Volume 1
Number 4
October 2022

Environmental N\
Science

Advances

rsc.li/esadvances

ROYAL SOCIETY PAPER

Silvana Andreescu et al.
OF CH EMISTRY 3D printable polyethyleneimine based hydrogel adsorbents
for heavy metal ions removal

o
-




Open Access Article. Published on 02 August 2022. Downloaded on 2/21/2026 2:19:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science

Advances

¥® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: Environ. Sci.: Adv., 2022, 1,
443

Received 21st May 2022
Accepted 30th May 2022

DOI: 10.1039/d2va00064d

rsc.li/esadvances

Environmental significance

3D printable polyethyleneimine based hydrogel
adsorbents for heavy metal ions removalf

Abraham Samuel Finny,@ Nadia Cheng, Oluwatosin Popoola
and Silvana Andreescu @ *

Heavy metal contamination is one of the leading causes of water pollution, with known adverse effects on
human health and the environment. This work demonstrates a novel custom-made 3D printable eco-
friendly hydrogel and fabrication process that produces stable biocompatible adsorbents with the ability
to capture and remove heavy metals from aqueous environments quickly and economically. The 3D
printable ink contains alginate, gelatin, and polyethyleneimine (PEl), which binds heavy metals through
primary and secondary amine side chains favoring heavy metal adsorption. The ink's rheological
properties are optimized to create mechanically stable constructs, in the form of 3D-printed tablets,
fabricated entirely by printing. The optimized tablets have high porosity and accessible surface area with
multiple binding sites for heavy metal ion adsorption while the printing process enables rapid and
affordable production with the potential for scale-up. The results demonstrate the contribution of
hydrogel composition and rheology in determining the printability, stability, and heavy metal binding
characteristics of the hydrogel, and indicate the critical role of the PEI in increasing stability of the
printed construct, in addition to its metal binding properties. The highest removal capacity was obtained
for copper, followed by cadmium, cobalt, and nickel ions. In the optimized formulation, each hydrogel
tablet removed 60% from 100 ppm copper in 5 h and up to 98% in 18 h. For more concentrated
solutions (1000 ppm), ~25% of copper was removed in 18 h. The printed tablets are stable, robust, and
can be produced in a single simple step from inexpensive biomaterials. The ink's tunability, excellent
printability, and stability offer a universally applicable procedure for creating hydrogel-based structures
for environmental remediation. These unique capabilities open new avenues for manufacturing tailor-
made constructs with integrated functionality for water treatment and environmental applications.

Hydrogel-based adsorbents offer excellent opportunities for the development of eco-friendly technologies for heavy metal ions removal. In this study, an additive
manufacturing technique is reported that provides an easy and effective way to rapidly and reproducibly fabricate structured 3D printing hydrogel-based
adsorbents for environmental remediation. The results indicate the importance of achieving multifunctionality through reinforcing the hydrogel with PEI
and establishes the essential role of hydrogel composition and rheology in determining the printability, stability, functionality and metal binding capacity. An
improved understanding of the factors regulating the stability of these hydrogels will allow further development of 3D printable formulations and additive
manufacturing techniques for a variety of water treatment and environmental applications. The 3D printing technique described here offers a cost effective,

scalable and facile approach to create tunable adsorbents for use in environmental remediation that can be used broadly by the environmental community to
custom-made 3D printed structures for environmental removal and sensing applications. This work can contribute to the development of bio-based methods for
environmental remediation to achieve the global WHO goals for clean and sustainable water.

