributes to resource
recovery and resource efficient environmental remediation
concept. Polylactic acid (PLA) is chosen as the matrix phase due
to its biobased origin and biodegradability and the well-
established 3D printability and the flexibility of the bio-
composites processing. Combining the 3D printing of PLA and
PLA-based composites for water treatment applications is
a relatively new concept, however there has been several studies
showing the potential of PLA and PLA-based compounds for oil
and water separation®*® as well as heavy metal*® and volatile
organic compounds® removal from water. The role of PLA as
the matrix phase is to bind the filler particles together, while
also providing separation between individual particles or
particle clusters in order to control crack formation and prop-
agation throughout the filter's structure. Moreover, PLA
provides rigidity and shape of the overall filter structure. In
terms of processing by the means of 3D printing, PLA provides
the structure with a high surface finish.

Thermally Induced Phase Separation (TIPS) method gained
scientific interest as it has been shown to improve the disper-
sion of hydrophilic nanofillers in the hydrophobic matrix,
which could enhance the material's final properties and the
ease of its processing.**> The preparation of PLA/HAp*® and
HAp/poly(methyl methacrylate) (PMMA)** composites via TIPS
method was shown to result in a hybrid system with a potential
application in the biomedical field. Within this study, PLA/HAp
biocomposite pellets were prepared by the (TIPS) method. Upon
completion of the TIPS procedure, the obtained biocomposite
pellets were twin-screw extruded into 3D printing filaments,
which were further successfully utilized within the fused
deposition modelling (FDM) process.

The processing of PLA-based composites by additive
manufacturing, also called 3-dimensional (3D) printing and
more specifically by Fused Deposition Modelling (FDM), offers
various advantages compared to traditional processing
methods such as casting and injection moulding. Firstly, 3D
printing does not require expensive tools and it is generally cost
and time effective technique. Moreover, it gives a possibility to
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produce complex models with very well-controlled geometries
and pore structure, while generating low material losses and
low environmental impact.***” The reinforcement of PLA poly-
mer with various fillers such as hemp,*® cellulose* and
bamboo* fibers to improve the polymer's mechanical and
thermal properties is a popular approach in the last years.
Several PLA-based composites reinforced with various nature-
derived fillers such as wood flour,*® microcellulose® and
carbon fibers**** were successfully 3D printed with the use of
the FDM technique. The hydroxyapatite (HAp)/PLA based
composites designated for promoting bone growth were previ-
ously developed and successfully 3D-printed into scaf-
folds,'”*>** however to the best of the authors' knowledge the
utilization of the TIPS method for the preparation of such 3D-
printable composites combined with their potential applica-
tion within the water treatment industry has not yet been
reported.

In this study, the prototypes in the form of 20 x 20 x 20 mm
cubes with both gradient and uniform porosity structure and
the porous disc-shaped models with a diameter of 6 mm, were
designed to meet multifunctional requirements and find
application in water treatment. This study is expected to provide
a viable and scalable route to use low-cost and readily available
biobased resources to produce filters for environmental reme-
diation. The chemistry, morphology, water permeance perfor-
mance of the 3D structure and adsorption of metal ions on HAp
particles incorporated into the 3D printed filters is reported.

2. Experimental
2.1 Materials and methods

The raw materials used for the preparation of the 3D printable
biocomposite included transparent polylactic acid (PLA) pellets
(Ingeo™ Biopolymer 4043D, Nature Works, provided by Add
North 3D AB, Sweden), 1,4-dioxane (anhydrous, 99,8%, Carlo
Erba Reagents, Spain) and hydroxyapatite (HAp) powder.

The chemicals used within the adsorption studies included:
lead nitrate (Pb(NO3),, 98%) and cadmium nitrate (Cd(NO3),)
purchased from Sigma-Aldrich (Germany).

2.1.1. HAp extraction procedure. The HAp was extracted
using a standardised laboratory protocol. Briefly, fish scales
were collected from fresh water fish (Catla catia) and the
extraneous matter and pigments were removed by scrubbing
and repeated washing in running tap water. The cleaned scales
were initially deproteinized by hydrolysis using enzyme alkalase
(0.5% of the protein content of scale (w/w) for 6 h at 55 °C). The
decollagenised scales were separated by filtration and dried at
100 °C in a hot air oven for 6 hours. Further, the dried fish scales
were sintered at 450 °C for 2 h followed by the second stage of
sintering at 900 °C for different durations of 3 h to yield a fine
powder of HAp. The HAp powder thus obtained was stored in
airtight container at ambient temperature.

