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Removal of heavy metals can be achieved through the adsorption of metal ions onto the surfaces of various
materials and composites that either have such properties naturally or are modified to obtain those capabilities.
Sodium alginate (SA), a marine polysaccharide, is well known for its heavy metal adsorption ability. In this work,
we combined polycaprolactone (PCL), a bio-based thermoplastic polymer, with SA with the use of a solvent and
the resulting films were inserted into a heat extruder to create PCL/SA filaments. Such PCL/SA filaments were
preferred compared to films, since they have greater stability in water and can be used in additive manufacturing
technology. Hydrogen bonds are supposed to be formed between the hydroxyl groups of SA and the carbonyl
groups of PCL. The resulting composite filaments with SA were able to adsorb heavy metals such as copper
ions in water, which was used as a model, with maximum adsorption capacity around 90 mg g~% Such
innovative filaments were used with 3D printing technology to additively manufacture composite structures able
to remediate environments contaminated with heavy metals. The filaments were tested with a commercial 3D
pen, a 3D printer capable of fused deposition modelling and a plant-inspired self-growing robot. The resulting
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1. Introduction

Various geogenic natural events (weathering and volcanic eruptions)
and industrialisation (mining, industrial operations, and domestic
and technological applications) have led to pollution of water, soil
and air with heavy metals such as Cr, Cu, Ni, As, Cd, Hg, Pb, Zn, Co,
Fe, Mg, Mn and others." Urban cities with industry and/or ports in
their vicinity have elevated levels of heavy metals such as Cr, Fe, Cu,
Zn, Cd, Pb and Al in their atmosphere.” In 2007, the World Health
Organization’s report on heavy metals in air pollution has shown
that heavy metals such as lead, cadmium and mercury are common
air or water pollutants in industrialised areas that pose many
health problems such as lung cancer, and developmental and
neurobehavioral effects.®> Heavy metals can enter the food
chain (fish, vegetables etc.) and pass into humans. Elevated
values of such elements in the human body can provoke many
diseases such as cancer, kidney toxicity, nervous system
damage, autoimmune disorders and others."®” Therefore it is
very important to create methodologies and materials that adsorb

Center for Micro-BioRobotics, Istituto Italiano di Tecnologia (IIT), Viale Rinaldo
Piaggio 34, Pontedera (Pisa) 56025, Italy. E-mail: ioannis.liakos@iit.it,

barbara. mazzolai@iit.it

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
dogmo00159g

2472 | Mater. Chem. Front., 2020, 4, 2472-2483

printed structures were able to adsorb copper ions as the free-standing filaments did.

heavy metals and remediate ecosystems such as sea, lake or river
water and the soil. The most common current systems for heavy
metal remediation include chemical precipitation, ion exchange,
adsorption with new adsorbents, membrane filtration, bioremedia-
tion, phytoremediation, electrodialysis and photocatalysis.>*° Each
of these methods has advantages and disadvantages. For example,
chemical precipitation, even though it is the most widely used
method for heavy metal removal from inorganic effluent, requires
large amounts of chemicals to reduce metals to an acceptable level
of discharge. Ion exchange usually involves a solid capable of
exchanging either cations or anions from the surrounding materials.
The drawbacks of ion exchange are that is not selective and cannot
handle concentrated metal solutions as the matrix gets easily
saturated by organics and other solids in the wastewater. The
adsorption method is currently receiving more attention since it is
relatively low cost, the materials used can be recycled, it removes a
high amount of heavy metals and it is easy to operate.*'°
Nature has shown us that many plants and macroalgae
(seaweeds) are able to adsorb and/or absorb heavy metals. For
example, a recent study'’ showed that heavy metals were
accumulated in roadside plant species of Athyrium esculentum,
Chromolaena odorata and Lantana camara. Fe, Cd, Cu and Pb
were found to accumulate in the plant species with concentra-
tions varying from 0.12 mg kg™ " for Cd to 850 mg kg™ " for Fe. The
results also showed that all parts of the plant could accumulate
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heavy metals and that the absorption of the three plants had the
rank: root > stem > leaves. Wild berries and edible mushrooms
were also able to absorb heavy metals in an area affected by smelter
emissions.”> Ni and Cu were detected in the wild berries and
mushrooms near the smelter complex at elevated levels com-
pared to background levels. Seaweeds or macroalgae have also
been found to absorb heavy metals. A recent study'® showed
that ten metals and metalloids were present in 295 dried
seaweeds (brown and red). The elements accumulated in
seaweeds were decreasing as: Al > Mn > As > Cu > Cr >
Ni > Cd > Se > Pb > Hg. In another study,* the green
seaweed Ulva lactuca and the red seaweed Agardhiella subulata
were concurrently exposed to five metals, Cu, Ni, Pb, Cd and Zn.
It was found that the distribution of metals in both seaweed
species changed with increasing metal exposure concentra-
tions, resulting in higher Cu and Zn proportions in the metal
exposed groups compared to the respective controls. Moreover,
Ulva lactuca accumulated higher concentrations of metals when
exposed to each metal individually rather than in metal mix-
tures, suggesting interactions among metals for uptake and/or
bioaccumulation.