1. Introduction

Health Organization (WHO) as a critical problem with signifi-
cant consequences worldwide.> Heavy metals cannot be bio-

Globally, heavy metal pollution with metals such as copper,
nickel, mercury, cadmium, lead, and chromium is a significant
environmental and health hazard, recognized by the World
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degraded; they are toxic and carcinogenic, and the potential for
human exposure is high.* Electroplating, mining, tanneries,
painting, and semiconductors are a few of the industries that
are significant sources of heavy metal pollution. Others include
livestock manure, fertilizers, herbicides, atmospheric deposi-
tion, and irrigation with polluted wastewater.* As a result of
heavy metal pollution, plants experience oxidative stress,
cellular damage, and disruption of respiratory and
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photosynthetic activity,” the intake of crops contaminated by
root transfer from soil to plant tissues can pose substantial
health risks for humans.*® Excess metal concentrations in soil
alter food quality, leading to various disorders.” High levels of
heavy metals such as copper, cadmium, nickel, and cobalt have
been attributed to increased occurrences of cancer and indus-
tries that release an excess of these metal ions are known to
pollute the environment.®

Since heavy metals are not usually degraded by natural
processes, they can persist in the environment for a long time.
Soil, water, and air are directly impacted by heavy metal
contamination. Water runoff from factories, agricultural farms,
and water treatment facilities in cities, villages, and towns can
transport heavy metals, which eventually accumulate in water
bodies, and river beds and is extremely hazardous to the local
ecosystem.” Particulate matters of heavy metals that are dis-
charged from anthropogenic sources and natural sources cause
corrosion, haze, eutrophication, and even acid rains that can
further pollute water bodies and soil.*® Improper waste disposal
and landfills, mining, and drilling can pollute soil by resulting
in high heavy metal levels, that are further absorbed by living
organisms and affect water quality.!* Copper ions (Cu®*) for
example are used heavily in agriculture as an antifungal agent
and can enter the water from the electroplating and mining
industries.” The discharge of these wastes in streams, lakes,
and groundwater reservoirs is responsible for health problems
in humans and plants. The average Cu®" concentration in soil
ranges from 5 to 70 ppm but can reach 100 to 1500 ppm in the
soil around vineyards where Cu®* treatments are used to reduce
the growth of mildew.” In sediments found in bays and estu-
aries, the Cu®" concentration is less than 50 ppm, but polluted
sediments may contain several thousand ppm. Around
4500 ppm of Cu®" was reported in the soil around a Cu/Ni
smelter.”* The presence of high concentrations of heavy
metals in polluted environments requires efficient and
economical ways to remove them to ensure pollutant-free water.

Multiple techniques can be used to remove heavy metals
from the water."*® These include chemical precipitation, elec-
trochemical reduction, membrane separation, and adsorp-
tion. Though chemical precipitation is and
straightforward,” the method generates significant waste,
leading to secondary pollution. Electrochemical methods are
rapid and provide good reduction yields, but the initial capital
investment is high, and the technique requires an expensive
electrical supply restricting broad applicability.** Due to low
cost and easy operation, adsorption on different materials
ranging from activated carbon to mesoporous and nano-based
sorbents is the most broadly for removing contaminants from
the wastewater."” Despite many adsorbents for the removal of
heavy metals, only a fraction of those is eco-friendly. Recently,
hydrogel-based adsorbents have gained interest as they are
inexpensive, made from abundant materials and are effective
for heavy metals removal. Compared to other adsorbents,
hydrogels can absorb heavy metals within their three-
dimensional, highly porous network, thereby providing more
sites per unit volume for adsorption, leading to high adsorption
efficiency.'®" Herein, we introduce 3D printing as an additive

low-cost
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manufacturing technique for fabricating stable custom-made
biopolymer-based adsorbents incorporating alginate, gelatin,
and PEI to form structured hydrogels, in the form of 3D-printed
tablets, to remove heavy metals ions, e.g., copper, cadmium,
cobalt, and nickel, from aqueous environments.

3D-printing technology has attracted much interest because
of its ability to customize and tailor macrostructures of different
materials for a variety of applications.” 3D printing allows
digital computer-aided designs to be quickly turned into 3D
objects by successfully printing customized inks directly guided
by computer models.?*** 3D printed hydrogels have been widely
investigated in the biomedical field for organ printing and
tissue engineering. Despite their potential to create environ-
mentally friendly bio-based sorbents in a customizable way, 3D
printing has been scarcely used for environmental remediation
applications.*® Bioprinting through extrusion provides a more
straightforward, flexible, and inexpensive manufacturing
process, where the “ink” is extruded layer by layer through fine
nozzles until a stable and orderly structure is achieved. There-
fore, the assembly of biopolymers into hydrogel adsorbents
with ordered macrostructures using 3D printing technology is
a promising approach for preparing hydrogel adsorbents.
Hydrogels made of natural biopolymers such as alginate, chi-
tosan, and gelatin are among the most amenable classes of 3D
printable bioink materials.>* These biopolymers are easily
accessible, biocompatible, and due to their functionalities, have
a high sorption capacity for heavy metals binding, making them
excellent candidates for environmental remediation.