2.1.2. Preparation of PLA/HAp composite pellets by ther-
mally induced phase separation (TIPS) route. The 10% PLA
solution was prepared by dissolving PLA pellets in 1,4-dioxane
by overnight magnetic stirring at room temperature. The
hydroxyapatite (HAp) powder was then added to the solution
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and stirred for 2 h. The obtained 15% PLA/HAp solution was
then added dropwise into liquid nitrogen to form composite
pellets. The pellets were further freeze-dried for 48 h and Add
North 3D AB, Sweden, extruded the final, freeze-dried product
into printable filaments.

2.1.3. 3D printing. All of the porous filters were designed
based on a simple cubic and cylindrical CAD models. The
dimensions and the porosity of the structures were adjusted
using the CURA slicing software prior to generating the G-code
file necessary for being processed by the printer. The printers
used within the study were Ultimaker S5 (for printing out the
reference PLA prototypes) and Ultimaker 2+ (for printing out the
PLA/HAp biocomposite) from Ultimaker BV, The Netherlands.
The printing parameters used for both filaments were as
follows; nozzle diameter: 400 p, layer thickness: 150 p and bed
temperature: 90 °C. The nozzle temperature was set to 210 °C
and 230 °C for the PLA filament and PLA/HAp filament,
respectively. The print speed was set to 40 mm s~ ' and 50 mm
s~ " for the PLA (reference) and PLA/HAp filament, respectively.
The printed monolithic filters were wused for further
characterization.

Different structures were printed using PLA and PLA/HAp
biocomposite 3D printing filaments. The printing parameters
were optimised for each structure as summarised below:

The printing parameters for discs with radius of 6 mm and
thickness of 3 mm were: infill density: 75%, infill line distance:
0.5 mm, printing speed: 30 mm s~ *. The discs were used for
heavy metal adsorption study (see the photographs and the SEM
images in Fig. S17).

The printing parameters for the 20 x 20 x 20 mm gradient
porosity cube were: infill density: 40%, infill line distance: 0.8
mm, gradual infill steps: 2, gradual infill height: 7 mm, print
speed: 45 mm s . The 20 x 20 x 20 mm uniform porosity
cube's printing parameters were: infill density: 40%, infill line

distance: 0.8 mm, print speed: 45 mm s~ .

2.2 Characterization of the PLA/HAp biocomposite

2.2.1. Transmission electron microscopy (TEM). The
detailed morphology and microstructure of the HAp starting
powder was examined by JEOL-JEM 2100F transmission elec-
tron microscope (TEM) equipped with a Gatan UltraScan CCD.
The accelerating voltage used was 200 kV. High-resolution
transmission electron microscopy (HRTEM) images of crystals
were obtained using the same equipment.

2.2.2. Scanning electron microscopy (SEM). The
morphology and composition of biocomposite pellets as well as
the pore structure and composition of the 3D printed porous
filters, were tested with the use of Hitachi TM3000, Tabletop
Microscope (Hitachi Ltd, Japan) and JEOL JSM-7000F Analytical
Scanning Electron Microscope (JEOL Ltd, Japan). The samples
were tested in relatively low accelerating voltage (in the range
between 2-15 kV) in both secondary electron and back-scattered
electron (TOPO and COMPO) mode. The elemental composition
of the biocomposite was assessed. All the samples were
prepared for the microscopic examination by sputtering them
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with a thin layer of gold (in the cycle of 60 seconds from the
distance of 7 cm).

2.2.3. Fourier-transform infrared spectroscopy (FTIR). The
PLA pellets as well as the developed PLA/HAp biocomposite
were analyzed by infrared spectroscopy with Varian 610-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) for quick
measurements. Sixteen scans between 4000 cm™* and 400 cm ™ *
were averaged for each spectrum at intervals of 1 em™" with
a resolution of 4 cm ™.