There is a lot of research in creating novel composite materials to
remediate heavy metal pollution by ion-exchange and adsorption
processes. Many materials exist that are able to adsorb heavy metals
and they are usually derived from agricultural waste, industrial by-
products, natural materials and biopolymers. Examples of adsor-
bents include modified natural materials (zeolites, clays, and zirco-
nium phosphate); industrial by-products (graphene and titanium
oxide); agricultural and biological waste (hazelnut shell, rice husk,
pecan shells, jackfruit, maize cob, algae, and bacterial biomass); and
biopolymers and hydrogels (chitosan, chitin, starch, alginate, poly-
saccharides, and sugars).%'>'® Such adsorbents usually have to be
inserted into a matrix so the adsorption process is more practical
and efficient. Therefore composites of such adsorbents with other
polymers are necessary for the best design and feasibility of the
remediation process. For example, graphene oxide has been used
with chitosan, alginate and silica to create composites for heavy
metal adsorption."” A silica activated carbon composite has been
proved efficient for removing heavy metals."® Porous magnetic
composites of cobalt ferrite/silica were prepared and were able to
remove heavy metals.’® Sodium alginate (SA) has been used exten-
sively in heavy metal adsorption due to its properties to adsorb metal
ions. Usually SA, since it is water soluble, is crosslinked with calcium
chloride to create beads with other additives that can enhance/
modify the metal ion adsorption capacities, but also keep the
alginate stable in water. For example calcium alginate has been
used with other additives such as zeolites or iron modified zeolites to
create beads that were able to adsorb heavy metals.® Calcium
alginate has also been used with graphene oxide to adsorb Mn(u)
from water solutions with removal efficiency around 55% and an
adsorption capacity of about 18 mg g ~.*' Other researchers pre-
pared boric acid and calcium chloride cross-linked polyvinyl
alcohol/alginate beads with fungal conidia biomass to effec-
tively remove Cu, Pb and Cd.”* The accumulation of heavy
metals in calcium alginate gels is usually a combination of ion-
exchange and chemical coordination. Calcium alginate linked
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with EDTA was found to remove more than 85% of Cd, Pb, Cu,
Cr, and Co.”® Calcium alginate beads were also able to sepa-
rately absorb Cu, Zn, Ni and Cd but show selective absorption
toward Cu when all the metals were mixed in the solution.**

There is no any current technology that uses thermoplastic
filaments with SA to adsorb heavy metals. The scope of this research
is to create novel composite filaments based on thermoplastic
polymers such as PCL that are water stable and compatible with
3D printing techniques for applications in the field of environmental
remediation of heavy metals. The proposed PCL/SA filaments have
the mechanical strength and durability to be used in many applica-
tions ranging from environmental to biomedical. This work is trying
to mimic plants and macroalgae for their heavy metal accumulation,
and use the developed filaments by additive manufacturing® for
self-growing robots that can autonomously and safely navigate a
contaminated area. The use of a biocompatible and biodegradable
polymer (PCL) and a polysaccharide (SA) that exists in macroalgae as
alginic acid mimics the heavy metal accumulation of macroalgae.
Bioaccumulation in macroalgae, also termed active biosorption,
involves two processes: a fast process of biosorption of toxic elements
on the surface and a slower process of bioaccumulation by trans-
portation of metal ions into cells found in algae.”® Adsorption,
chelation/complexation, ion exchange and surface precipitation are
different processes involved in biosorption. Ion exchange is consid-
ered the principle mechanism in biosorption and occurs through
different functional groups present on the surface of plants and
algae.”**’ For example, in algae the functional groups that will react
with heavy metals are alginate and sulfonated polysaccharides.
Monovalent ions present in alginate or other biomass, such as Na"
or H', have been reported to be involved in the ion exchange process
due to a weak attachment to biomass compared to divalent ions
present in heavy metals.”***” The mechanism of heavy metal accu-
mulation from terrestrial or soil plant species is more complex,
involving many steps, but includes also the accumulation of heavy
metals using chelating agents released from the plants.?® Usually the
accumulation of heavy metals by sodium or calcium alginate
involves both ion-exchange and chemical coordination methods,
since heavy metals are able to replace sodium or calcium ions and
also bind to specific chemical groups such as COOH and/or OH
groups found in alginate molecules.'® Here, in the present article,
the copper adsorption/accumulation from PCL/SA filaments and
biomimetic 3D-printed plant inspired structures is discussed. The
3D printers used to create the 3D structures were: a 3D pen,” a
classic Fused Deposition Modelling (FDM) 3D printer*® and a plant-
inspired self-growing robot with embedded FDM technology.”
Adsorption of copper ions from copper sulphate deionised water
solutions was used as a model, since it was comparatively easy to
operate, but similar adsorption of metal ions can happen in air as
well, particularly under moist conditions.