Herein, we report a tertiary hydrogel adsorbent system
uniquely suited for 3D printing, with excellent shear-thinning
properties and thermodynamic stability and the capability to
remove metal ions from environmental water samples (Fig. 1).
The hydrogel is made of alginate and gelatin, which provide an
ideal 3D printable ink composition amenable to printing.
Sodium alginate, a hydrophilic polysaccharide, is used due to
its gel-forming characteristics, while gelatin provides strong
crosslinking properties and good thermal stability.>>** While
alginate is known for its ability to uptake metal ions through
chelation, electrostatic, and ion exchange interactions,” its
binding ability is limited and alginate hydrogels lack stability in
aqueous environments. Here we show that polyethyleneimine
(PEI) forms a homogenous PEI-based cross-linkable network
with alginate with high chelation ability and stability in
aqueous environments. The as-prepared metal-chelating ink
can be directly 3D printed into stable constructs in a single-step
process. The PEI's branched cationic polymer with rich primary,
secondary, and tertiary amino groups has the ability to form
complexes with metal ions such as Co**, Cu®*" and Cr**?
making this composition an ideal candidate for heavy metal
capture and removal. It is worth noting that PEI is water soluble
and by itself cannot be used as a heavy metal adsorbent,
limiting its applicability for environmental remediation. The 3D
printed PEI-based structures reported here are physically stable,
have high porosity, and high accessible surface area providing
multiple binding sites for heavy metal removal. This adsorbent
offers a practical and cost-effective method to remove metals
from aqueous solutions with excellent sorption performance.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Representation of the one-step 3D-printing fabrication (A) and removal (B) process of the hydrogel tablets, showing the interaction
between PEl and Cu?" ions, as an example. The hydrogel turns blue in the presence of Cu®* due to the chelation process leading to the formation

of cuprammonium complexes within the printed hydrogel.

The optimized printing composition and manufacturing
process can be used to establish design principles for fabri-
cating hydrogel-based adsorbents prepared by advanced
manufacturing techniques. This work can contribute to the
development of bio-based methods for environmental remedi-
ation to achieve the global WHO goals for clean and sustainable
water.

2. Experimental section
2.1 Materials and methods

All chemicals were obtained from commercial sources and used
as received. Sodium alginate NF MW 222.00 (Spectrum Chem-
ical), gelatin from porcine skin gel strength 300 Type-A (Sigma
Aldrich), and branched polyethyleneimine (PEI) from Aldrich
were used to prepare the 3D printable adsorbent ink. Deionized
(DI) water with a resistivity of 18.2 MQ was obtained with
a MiliQ system (Millipore). Copper(u) nitrate trihydrate (Acros
Organics), nickel(u) nitrate hexahydrate (Aldrich), cobalt nitrate
(J.T Baker), lead(n) nitrate (Mallinckrodt), and cadmium nitrate
(Spectrum chemical) were used to prepare the corresponding
metal ion solutions. An environmental water sample was
collected from the banks of the Raquette River, Potsdam, NY.
Rheology tests were performed with a Modular Compact
MCR 302 rheometer (Anton Paar). An adequate amount of
sample was transferred onto the measuring platform of the
rheometer, and the testing was performed using a measuring
cone (CP50-1, D: 50 mm; angle: 1°). Nanoindentation experi-
ments were conducted using a nanomechanical-testing instru-
ment (TI950 Triboindenter, Hysitron Inc.) in displacement
control mode with a Berkovich tip attachment at room
temperature (RT). Tensile testing was conducted using a Mark-
10 model no. BG20 Force Gauge with a maximum capacity of
100 N and a MARK-10 ESM 301 motorized test stand with a max
load capacity of 1.5 kN. The heavy metal ion concentrations

© 2022 The Author(s). Published by the Royal Society of Chemistry

before and after adsorption were measured using PerkinElmer
AAnalyst 600 Atomic Absorption Spectrometer.