2.2.4. Powder X-ray diffraction (PXRD). To collect the
samples’ fingerprint and assess the crystallinity of the devel-
oped biocomposite, PXRD was performed. The data was
collected on a PANalytical X'Pert PRO MRD City (Malvern
Instruments, UK) with copper radiation (A = 1.54056 A) with
a scan range between 5° and 40°. The PXRD measurements were
collected for the starting materials i.e. PLA pellets and HAp
powder, as well as for the developed PLA/HAp biocomposite in
the form of freeze-dried pellet.

2.2.5. Thermogravimetric analysis (TGA). The thermal
decomposition of the PLA/HAp composite in the form of freeze-
dried pellets, custom extruded biocomposite filament and PLA/
HAp composite print as well as the reference PLA samples, were
analysed with the use of STA 449 F1 Jupiter (Netzsch Instru-
ments, Germany). 10-20 mg of samples were placed in ceramic
cups and heated from 30 °C up to 1350 °C at a heating rate of
10 °C min " under an air flow of 40 mL min~".

2.3 Characterization of the 3D printed biofilters

2.3.1. X-ray micro-computed tomography (nCT). The pore
structure and the dispersion of the HAp filler in the PLA matrix
in the uniform and gradient cubes were evaluated with the use
of a 3D X-ray microscope (Zeiss Xradia Versa XRM520). The
tomographic data acquisition involved 1601 projections of 1024
% 1024 pixels, acquired over 360° sample rotation with the X-ray
source set to 60 kV and 5 W. Two data sets were acquired with
different sample-to-detector distances and reconstructed, with
the Zeiss Reconstructor software, to yield 3D image volumes
with cubic voxels of widths 24 pm and 8 um. The acquisition
used 1 s and 1.7 s exposure time per image, respectively. The 24
um images covered the full sample diameter and the 8 pm
images covered an internal cylindrical field of view of about
8 mm diameter.

2.3.2. Permeability and flux measurements. The water
permeance through the 3D printed biofilters was measured by
filtering deionized water using an in-house-constructed water
permeance instrument in the dead-end filtration mode. The
measurements were conducted at room temperature and water
temperature of 20 °C at a constant flow of 1500 cm® min~". The
flux performance of the samples was measured at constant
pressure (p) by calculating the exact time (¢) needed for 2 L of
water (V) to pass through the filter with the cross-sectional area
(4) (eqn (1).

The permeability (k) values were calculated based on Darcy's
equation (eqn (2)), where u is water viscosity, A is the filter's

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cross-sectional area, g is the measured fluid flow rate, [ is filter's
height and Ap is the difference between measured inlet and
outlet pressure.

V

Flux = m (1)
M
k= @

)

2.3.3. Adsorption study. Adsorption experiments were
carried out by adding 3D printed circular disk (6 mm x 3 mm,
average weight 0.314 g, 15 wt% HAp) to 100 mL of Pb(NO3), or
Cd(NOs), solutions at a given concentration (5 mg, 10 mg,
50 mg, and 100 mg). The suspensions were stirred at a constant
speed of 500 rpm for 12 h. The concentration of Cd*" and Pb**
in the supernatant was determined using inductively coupled
plasma atomic emission spectroscopy (ICP-OES, Thermo
Scientific iCAP 6200). The adsorption capacity (g, mg g~ '), and
adsorption efficiency (%) were calculated as follows:

(CO - Ce)

Adsorption capacity (¢, mg g™') =
m

(3)

G - C.,
—e k100 (4)

Adsorption efficiency (%) =
where C, and C. (mg) are the initial and equilibrium concen-
tration in aqueous solution, respectively, and m (g) is the mass
of HAp adsorbents.

Selectivity of adsorption toward metals was measured via
soaking 3D objects in a solution (300 mL) of metal ions
(Co(NO;),, Cu(NO;),, Pb(NO3),, Cd(NO3),, Zn(NO,),, AlCl;, and
FeCl;, 50 ppm for each element). The adsorbent was soaked for
12 h before analysis using EDX analysis. Selectivity was calcu-
lated using the following equation:

Metal trati t%
[Metal concentration, wt%o| « 100

(5)

Selectivity (%) =

[Total metal concentration, wt%o|

2.3.4. X-ray photoelectron spectroscopy (XPS). XPS analysis
for 3D printing objects after adsorption of Cd and Pb was done
using Thermo Fischer (K-alpha, monochromated, Al Ko radia-
tion, 1486.6 eV). XPS for 3D PLA was performed on the same
object after soaking in a solution of NH,F to remove HAp.