2. Experimental
2.1 Materials

Polycaprolactone (PCL) was received as a courtesy from Per-
storp through Reschemitalia, with product code CAPA 6800.
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Dichloromethane (DCM), sodium alginate (SA) medium viscosity
and copper sulphate pentahydrate (Cu,SO,-5H,0) were pur-
chased from Sigma Aldrich. The heat extruder was pur-
chased from Filabot (Filabot EX2). Deionised water was
obtained from an Elix Technology Inside Advantage 10 water
purification system.

2.2 Preparation of filaments

To create the composites, solutions of 8.42% w/w of PCL (CAPA
6800) in DCM were used. Then SA (medium viscosity) was added
into the above solutions at 5, 10, 15, 20, 25 or 30% w/w with respect
to PCL. The PCL/SA solutions were left under mixing with a magnetic
stirrer at 600 rpm for 6 h to ensure complete dissolution of the PCL
and homogeneous dispersion of the alginate with the polymer
solution (Fig. 1a). Then the solutions were cast into glass Petri
dishes and left under a fume hood overnight to ensure complete
evaporation of the DCM. The resulting films were quite homoge-
neous and were then cut into small pieces (Fig. 1b). Then they were
inserted into a heat extruder at 90 °C to create PCL/SA filaments
(Fig. 1c) with improved homogeneity compared to the films.

2.3 Preparation of 3D structures

A 3D pen model Sunlu (SL-300A) operated at 60-70 °C was used to
create 3D pen printed structures. For the 3D fused deposition
modelling (FDM) a Creality CR-10 model was used. The printing
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parameters for PCL/5 and 15%SA were 185 °C and 45 °C nozzle and
bed temperatures, respectively, whereas the printing and bed tem-
peratures for PCL/30%SA were 210 °C and 45 °C, respectively. The
speed of the 3D printing was 20 mm min " for all the studied SA
concentrations. Solidworks software was used to create the 3D
structure, which was a tube with an internal and external diameter
of 2 and 2.2 cm, respectively. The height of the tube was 2.5 cm. Cura
software was used to build the 3D design file. Then the design file
was transferred to Creality CR-10 for printing. The growing robot™
used to self-deploy 3D biomimetic structures embeds a miniature 3D
printer-like mechanism at its tip, with an overall 50 mm diameter. It
includes a gear-based feeder mechanism to pull the filament, a
heater that melts the filament and extrudes it, and a plotting unit to
circularly deposit the filament and realize a plantlike tubular body.
The feeding speed, extrusion temperature and plotting speed have
been properly tuned for the correct deposition of the PCL/SA
composite. In particular, the deposition process has been obtained
with an extrusion temperature of 135 °C and a plotting and feeding
speed of 12.3 mm s, which results in an overall growing speed of
the tubular structure of 6 mm min .

2.4 Optical and scanning electron microscopy (SEM) and
electron diffraction X-ray (EDX) spectroscopy

A Hirox digital microscope KH-8700 was used to collect optical
microscopy 3D images of the 3D structures (XIROX: Tokyo, Japan).

Fig. 1

2474 | Mater. Chem. Front., 2020, 4, 2472-2483

(@) PCL and SA in DCM; (b) cast and cut film and (c)-(e) extrusion method to create filaments of PCL/SA.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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An FEI Helios NanoLab Dual Beam microscope (FEI Company:
Hillsboro, OR, USA) equipped with a Bruker Quantax 200 EDX
spectroscope (Bruker Nano GmbH: Berlin Germany) was used to
obtain SEM images and EDX spectra. In conjunction with the SEM-
EDX hardware, FEI image analysis software and Esprit EDX soft-
ware provided imaging and graphical spectra results. The SEM was
operated under a high vacuum at 5 kV and 45 pA for imaging and
at 10 kv and 0.17 nA for EDX spectra acquisition. The working
distance was approximately 4.5 mm.

2.5 Dynamic scanning calorimetry (DSC)

The thermograms were recorded on a Mettler Toledo DSC1 Star
System instrument. For each measurement, ~ 10 mg of material
was put in a standard aluminium sealed capsule. After an
isotherm at 10 °C for 2 min, a temperature scan was performed
from 10 °C to 100 °C with a rate of 10 °C min '. For each
alginate concentration the measurement was repeated on three
different samples so as to calculate the average melting tem-
perature and average crystallinity of the composite together with
the standard deviations.

2.6 Mechanical properties

A Zwick Roell Model Z005 instrument was used to measure the
Young’s modulus. The pre-load was set at 0.1 MPa and the

speed of pre-load was set at 5 mm min .