The Brunauer-Emmett-Teller (BET) gas sorption measure-
ments were performed at 77 K under nitrogen using a Quan-
tachrome Autosorb IQ analyzer, with prior overnight degassing
of the samples at 100 °C. Before analysis, the freshly prepared
hydrogel tablets were soaked in ethanol for 6 h (the ethanol was
replaced at every 2 h), followed by the supercritical CO, activa-
tion using a Tousimis Samdri PVT-3D critical point dryer.

To visualize the structure and porosity of the tablets before
and after exposure to metal ion Scanning Electron Microscopy
(SEM) was used to study the morphology of hydrogels. For SEM
analysis, the hydrogel tablets were immersed in liquid nitrogen
and, once completely frozen, they were lyophilized for 48 hours.
These samples were then attached to an SEM holder and
analyzed for morphology and porous structures on a JEOL JSM
7900-LV SEM.

2.2 Formulation of 3D printable adsorbent ink

The 3D printable adsorbent ink was formulated using an 8%
sodium alginate solution prepared and mixed overnight using
a Stir-Pak High-speed (Cole Parmer), low-torque overhead mixer
motor (23-2300 rpm), along with a Fisher Scientific Isotemp
Stirring Hotplate with a temperature controller thermocouple.
Sodium alginate of 8% was used in this study as it was found
that levels lower than 8% lead to very low viscosity solutions that
were not suitable for printing. At 21 °C, 2% alginate had
a viscosity of 6400 mPa s, while 4% had 44 800 mPa s and 8%
had 5.40 x 10°> mPa s. A 10% gelatin solution having a viscosity
of 1.21 x 10° mPa s was prepared using a vortex mixer. This
gelatin solution was transferred to a beaker containing 8%
sodium alginate solution and further mixed for 1 hour to form
a mixture of alginate-gelatin in a 9:1 ratio. The alginate-
gelatin combination formed the base ink for 3D printing. The
optimized heavy metal removal ink was created by adding 5 ml

Environ. Sci.: Adv,, 2022, 1, 443-455 | 445
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of PEI solution (50 mg ml™ ") to the 45 ml of base alginate-
gelatin ink. The three-polymer component mixture was mixed
for 2 hours to get a homogenous 3D printable adsorbent ink.
For printing, the ink was transferred into a syringe-cartridge
fitting the Allevi 2 bioprinter and centrifuged at 2000 RPM for
7 minutes to remove air bubbles. For making an optimal ink
formulation, various concentrations of alginate, gelatin, and
PEI were tested alone and in different ratios. Their viscosities
were characterized with respect to temperature. The rheological
properties and the temperature-dependent viscosity changes
determine the printability of the ink and stability of the 3D
printed constructs, as discussed in the results section.

2.3 3D printing models and printing process

3D models were created using Autodesk software, primarily
AutoCAD and Inventor. The computer-generated 3D models
were processed by ‘slicing’ using Repetier-Host and uploaded to
the Allevi 2 3D Bioprinter. The ink was transferred to 10 ml
cartridges (BD Luer-Lok tip), and different dispensing tips
(Small Premium Dispensing Tip Kit - JG120DN-NT, Large
Dispensing Tip Kit - JG120NK from Jensens) were attached to
the cartridge and then tested for printability. The cartridge was
centrifuged at 2000 rpm with an endcap to remove any air
bubbles before printing. Printing parameters were optimized to
create optimal configurations that were finally used to fabricate
the 3D printed hydrogel tablets (Fig. 2). The printing procedure
was further optimized by adjusting the printing pressure, tip
diameter, and the 3D printer application settings until stable
printed constructs were obtained. The weight of the tablets was
0.68 £ 0.072 g in dry state.