3. Results and discussion

3.1. Preparation of the hydroxyapatite (HAp)/polylactic acid
(PLA) biocomposite

Dispersing HAp in the PLA matrix was a crucial step in the
processing of the 3D printable biocomposite filaments. Solvent-
assisted blending and subsequent thermally induced phase
separation (TIPS) method was used for the preparation of
spherical pellets of polylactic acid (PLA) composites reinforced
with the fish scale extracted hydroxyapatite (HAp) (Fig. 1). The
obtained pellets were suitable for melt extrusion into 3D

© 2021 The Author(s). Published by the Royal Society of Chemistry
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printing filaments. The uniform and gradient porous cubic
filters were successfully developed (Fig. 1). The most commonly
reported 3D printable PLA-HAp composites are prepared by
direct extrusion-compounding.******** The TIPS method could
be an efficient alternative as a tuneable process that can
enhance the filler dispersion via the development of a well-
interconnected polymer network.>* In the current study, due
to the significant roughness of the biocomposite 3D printing
filament, the printability of the PLA/HAp system was initially
challenging, however with optimization of the printing param-
eters the challenge was overcome.

The TGA curves of the PLA and PLA/HAp 3D printing fila-
ments are given in Fig. S2.1 The PLA had the onset degradation
temperature T, of 297 °C and around 400 °C the PLA sample
decomposed almost completely, which correlates with previous
reports.”> PLA/HAp composite filaments indicated a residual
weight of 15.4 wt% above 415 °C where the PLA is fully
decomposed, confirming a 15 wt% loading of HAp in the
composite. The residual weight in the composite remained
stable at 15% until <1000 °C.

3.2. Structural characterisation of biocomposite and 3D
printed filter

The transmission electron microscopy (TEM) analysis of the
HAp powder revealed irregular particles with a size of 50-
200 nm (Fig. 2a). A high-resolution TEM (HR-TEM) image
proves the crystalline character of HAp with a lattice plane of
0.28 nm corresponding to Miller index (211) (Fig. 2b). The
corresponding Fast Fourier Transform (FFT) image shows
strong diffraction spots indicating the powder's high crystal-
linity (Fig. 2c). The SEM images of the HAp powder (Fig. 2d)
revealed that the particle size distribution is not entirely
homogenous, and there are clusters and agglomerates present
in the powder. The average particle diameter measured with the
Image J software showed an average diameter around 46 um.
During different stages of the processing the HAp morphology
and dispersion in PLA phase were monitored. Fig. 2e shows that
HAp particles are dispersed in the PLA matrix after completion
of the TIPS process and the freeze-drying procedure. It was
noted that the particle diameter significantly decreased to an
average of 16 pum, but the overall homogeneity of the bio-
composite was not satisfactory as big clusters can still be
observed in the surface and the cross-section images. The HAp
dispersion in the PLA matrix gets significantly improved after
the extrusion process into the 3D printing filament as shown in
Fig. 2f. Regardless of the presence of HAp clusters and
agglomerates, the overall distribution of the HAp filler in the
matrix within the filament is more homogenous than in the
case of the freeze-dried pellet itself. Moreover, the average HAp
particle diameter further decreased to around 11 pum in the
filaments. Therefore, a gradual improvement in the distribution
and dispersion of HAp particles in the PLA matrix was achieved
during the processing, however the particle sizes did not reach
the nanometre scale.

The pore and channel structure as well as the distribution of
functional HAp in the matrix of the 3D printed biofilters were

RSC Adv, 2021, 11, 32408-32418 | 32411
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Fig. 1 Overview of biocomposite 3D printing process and the printed prototypes: (a) uniformly porous reference PLA filter, (b) corresponding
PLA/HAp filter, (c) gradient porosity reference PLA filter, (d) corresponding PLA/HAp filter.

examined using SEM. Fig. 2¢ and h shows the pore structure of
the uniform (a) and gradient (b) porous cubic filters. Notably,
the channel interconnectivity was maintained throughout the
entire filter structure in both cases, confirming its potential
applicability in water purification with direct water flux. The
average pore size of the uniform cube was 572 + 33 pm
(measured using Image J from obtained SEM images), which
differs from the programmed pore size of 800 um indicating the
shrinkage of the PLA/HAp biocomposite during the 3D printing
procedure. The average pore size for the gradient cube was
measured individually for each gradient-step cross-section. The
pore sizes ranged from 463 + 40 um, through 1.3 &+ 0.2 mm up
to 3.2 + 0.5 mm. The programmed pore sizes were 800 um,
1.6 mm and 3.2 mm, showing that especially for the smaller
pores there was a significant shrinkage of the material during
the printing process. Regardless of the fact that final pore sizes
differ from the programmed ones, it is observable that both the
size and geometry of the pores were consistent for the uniform
and gradient filter models, proving good printability of the
composite.