2.7 Ultraviolet (UV)-visible spectroscopy

UV-vis absorption spectra were recorded on a PerkinElmer
spectrophotometer LAMBDA 45. For the investigation of the
adsorption kinetics, filaments weighing 100 mg were immersed
in 6 mL 0.17 and 1% w/w Cu,SO, aqueous solutions. The UV-vis
absorbance at different time intervals was recorded. In parallel
two control samples with only PCL (without SA) in 0.17 or 1% w/
w Cu,S0O, aqueous solutions were measured at different times
in order to check the stability of the solutions and compare
those data with the filaments with SA. For the UV experiments
of the films shown in the supporting information 50 mg of the
films were immersed in 3 mL of 0.17 and 1% w/w Cu,SO,
aqueous solutions.

3. Results and discussion
3.1 PCL/SA films and filaments; stability studies

Before creating the filaments, the formed PCL/SA films were
tested for their water stability and/or their copper adsorption
capabilities. It was found that the films were able to adsorb
copper ions, due to the presence of SA, but their adsorption was
not uniform and more importantly sodium alginate was
detached from the PCL polymer within a few hours as seen in
Fig. S1 (ESIf). For the 1% w/w Cu,SO, solution SA was cross-
linked and stayed on the PCL matrix due to the high cross-
linking effect of the copper sulphate at this concentration
(similarly to 1.4% maximum cross-linking of calcium
chloride),>"** but for the 0.17% w/w Cu,SO, solution (where
the SA cross-linking is low) and/or simple water SA detached

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 2 PCL/15%SA filament at time intervals in water (a) and (b) EDX
analysis of C, O and Na elemental weight% concentration; SEM images
(500 um scale bar) (c)—(h) 0 min, 1 min, 1w, 2w, 3 w and 4 w, respectively;
and (i) % weight loss versus time of PCL/5-30%SA in deionised water.

from the PCL matrix within a few hours. For this reason, the
filaments produced from the heat extrusion process were also
tested for their water stability. The resulting filaments to be
useful as novel composites for heavy metal adsorption need to
be stable in aquatic or humid conditions for water and soil
heavy metal remediation respectively. Electron diffraction X-ray
(EDX) analysis of PCL/15%SA filaments showed that they do not
release SA since the concentration of C, O and Na remained
almost stable within a month of the filament being in deio-
nised water (Fig. 2a and b). The weight difference before and
after water immersion of 100 mg PCL/SA filaments in 6 mL of
deionised water showed that the PCL/SA filaments up to 15% SA
were stable in deionised water up to the tested time (1 month)
and no considerable loss of SA was detected. In Fig. 2c-h the
SEM images of the PCL/15%SA filaments immersed in deionised
water are shown; there the filaments are becoming slightly
smoother due to the little swelling of SA. Similar studies were
done for the PCL/5-30%SA filaments and after 3 days some SA
detached from the PCL/20-30%SA composite filaments as
shown in Fig. 2i, since in deionised water there are no ions to
attach to SA and after a prolonged time deionised water can

Mater. Chem. Front., 2020, 4, 2472-2483 | 2475
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dissolve some of the ions present in sodium alginate (Na" and
COO7). Nevertheless such PCL/SA filaments were extremely
stable in air and some little change in their weight could be
due to the adsorption or desorption of humidity from the air.

3.2 Dynamic scanning calorimetry (DSC) analysis and
mechanical properties

DSC experiments on PCL and PCL/SA filaments were done to
calculate their melting points and % crystallisation. As shown in
Fig. 3a, the crystallisation of PCL consistently decreases with
increasing the SA concentration, whereas the melting point of
PCL/SA increases by 2 °C with respect to the bare PCL filament,
independently of the SA concentration. These results revealed
bonding between PCL and SA, such as hydrogen bonds. Such
hydrogen bonds are formed between the hydroxyl group of SA and
the carbonyl groups of PCL. A hydrogen bond mechanism was
also proposed by other researchers of another polysaccharide
(starch) with PCL,** where it was proposed that such hydrogen
bonds inhibit the movement of PCL chains for crystallisation.
Additionally, the incorporation of SA into PCL showed that the
Young’s modulus of the filaments is increasing consistently as the
percentage of SA in PCL increases (Fig. 3b). Usually hydrogen
bonds in polymers and hydrogels improve the mechanical proper-
ties and strength of the composite materials.>**> The hydrogen
bonds between the OH groups of alginate and the carbonyl groups
of PCL are illustrated in Fig. 3c, which is the reason for the
stability of SA in the PCL matrix.