2.4 Heavy metal ions removal

Optimization experiments of the 3D printed hydrogel tablets to
determine removal efficiency were first carried out with Cu®".
For testing the Cu®>* removal performance, the printed hydrogel
tablets were immersed in Petri dishes containing 40 ml Cu**
solutions of variable concentrations (100, 250, 500, 750 and

Fig. 2 3D models created using Autodesk (A) and printability of the
alginate—gelatin—PEl ink showing printing of different shapes: Cu,
square, and rectangle (B). Shown here as an example for Cu?*; other
structures can be created using similar processing.
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1000 ppm). For each Cu** concentration, the tests were per-
formed at least five times. Sample solutions were analyzed for
residual Cu®" content at the following time intervals: 1, 2, 5, and
18 hours. The 3D printed tablets were then tested with four
other heavy metals, cadmium (Cd*"), cobalt (Co®"), nickel (Ni*"),
and lead (Pb**), individually using an identical procedure with
one tablet per vial as that used for Cu®>" and exposed to each
metal ion for 18 h. Petri dishes were filled with 40 ml of 100 ppm
of Cd**, Co**, Cu®*, Ni**, and Pb** solution, respectively. For the
determination of the selectivity of the method for heavy metals,
a study was performed where a 40 ml mixture containing
100 ppm each of Cu**, Cd**, Co*", and Ni*" was exposed to
hydrogel tablet, and the residual concentration of each of these
ions was determined using atomic absorption spectroscopy
after 18 hours of exposure.

2.5 Application to an environmental water sample

The practical utility of the tablets was tested in environmental
water samples, and their efficiency was established for Cu**
removal. The water was collected from Garner Park, Potsdam,
NY, and used as-is. Petri dishes with a single hydrogel tablet
were used during this study. The sample (40 ml) was spiked with
Cu”" to create a 100 ppm solution. After 18 hours of exposure,
the samples were analyzed by AAS to determine the residual
Cu”" content.

3. Results and discussion

3.1 Formulation of 3D printable hydrogel adsorbent ink and
printability

The formulation of ink is crucial for developing compositions
that are 3D printable and suitable for creating robust and
mechanically stable constructs maintaining their functionality
for heavy metal removal in aqueous environments. Hydrogels
consisting of 3D crosslinked polymer networks are known for
their printability but obtaining robust and reproducible printed
constructs requires optimized composition, viscosity, miscibility,
structure, and a rheological behavior of the formulation that is
amenable to printing.”>** Multicomponent polymer mixtures
have been traditionally used for 3D printing and are known to
provide good gelation properties and viscosity, as opposed to
single polymeric systems. However, obtaining miscible single-
phase mixtures that are thermodynamically stable can be chal-
lenging, and their printing and gelation behavior is difficult to
predict. The selection of printing materials is thus critical for
ensuring compatibility and preventing phase separation and
cracking, which are necessary to achieve printability.

To formulate the adsorbent ink, we had the following
considerations: (1) the ink should exhibit a good pseudoplastic
(shear thinning) behavior to enable extrusion through the
printer nozzle such that it enables a layer-by-layer printing; (2)
the base materials of the ink should have tunable viscosity; (3)
the composition of the ink, crosslinking conditions and
printing time should enable solidification/gelation within
a reasonable time to enable well-defined stable constructs; (4)
one of the ink components should have specific binding or

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanism of physical crosslinking of alginate, gelatin, and polyethyleneimine in the formulation of the hydrogel adsorbent.