Moreover, the micro-morphological features of the 3D prin-
ted PLA/HAp biocomposite filters with uniform porosity struc-
ture were assessed with the use of uCT. It can be observed
(Fig. 2i) that the HAp filler within the PLA matrix is

32412 | RSC Adv, 2021, 11, 32408-32418

homogeneously distributed throughout the entire structure of
the filter. The cross-section images (Fig. 2j-1) present the
dispersion and distribution of the HAp in the PLA in the inner
walls of the biofilter. Overall, both the dispersion and distri-
bution are consistent and homogenous both in the outer walls
and around the pores. See video file (PLA-
HAp_CubeUnif 3Dmovie.mpg) showing the 3D structure of
filter in the ESI.T This indicates the applicability of biofilters for
contaminant adsorption under the direct flux of water, as the
HAp sites seem to be very accessible for interaction with metal
ions. Moreover, the cross-section images (Fig. 2j-1) provide
information on the print quality. There are a few micro-
interruptions in the printed pattern, which are not observable
with a naked eye. The print pattern interruptions were most
likely introduced during slight clogging of the filament during
the FDM process. The clogging was associated with the rough-
ness of the PLA/HAp biocomposite filament, which translated
onto the surface roughness of the printed biofilter, which can be
of benefit for the application of choice. It is important to stress
that the filter was designed without the thick outer shell, so that
the porosity structure could be better assessed through the side
walls.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) TEM micrograph showing the HAp powder particles, (b) HR-TEM image of the single powder particle, (c) FFT of the HAp single powder

particle, (d) SEM image of HAp powder; (e) SEM image of PLA/HAp biocomposite pellet; (f) SEM image of the PLA/HAp filament cross-section, (g)
porosity structure of the uniformly porous cube; (h) porosity structure of the gradient porous cube; (i) 3D rendering of the 8 um pCT volume plus
a rendering showing just the HAp in the bicfilter; (j—1) uCT representative cross-sections of the 3D printed biofilters showing the dispersion of

HAp in the PLA.

3.3 Chemical and crystalline structure of the biocomposite

Different functional groups in the biocomposite system were
assessed using the Fourier transform infrared spectroscopy (FT-
IR). The comparison between the starting materials, i.e. PLA
pellet and HAp powder and the developed PLA/HAp bio-
composite is presented in Fig. 3a. HAp powder with the stoi-
chiometric chemical formula Ca;z(PO,)s(OH), exhibited

© 2021 The Author(s). Published by the Royal Society of Chemistry

adsorption peaks characteristic of the natural HAp minerals.
The intense peaks at 518 cm ™' and 1012 cm ™" are assigned to
the PO,*> groups.® Spectral bands observable in the region
between 900 cm™' and 1200 cm ™' arise mainly from the
symmetric and antisymmetric P-O stretching vibrations,
whereas the bands detectable in the region between 500 cm™*
and 700 em™" correspond to the antisymmetric P-O bending

RSC Adv, 2021, 11, 32408-32418 | 32413
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vibrations of the phosphate groups. The fact that the contour of
the small band observable at 960 em ' is quite sharp and
narrow indicates that the analysed HAp is of high crystalline.>*
The bands visible at 624 cm ™' and 3560 cm™ " are associated
with vibrational and stretching vibrations of the OH- groups. As
it comes to the spectral feature observable at 2952 cm™, it
corresponds to the stretching vibrations of the (P-)O-H groups.
The band at 1457 cm ™ and 1725 cm ™' to CO;>~ and carbonyl
groups, respectively.