3.3 Scanning electron microscopy (SEM) and electron
diffraction X-ray (EDX) spectroscopy

Up to now, we have shown the formation of PCL/SA composites
and the hydrogen bonds that were created between the two
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polymers making the composite filaments stable in water. The
next step was to test the heavy metal adsorption properties of
those composites. The PCL/SA filaments were tested for their
Cu adsorption by immersing these filaments in Cu,SO, water
solutions. SEM was used to study the topography of the
filaments with and without alginate before and after their 4 h
immersion in (1% w/w) Cu,SO, water solution. The results are
shown in Fig. 4. It is clearly seen that all the filaments with
alginate can absorb Cu ions (Fig. 4a2-f2), where the heavy
metals are shown as fibrous structures on top of the PCL/SA
filament surface. Moreover, all the PCL/SA filaments are found
to be homogeneous without any separation of phases, which
shows once again the attraction of alginate to the PCL mole-
cules (Fig. 4a—f1). EDX spectroscopy was employed to detect the
elements on the surfaces of the filaments. Carbon and oxygen
arise from both PCL and SA (Fig. 4g), whereas Na arises only
from SA (Fig. 4h). Additionally all the PCL/SA filaments had Cu
(1-4 wt%) and S (0.2-1.2 wt%) elements on their surface
(Fig. 4h). The trend in the concentration of the Cu ions on
increasing the SA concentration in the filaments was not
possible to determine since Cu,SO, was adsorbed as a fibrous
non-uniform structure on top of the composite filament and
EDX analysis calculates a larger area on the composite surface,
making the quantitative comparison between different SA con-
centrations difficult as seen from Fig. 4h.

3.4 Ultraviolet (UV) absorption spectroscopy

To accurately study the adsorption kinetics of Cu ion adsorp-
tion, UV spectroscopy was employed. 0.17 and 1% w/w Cu,SO,
water solutions were used and their UV absorption was taken
between 500 and 1000 nm. These solutions showed an absorp-
tion band in this region with the highest peak at 810 nm.
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(a) Melting point and % crystallinity and (b) Young's modulus of PCL and PCL/SA filaments and (c) illustration of H-bonding between SA and PCL.
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Fig. 4 SEM of (a) PCL/5%SA, (b) PCL/10%SA, (c) PCL/15%SA, (d) PCL/20%SA., (e) PCL/25%SA, and (f) PCL/30%SA where 1 denotes before Cu adsorption
and 2 denotes after 4 hours of Cu adsorption; and (g) and (h) EDX elemental analysis of PCL and PCL/5-30%SA filaments.

A PCL/5 or 15 or 30%SA filament was inserted in a 0.17 and 1%
w/w Cu,SO, water solution and at regular time intervals the
spectra of the solutions were measured. The results of the %
concentration change of Cu ions are shown in Fig. 5a and b.
PCL was not able to adsorb any Cu ions. From the other side, all
the filaments with SA showed some Cu adsorption. The adsorp-
tion of Cu ions from the filaments was SA concentration
dependent. The higher the SA concentration in the filament
the higher was its Cu adsorption. PCL/30%SA had the highest
Cu adsorption among the filaments, and its process was con-
tinuous even after one month of immersion, whereas PCL/5
and 15%SA reached saturation. The copper reduction after 3
days of filament immersion in the 0.17% w/w Cu,SO, water
solution was approximately 11.7, 17 and 38.4% for PCL/5%SA,
PCL/15%SA and PCL/30%SA respectively, as demonstrated in
Fig. 5al. Similarly, the copper reduction after 3 days of filament
immersion in the 1% w/w Cu,SO, water solution was approxi-
mately 2.2, 3.0 and 3.9% for PCL/5%SA, PCL/15%SA and PCL/
30%SA respectively, as demonstrated in Fig. 5b1. The copper
reduction after 30 days of filament immersion in the 0.17% w/w

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

Cu,S0, water solution was approximately 11.1, 20.8 and 91.5%
for PCL/5%SA, PCL/15%SA and PCL/30%SA respectively, as
demonstrated in Fig. 5a1. Similarly, the copper reduction after
30 days of filament immersion in the 1% w/w Cu,SO, water
solution was approximately 2.9, 5.0 and 14.7% for PCL/5%SA,
PCL/15%SA and PCL/30%SA respectively, as demonstrated in
Fig. 5b1.

Moreover, we were able to fabricate 3D structures by adopt-
ing the developed PCL/15%SA filament with FDM. Fig. 6al-a3
show the progress and realization of plant-like (Fig. 6a2) and
macroalgae-like structures (Fig. 6a3) obtained with a commer-
cial 3D pen. Fig. 6b1-b3 show the 3D printing of a tubular
design obtained using the commercial FDM 3D printer Creality
CR-10. A root-like tubular structure was also obtained by using
the growing robot (Fig. 6¢1-c3). Plant roots and sea macroalgae
were envisaged as models since both of them are known for
their heavy metal adsorption properties. All 3D structures and
approaches were shown to have layer-by-layer formation, vary-
ing in the diameter of each layer depending on the 3D printing
techniques used. SEM and optical microscopy data on the PCL/
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Fig. 5 % concentration of Cu vs. immersion time of the PCL/5-30%SA filament in 6 mL of (al) 0.17% and (b1) 1% w/w Cu,SO, solution. Photographs of
the PCL, PCL/5%SA, PCL/15%SA and PCL/30%SA filaments (from left to right) in the (a2) 0.17% and (b2) 1% w/w Cu,SO4 water solution after 30 days of

immersion.