chelation ability for metal binding, and: (5) the printed
construct should be mechanically stable in aqueous environ-
ments to prevent leaching of captured ions. Because of their
biocompatibility and good mechanical properties, alginate and
gelatin have been standard choices for the fabrication of
hydrogels, particularly for applications in biomedicine and 3D
bioprinting.**?>?*3¢32 In this work, we utilized the interaction
between the macromolecular chains of gelatin and anionic
polysaccharide sodium alginate, which leads to the formation
of polyelectrolyte complexes through hydrogen bonding and
electrostatic interactions between the negative carboxylate
groups of alginate and the positive nitrogen groups in gelatin.**
The hydrogen bonding between the OH groups in alginate and
the NH groups in gelatin provides a stable hydrogel network
forming a base for the primary ink (Fig. 3). To further impart
functionality for heavy metal removal, the PEI, a known polymer
with abundant primary and secondary amine side chains
favoring heavy metal ion adsorption®*** has been added to the
base ink. In addition to providing metal removal, the branched
PEI has the ability to interact with alginate even at low degrees
of ionization and homogenously reinforce alginate hydrogels,
further improving their stability and preventing alteration of
the pore structure.* Despite the commonality of these poly-
mers, there have not been any studies on the printability of
these polymer composites, the stabilization of the PEI within
alginate hydrogels and their characteristics for heavy metal
removal. To understand the printability and gelation properties,
we studied the gelation behavior of each component individu-
ally and then in mixtures with respect to temperature.

Fig. 4 shows the viscosities of various hydrogel compositions
with respect to temperature (°C) when shear rates of 1 s~ " and 2
s~ ! respectively are applied. At 20 °C and a shear rate of 157,
the viscosity values were: 717.80 Pa s for alginate, 327.88 Pa s for
gelatin, 854.36 Pa s for the alginate-gelatin composite, and the
highest value of 1148.70 Pa s for the three-component adsor-
bent ink. The viscosity of alginate alone does not vary signifi-
cantly when the temperature is changed. By comparison, the
viscosity of the gelatin begins to show a drastic downward trend
at 35 °C for both shear rates. When gelatin and alginate are
mixed, the viscosity decreases much slower with the increase in
temperature in comparison with alginate and the gelatin alone.
For example, at 50 °C, the viscosity of alginate is 394.74 Pa s,

© 2022 The Author(s). Published by the Royal Society of Chemistry

that of gelatin is 0.01 Pa s, and the viscosity of the alginate and
gelatin composite is 307.69 Pa s, When PEI is added, the
viscosity of the adsorbent ink decreases slower than the algi-
nate-gelatin indicating a value of 365.00 Pa s, demonstrating
enhanced stability and a reinforcement effect when PEI is used.
The same trend was observed when a higher shear rate of 2 s™*
was applied, indicating stability in the composites’ rheological
response at a higher shear rate. Therefore, the best printable
configuration was achieved when combing alginate, gelatin,
and PEL It is interesting to note that in the absence of PEI when
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Fig. 4 The viscosity of alginate, gelatin, alginate—gelatin (Alg—Gel),
and alginate—gelatin—PEl (Alg—Gel-PEI) hydrogel composites as
a function of temperature (°C) at a shear rate of 1 s* (black) and 2 s™*
(red).
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a binary alginate-gelatin composite was used, the printing of
the mixture did not produce a stable construct; the printed
hydrogel collapsed due to the lack of crosslinking, further
supporting the critical role of the PEI to the gelation and
printing process. The final composition displayed excellent
printability and temperature stability between 20 °C to 50 °C.
The BET surface area of the Alg-Gel-PEI was 9.907 m* g7,
comparable with other types of hydrogels: chitosan® or
alginate/PEI based.*”

The rheological tests shown in Tables S1 and S2 - ESIT
support our hypothesis that the polymers used in this formu-
lation are miscible, the three can co-exist in a single phase, and
the mixture is thermodynamically stable.

3.2 Mechanical testing of 3D printed constructs

The mechanical stability of the 3D printed constructs created
using the basic 3D model shown in Fig. 2 was tested by printing
the hydrogel tablets, followed by drying and subjecting them to
mechanical testing by nanoindentation. These tests were per-
formed at twenty different points on the surface of the tablet,
and the results were used to calculate the reduced elastic
modulus and hardness at each of these points. Fig. 5 shows the
corresponding load versus depth (displacement) curve and the
different reduced elastic modulus and hardness at these points.
Reduced elastic modulus represents the elastic deformation
that the sample and the indenter tip undergoes as the indenter
tip indents the sample. Reduced modulus was calculated using
the following equation.