FTIR spectra of pristine PLA, shows absorbance regions
characteristic of the polyesters with ester functional groups, i.e.
C=0 and C-O groups. The bands observed at 1085 cm ™ * and
1187 cm ' correspond to C-O stretching vibrations, whereas
the C=0 stretching vibrations are associated with the bands
observed at 1633 cm ™" and 1750 cm™'. The spectral features
observable at 1347 cm™ ', 1442 cm™ " and 1565 cm ™" correspond
to C-H bending vibrations, and the C-H stretching vibrations
are associated with the band observable at 2911 cm ™.

In the PLA/HAp composite system, all the absorbance peaks
corresponding to the starting materials (marked as region I and
II) remained unaltered indicating a physical mixing of the two
phases. The peaks observable at 566 cm ™%, 600 cm ' and
630 cm™ " correspond to the phosphate groups' P-O bending
vibrations of phosphate groups. The sharp peak observed at
1750 cm ™' corresponds to the stretching vibration of the
carbonyl group and the peaks observable between 1350 and
1450 cm ™' correspond to the C-H bending vibrations. The C-O
stretching vibrations are also observable at the biocomposite
spectrum at precisely the same frequencies as the bands
observable on the spectrum of the reference PLA.

The crystallinity data of the two starting materials, i.e. HAp
powder and PLA pellets as well as for the freeze-dried PLA/HAp
biocomposite pellet is shown in Fig. 3b also confirm the phys-
ical mixing of the two phases. Pristine PLA pellets exhibit
a crystal structure with a sharp crystalline peak at 17.12° and in
the PLA/HAp system, crystallinity peak at 20 = 17.12° was
observable, however with a slightly lower intensity. Likewise,
peaks corresponding to HAp crystal structure (26 = 26.0°; 28.2°%
32.1° and 32.1° and 34.5°) were observed for PLA/HAp
composite.
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(a) FT-IR spectra of the starting materials and PLA/HAp, (b) PXR diffraction patterns of the starting materials and PLA/HAp.

3.4. Water flux and heavy metal adsorption

The flux and permeability measurements showed high-
throughput character of the 3D printed filters. The flux
measured was 1 777 275 £+ 99 546 and 1 995 420 + 34 484 (L
m 2 h™" bar ") for the uniform and gradient porosity cubic
structures, respectively. No pressure was applied on the feed
side during the measurement, which shows the potential of the
3D printed PLA/HAp composites as high water flux filters
without the need for external pressure source and use of the
electrical energy.

The set design porosity of the filter was approximately 40%
and calculated permeability of the uniform and gradient cubic
filters was 3.58 x 107 '° m? and 4.77 x 10~ '° m?, respectively.
The calculated values are in the same range with values previ-
ously reported in the literature for the porous 3D printed
models.>>*®

The adsorption performance for 3D printing PLA/HAp was
evaluated using Pb and Cd ions (Fig. 4). The adsorption capacity
increased for Pb and Cd with the initial concentration of metal
solution (Fig. 4a). The maximum adsorption efficiency was 45%
and 40% for Cd and Pb, respectively, which decreased with the
increase in initial metal concentration (Fig. 4b). The conclu-
sions were drawn from the synthetic polluted water sample
under controlled laboratory conditions, therefore further
experiments are needed to establish whether the same results
could be obtained using an actual wastewater sample from the
industrial effluents. This is, however, not included within the
scope of this work. PLA/HAp showed a maximum adsorption
capacity of 360.5 mg giap ' and 112.6 mg gua, * for Cd, and Pb,
respectively (Fig. 4b). The ionic radii has previously been re-
ported as a factor influencing the heavy metal ions’ adsorption
efficiency onto various adsorbents.>” Generally, the smaller the
ion the better adsorption efficiency. The ionic radius of Cd*" is
0.97 A and that of Pb>" is 1.20 A, which could be one explanation
for the higher adsorption capacity of Cd*>* ions when compared
to Pb>" ions. The adsorption of heavy metal on HAp can be
achieved via ion-exchange, surface complexation, chelation to
surface-modified molecules, dissolution of HAp and precipita-
tion of metal phosphates, and the substitution of Ca in HAp by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Adsorbed amount versus initial metal concentration and (b) adsorption efficiency/adsorption capacity versus initial metal concen-

tration showing the water treatment potential of the 3D printed biocomposite filters.