15%SA 3D printed objects using the 3D pen, FDM 3D printer
and the growing robot revealed that each layer had an approxi-
mate diameter of 750, 370 and 1300 um respectively. The SEM
and optical microscopy images are illustrated in Fig. S2 (ESIT).
Moreover, three different concentrations were tried for the
FDM 3D printer; 5, 15 and 30%SA. The 3D objects using the
Creality CR-10 model FDM printer are shown in Fig. S3 (ESIT).

All the 3D-printed structures were able to adsorb Cu ions as
observed from Fig. 7a-d. To better understand the Cu adsorp-
tion of the 3D structures and compare it with the one of the
filaments shown before in Fig. 5, the 3D structures were cut
into sizes that weighed 100 mg and then immersed in 6 mL of
0.17% Cu,SO, water solution. The results are shown in Fig. 7f
and a photo of the 3D structures is shown in Fig. 7e after
15 days of Cu adsorption. In detail the 3D pen, FDM 3D printed
and growing robot PCL structures (without SA) found no Cu
adsorption during their immersion in the 0.17% Cu,SO, water
solution as observed from both Fig. 7e and f. From the other
side, the 3D pen, FDM 3D printed and growing robot PCL/
15%SA structures were able to adsorb Cu ions as shown in
Fig. 7d and e. Most of the Cu adsorption from the 3D PCL/
15%SA structures happened during the first 3 days of their
immersion in the 0.17% Cu,SO, water solution. Within 3 days
of their immersion in the Cu solution, the 3D pen, the FDM 3D
printed and the 3D growing robot structures were able to
adsorb 20.1%, 14.4% and 15.4% of Cu ions respectively. Within
30 days of their immersion in the 0.17% Cu,SO, water solution
the adsorption of the Cu ions was 23.6%, 22.8% and 21.9% for

2478 | Mater. Chem. Front., 2020, 4, 2472-2483

the 3D pen, FDM 3D and 3D growing robot structures respec-
tively. The reason that the growing robot 3D structure adsorbed
slightly less Cu ions compared to the 3D pen and FDM
structures was that it has a lower surface to volume ratio due
to the design and to the different extruded diameters obtained
by the 3D pen, FDM and by the growing robot, whose resulting
filament diameter was approximately 0.75, 0.37 and 1.3 mm,
respectively, but also due to the higher surface to volume ratio
of the 3D pen structure, which was less layered compared to the
FDM and growing robot structures.

The above results demonstrated that PCL/SA filaments up to
15%SA were stable in water whereas at higher SA concentration
some SA loss was detected. From the other side, when the PCL/
SA filaments or 3D structures were immersed in 0.17 or 1% w/w
Cu,SO, water solution, there was no SA loss detected. This is
due to the fact that Cu ions are crosslinked to sodium alginate
as a crosslinking agent such as CaCl, does. Previous research
has shown that the gelation or crosslinking is high when the
salt (CaCl,) concentration is 1.4% and decreases at higher or
lower values.*

The above results indicated that PCL/SA filaments and 3D
printed structures were able to adsorb Cu ions on their surface.
This mainly happened by replacing Na ions found in the PCL/
SA composite with Cu ions. The molecular scheme of capturing
Cu ions that replaced Na ions of SA is illustrated in Fig. 8.
Copper ions (Cu”") are able to replace Na ions, since the former
can create bidentate bonds between two carboxylate groups of
the alginate chains and therefore form stronger bonds than the
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Fig. 6 (al) 3D pen with PCL/15%SA; (a2) and (a3) 3D pen plant-like and
macroalgae-like structures with PCL/15%SA; (b1) and (b2) 3D printed PCL/
15%SA; (c1) CAD model of the growing robot; and (c2) and (c3) PCL/15%SA
deposition in the growing robot. Scale bars = 2 cm.

mono-dentate COO-Na bond. The mechanism of heavy metal
accumulation on these artificial PCL/SA composites is very
similar to the ion exchange mechanism and to chelation
present in macroalgae and plant species respectively.*®?®
Therefore, the artificial PCL/SA 3D structures were acting bio-
mimetically by accumulating heavy metals (copper) as other
marine or terrestrial plant species can do.