the adsorbed metals during coprecipitation.®® The interaction of
Pb and HAp includes the dissolution of the hydroxyapatite,
followed by the precipitation of lead hydroxyapatite.’® The
adsorption of Pb using magnetic nanoparticles/hydroxyapatite
(FesO4/HAp) was proposed to take place via dissolution/
precipitation and the surface complexation.”® Cd adsorption
using HAp might be achieved via a two-step mechanism; (1)
rapid surface complexation via partial dissolution of hydroxy-
apatite and (2) ion exchange with Ca.»**** Different mecha-
nisms of adsorption between the two different studied ions,
could impact the adsorption capacity and efficiency. The Cd**
ions were adsorbed by a two-step surface complexation mech-
anism, whereas Pb®" by coprecipitation potentially indicating
complexation being a more efficient and preferable method for
heavy metal ion adsorption at high capacity.

The previous literature reports on the adsorption of Cd** and
Pb>" onto the hydroxyapatite structure via diverse, aforemen-
tioned mechanisms®?*°*%* together with the fact that both of the
heavy metal ions in question are one of the most common
contaminants in both the wastewater from industrial efflu-
ents®*® and freshwater reservoirs®”* makes them ideal candi-
dates for investigation within this study. The adsorption
mechanism of heavy metal ions onto the HAp/PLA structure was
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Fig. 5 XPS analysis of 3D printed PLA and 3D printed PLA/HAp after
adsorption of Pb* and Cd?*, (a) survey, (b) O 1s, (c) Cd 3d, and (d) Pb
Af.
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investigated using XPS (Fig. 5 and S37), the SEM, and EDX
analysis (Fig. S4 and S57). After adsorption, the 3D printing of
PLA/HAp materials shows the same elements, Ca,P;, and heavy
metals Pb and Cd (Fig. 5a). The peaks at a binding energy of
531.3 eV and 531.1 eV were observed after adsorption of Cd and
Pb, respectively, corresponding to Cd-O and Pb-O bonds
(Fig. 5b). XPS data analysis indicates no change in the adsorbed
Cd's oxidation state (Fig. 5c) and Pb species (Fig. 5d). After
adsorption, SEM image and EDX mapping show coprecipitation
of the adsorbed metals into the 3D printing objects with HAp
(Fig. S4 and S57). The possibility of entrapment of Cd>* and Pb**
ions within the filter pores was investigated with the use of EDX
mapping, which clearly showed binding of the heavy metal ions
onto the filter's walls, while leaving the pores empty and unaf-
fected (Fig. S4ct). These observations, combined with the XPS
results strongly indicate chemical nature of bonding between
the filter's structure and both of the heavy metal ions.
Selectivity for metal adsorption has been tested for a water
solution containing mixed metal ions (Fig. 6). The adsorption
was tested for pristine 3D objects and the hybrid adsorbent
(denoted as Pb@PLA/HAp and Cd@PLA/HAp for Pb and Cd,
respectively) that were used for the adsorption. Pb@PLA/HAp

120 :
- m3D PLA

m3D PLA/HAP

m3D Pb@PLA/HAP

m3D Cd@PLA/HAP

100

®
S -

'S
S

Selectivity (%)
(=2
=

[
<

Al Co Cu Zn Cd
Metal Ions

" Fe Pb

Fig. 6 The selectivity of the 3D printed objects towards the adsorption
of metal ions. The selectivity is calculated based on the amount
adsorbed in the metal ions divided by total amount of the adsorbed
metal ions.
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and Cd@PLA/HAp were tested to investigate the replacement of
the adsorbed metal ions with the metal ions in the solution
(Fig. 6).

The data analysis showing that 3D printing of pure PLA
adsorbs mainly Fe®* ions without significant adsorption of
other metal ions (Fig. 6). PLA/HAp shows equal selectivity
(39.7%) toward Fe** and Pb®*" ions with minimal selectivity
(10%) toward Cd>" and Co>" without any observable adsorption
toward metal ions such as Cu”*, zn**, and AI** (Fig. 6).

The adsorption affinity towards Fe** ions using PLA/HAp is
mainly due to PLA (Fig. 6). This can be confirmed from the high
adsorption selectivity (54.3%) of Pb®>" ions on PLA/HAp (Fig. 6).
The selectivity toward Pb>" over Cd>" ions is mainly due to the
difference in adsorption mechanisms, as mentioned above.

A comparison of the adsorption performance of PLA/HAp
and HAp-based adsorbents with earlier reports is tabulated in
Table 1. HAp was used as powder, foam, and hydrogels. A foam
consist of poly(lactic acid)/hydroxyapatite (PLA/HAp) was fabri-
cated using a supercritical CO,." The maximum adsorption
capacity of Pb ions using PLA/HAp foam was increased from
81.2 mg g~ to 140.5 mg g ' with increasing the HAp content
from 10 wt% to 40 wt%."° 3D printed filter in the current study
contains only 15 wt% of HAp but showed higher adsorption
capacity for Pb, in comparison (Table 1). The performance of
our 3D printed filters were lower than some reports on HAp
powder” or hydroxyapatite-impregnated magnetite-bentonite”™
which offers the possibility to magnetically separate the adsor-
bent after use. The high adsorption performance of
hydroxyapatite-impregnated magnetite-bentonite was attrib-
uted to the functional groups of -OH-, -PO,*>~ and -NH,, on the
surface.” The Table 1 also shows that PLA is a suitable matrix
for the adsorption of Pb compared to other matrices such as
polyacrylamide®* and polyurethane® (Table 1). The presence of
functional groups such as C=0 and O-H in PLA also contrib-
utes to the adsorption performance. In general 3D printed PLA/
HAp in the current study showed low adsorption capacity for Pb
but high adsorption capacity for Cd (Table 1).

3D printed PLA/HAp filters show relevant adsorption
performance and have the advantage that it can be easily

View Article Online
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separated from the aqueous solution without the need for
magnetic nanoparticles or external magnet field, as in the case
of Fe;O,/HAp (Table 1).>*

4. Conclusions

PLA/HAp biocomposite was successfully prepared via solvent-
assisted blending and thermally induced phase separation
(TIPS) route and processed into highly-permeable 3D biofilters
by FDM. SEM and pCT results showed a homogenous distri-
bution of HAp in the matrix, channel interconnectivity and the
consistent pore size and pore geometry over the entire filter
structure, which indicate the applicability of this process route
for developing 3D structured monoliths with controlled archi-
tecture. The high adsorption performance of the PLA/HAp
composite towards heavy metal ions such as Pb*>" and Cd**
was observed and was attributed to the synergistic effect of HAp
and PLA. Water treatment using 3D printed PLA/HAp mono-
lithic filters is therefore promising in terms of maximum
adsorption capacity, high water flux without application of
pressure, simple separation method after the adsorption
process and its potential applicability to industrial processes.
The biobased origin of the components and the scalability of
the developed process route is expected to further contribute to
sustainable and cost-effective water treatment. The recyclability
of the PLA/HAp 3D printed filters and their end-of-life expec-
tancy will be investigated in the future. The biological origin of
the filter's components makes it a good candidate for biodeg-
radation and recycling under controlled conditions and the
heavy metal ions are expected to be desorbed from the filter
structure with the means of chemical reaction (acid treatment),
collected and potentially re-used within industrial applications.
The designed 3D structures may be further exploited within the
biomedical field, especially as bone regeneration scaffolds.

Author contributions

NF developed and 3D printed the biocomposite system and
performed SEM, TGA, PXRD, FT-IR, EDS and water flux

Table 1 A summary for the adsorption of Pb?* and Cd?* using HAp based materials

Adsorption capacity

Adsorbent Form Processing HAp (%) Adsorbate (mg g~") Ref.
PLA/HAp Foams  Supercritical CO, foaming 40 Pb 140.5 10
HAp Powder Hydrothermal 100 Cd 89.9 58
Pb 154
Commercial synthetic HA Cd 188.9 9
Neutralization of Ca(OH), with H;PO,, at room temperature cd 67.55 70
Pb 676.09
HAp/polyurethane =~ Foam Immobilization 50 Pb 150 22
HAp/polyacrylamide Hydrogel Free radical polymerization 70 Pb 178 21
Fe;0,/HAp Powder Hydrothermal 85 cd 219.9 24
In situ precipitation 50 Pb 598.8 23
Fe;04/HAp/bentonite e Co-precipitation Cd 309 71
e Hydrothermal Pb 482
PLA/HAp 3D filter 3D printing 15 Cd 360.5 This study
Pb 112.6
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