The obtained results revealed that a PCL/5%SA filament
weighing 100 mg was able to adsorb 11.3% of the amount of
Cu ions in the 0.17% w/w Cu,SO, 6 mL vial (Fig. 5a) containing
10.2 mg of Cu,SO, within 3 days. Consequently the adsorption
capacity of this filament at 3 days was 11.5 mg g~ '. The
equation used to obtain the adsorption capacity in mg g~ for
the PCL/5%SA filament in 0.17% concentration w/w Cu,SO,
was: 1000 mg x ((11.3/100) x 10.2 mg)/100 mg = 11.5 mg.
Similarly, the obtained results revealed that a PCL/15%SA
filament weighing 100 mg was able to completely adsorb 17%
of the amount of Cu ions in the 0.17% w/w Cu,SO, 6 mL vial
(Fig. 5b) containing 10.2 mg of Cu,SO, within 3 days. Conse-
quently the adsorption capacity of this filament at 3 days was
17.3 mg g '. Furthermore, the obtained results revealed that a
PCL/30%SA filament weighing 100 mg was able to adsorb
38.4% of the amount of Cu ions in the 0.17% w/w Cu,SO,
6 mL vial (Fig. 5¢) containing 10.2 mg of Cu,SO, within 3 days.
Consequently the adsorption capacity of this filament was
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Fig. 7 Photographs of 3D printed structures immersed in 0.17% w/w
Cu,SO4 water solution after 2 weeks (a) 3D plant, (b) 3D macroalgae and
(c) FDM 3D printed and (d) 3D growing robot structures; (e) photographs of
3D pen PCL, 3D pen PCL/15%SA, FDM 3D PCL, FDM 3D PCL/15%SA,
growing robot PCL and growing robot PCL/15%SA structures (from left
to right) and (f) kinetics of the Cu % concentration of the 3D printed
structures in 0.17% w/w Cu,SO,4 water solution. Scale bars = 1 cm.

39.2 mg g " Similarly, a PCL/5%SA filament weighing 100.0 mg
was able to adsorb approximately 2.2% (2.227%) of the amount of
Cu ions within 3 days in the 1% w/w Cu,SO, solution 6 mL vial
(Fig. 5b) containing 60 mg of Cu,SO,. Therefore the maximum
adsorption capacity of the PCL/5%SA filament in 1% w/w Cu,SO,
solution was approximately 13.4 mg g~ ' for 3 days of immersion.
The equation used to obtain the adsorption capacity in mg g *
for the PCL/5%SA filament in 1% w/w Cu,SO, concentration was:
1000 mg x ((2.227/100) x 60 mg)/100 mg = 13.4 mg. A PCL/15%SA
filament weighing 100 mg was able to adsorb approximately 3.0%
of the amount of Cu ions within 3 days in the 1% w/w Cu,SO,
solution 6 mL vial (Fig. 5b) containing 60 mg of Cu,SO,. Therefore
the maximum adsorption capacity of the PCL/15%SA filament in
1% w/w Cu,SO, solution was approximately 17.9 mg g * for 3 days
of immersion. Similarly, a PCL/30%SA filament weighing 100 mg
was able to adsorb approximately 3.9% of the amount of Cu ions
within 3 days in the 1% w/w Cu,SO, solution 6 mL vial (Fig. 5d)
containing 60 mg of Cu,SO,. Therefore the maximum adsorption
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Fig. 8 Proposed molecular mechanism of Cu ion adsorption on PCL/SA composites.

capacity of the PCL/30%SA filament in 1% w/w Cu,SO, solution
was approximately 23.2 mg g~ for 3 days of immersion.

The first trials using a 3D printing pen, an FDM 3D printer
and a growing robot shown in Fig. 6 and 7 illustrated that the
PCL/15%SA filament was 3D printed and the printed objects,
such as plant-like, macroalgae-like and tubular root or shoot-
like structures, were able to adsorb copper ions as the free-
standing filament did. The 3D pen structure was able to adsorb
slightly more copper than the tubular structures due to the
higher surface area to volume ratio exposed in the copper
solution of the 3D pen structure. The maximum adsorption
capacities of both the filaments and 3D structures for SA
concentrations 5, 15 and 30% and for the studied immersion
times are summarised in Table 1. Another important result that
can be extracted from Table 1 is that the PCL/SA filaments and
consequently 3D structures were able to adsorb more Cu ions in
the higher concentration of Cu,SO, (1%) compared to the lower
one (0.17%), especially for the PCL/5-15%SA concentration. For
the PCL/30%SA filaments the adsorption capacity in the 1%
Cu,SO, concentration will be higher at longer times. Other
researchers have also shown that the Cu and Pb adsorption on
MXene/alginate composites is increased by increasing the Cu
and Pb concentration in the solution up to a point and then
reaches a plateau, due to the lack of active sites to adsorb more
heavy metals.>® Similar results have also been obtained by
using a calcium alginate/graphene oxide composite aerogel
for removing Pb, Cu and Cd ions."°

The maximum adsorption capacity of the PCL/30%SA fila-
ment (93.3 mg g ' or 87.9 mg g ' for the 0.17% or 1% w/w
Cu,S0, solution respectively) but also of the 3D printed struc-
tures made of PCL/15%SA (22-24 mg g * for the 0.17% w/w
Cu,SO, solution) is comparable with other composites and

2480 | Mater. Chem. Front., 2020, 4, 2472-2483

materials that are able to adsorb Cu ions such as a graphene
oxide/cellulose hydrogel (47.5-88.5 mg g '),*” polydopamine
coated natural zeolites (28.58 mg g~ '),*® calcium alginate beads
(42.7 mg g ") and calcium alginate/graphene oxide beads
(60.2 mg g~ "),** modified polyacrylonitrile with a diazoresin-
ethylenediaminetetraacetic acid (DR-EDTA) layer (47.6 mg g~ *),*
granular activated carbon supported titanium dioxide particles
(23.42 mg g~ "),*" hydroxyapatite nanoparticles (70.92 mg g~ *),*>
spent coffee powder coated with polyethylenimine and ferric
ions (200.1 mg g™ "),** triethylenetetramine and tetraethylene-
pentamine covalently immobilized onto macroporous poly(glycidyl
methacrylate-co-trimethylolpropane trimethacrylate) microspheres
(64.44 and 58.48 mg g~ ')** and wood biochar in the absence and
presence of humic or fulvic acid (19-30 mg g~ ').*> Recently, wheat
straw cellulose based hydrogels with semi-interpenetrating network
polymers of SA or poly(vinyl alcohol) showed copper ion adsorption
capacities (22.5 or 20.0 mg g~ respectively)'® within a few hours.
The time of the maximum adsorption between different materials
is difficult to compare since the adsorption time is related to the
initial concentration of the copper ion solution, type of material,
such as nanoparticles or composites, etc. To give an estimation,
triethylenetetramine and tetraethylenepentamine covalently
immobilized onto macroporous poly(glycidyl methacrylate-co-
trimethylolpropane trimethacrylate) microspheres reached
maximum adsorption in a few minutes when the Cu ion
concentration was around 10 mM.** Laterite treated with HCI
reached its maximum adsorption capacity within 120 min in a
100 mg L' initial copper ion concentration.*® Alginate beads
needed about 90 min to reach the maximum Cu ion adsorption
capacity.’® In the case of the PCL/30%SA filament presented
here, the time to reach the maximum Cu ion adsorption
capacity was much more (> 30 days), but this filament reached

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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% 5 EX vy solution. The presented results (Fig. 5 and 7 and Table 1) showed
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4. Conclusions

Innovative composite thermoplastic filaments of PCL with SA
polysaccharide were created using dissolution, film formation
and heat extrusion methods. The composite PCL/SA filaments
were stable in deionised water without any leak of SA from the
PCL thermoplastic matrix until the 15% SA concentration,
whereas at higher SA concentrations (20-30%) a little loss of
SA was detected. Nevertheless, such filaments or 3D printed
composites independently of their SA concentration (5-30% w/w)
were very stable in heavy metal contaminated deionised
water and in air, which makes them very useful either in
contaminated aquatic or atmospheric robotic applications.
We proposed that the interaction and stability of SA with PCL
were due to the formation of hydrogen bonds between the
hydroxyl groups of the former and the carbonyl groups of the
latter. SA kept its heavy metal adsorption properties within
the PCL filament and was able to remove 91.5% of copper ions
from a 0.17% w/w copper sulphate water solution, within
30 days (PCL/30% filament). The maximum adsorption capacity
of the PCL/30%SA filament in a 0.17% w/w copper sulphate
water solution was 93.3 mg g ' for 30 days of immersion.
Importantly, the PCL/SA filaments were inserted into a 3D pen,
an FDM 3D printer and a growing robot and 3D plant-
biomimetic structures were formed. The biomimetic 3D structures
were able to adsorb copper from a 0.17% w/w copper sulphate
water solution. A weight of 100 mg of the PCL/15%SA 3D
printed structures in 6 mL of 0.17% w/w Cu,SO, solution was
able to adsorb 22.3, 23.3 and 24.1 mg g~ " within 30 days, for the
growing robot, the FDM 3D printer and the 3D pen structures
respectively. The amount of SA in PCL was found to be
correlated with the copper ion adsorption capacity: the higher
the SA percentage, the higher the adsorption. The PCL/SA
composite filaments were effective in adsorbing Cu ions in
both lower and higher Cu,SO, concentrations. In the future,
such PCL/SA filaments and their 3D structures will be tested in
more heavy metals and in different environments such as
heavy metal contaminated moist air and additives such as
inorganic particles will be inserted for targeting specific heavy
metals. This work can pave the way towards new routes
for water, air or soil remediation of heavy metals since the
thermoplastic composite filaments have very good mechanical
properties, are versatile and soft and can be used in additive
manufacture technology.

Abbreviations

SA Sodium alginate

PCL Polycaprolactone

DCM  Dichloromethane

FDM  Fused deposition modelling
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