View Article Online
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where: E* = reduced modulus, E; = modulus of the specimen,
E, = modulus of the indenter, v = Poisson's ratio of the spec-
imen, and v' = Poisson's ratio of the indenter.

The load-depth indentation curves of the dried adsorbent
tablets revealed the magnitude of indentation depth corre-
sponding to the volume of the composite that was deformed
due to the applied indentation force. From the graph, it can be
clearly inferred that these hydrogel adsorbent composites can
handle high amounts of applied forces and therefore can be
used as high-performance materials. Based on the very low
deviation between the reduced elastic modulus values for the
twenty indentations and the hardness values across the points,
it can be inferred that the formulation is homogenous and the
distribution of the PEI across the hydrogel is uniform. Further
bending, twisting, and tensile tests were conducted as shown in
Fig. S1 and S2,} exhibiting excellent mechanical properties of
the fabricated hydrogel tablets. The 3D printed band remained
flexible and did not deform even after sequential bending at
a 90° angle on each side 50 times (100 times in total) and
twisting on each side 50 times (100 times in total) (Fig. S37). The
stability was maintained even when a uniaxial force of 100 N
was applied along the length of the hydrogel tablet.

The next set of characterization experiments was performed
to determine the porosity of the printed hydrogel and examine
alterations in the pore structure as a result of metal ion
complexation. These tests were run with the PEI-reinforced
gelatin-alginate hydrogel before and after exposure to Cu®*
ions, selected here as an example. As shown in the SEM images
obtained with frozen hydrogels (Fig. 6A, D and E), the surface of

2 2 o . . o
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5900 0.25
A) B)
© 0.23
a
O
4900 o021
w
o
€ 0.19 M‘W
]
S
(T
3900 T 0.17
= 0.15
= 1 3 5 7 9 11 13 15 17 19
< 2900 .
o Indentation Number
o
-
3 5.9 C)
1900 3 57
S ss
8 ~=~53
=
900 8551 'N\/\*/\/\'v
o 2
- 49
8
S 47
-100 ° 45
-100 400 900 1400 &= 1 3 5 7 9 11 13 15 17 19
Depth (nm) Indentation Number

Fig. 5 Nanoindentation tests: (A) load vs. depth profile, (B) hardness, (C) reduced elastic modulus of the dried films prepared from alginate—

gelatin—PEl composite.
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Fig. 6 SEM images of the 3D printed hydrogel tablets before (A, C, E) and after (B, D, F) exposure to 100 ppm Cu?* at 250 (A, B), 1000x (C, D)

and 7500x (E, F) magnifications.

a large number of pores provides a vast surface area for the
interactions between Cu®>" and PEL Incubating the gels with
a Cu® solution led to a significant change in the hydrogel
structure due to crosslinking between the Cu®* ions and the PEIL
Once crosslinking occurs, the pores close, and the hydrogel has
a smooth, uniform surface, as shown in Fig. 6B, D and F.

The characterization tests demonstrate that our printing
procedure produces highly porous and mechanically stable
hydrogels, which could be used for environmental remediation
applications. The significant microstructural alterations in the
hydrogel pore structure seen by SEM after metal complexation
further support our binding mechanism and demonstrate
successful interaction between the metal ions and the hydrogel.
Moreover, the tablets were highly stable and maintained their
structure and morphology in environmental solutions and pH

© 2022 The Author(s). Published by the Royal Society of Chemistry

conditions ranging from 4 to 10. These materials and optimized
printed constructs were further evaluated in batch adsorption
tests to assess their performance for the removal of metal ions
with laboratory standards and environmental water samples.

3.3 Metal ion removal studies

Tablet adsorption capacity, kinetics, and optimization of the
incubation time were first determined by batch experiments
with Cu®". Evidence of metal binding was first revealed by the
visible micro-structural changes in the tablet, noticeable by the
naked eye. After exposure to the Cu®" solution, each tablet
showed a narrowing of the edges and an immediate change in
color from uncolored to blue (Fig. S47). A slight shrinking in the
tablet was also observed (Fig. 7). Continued exposure to the Cu**
solution caused the entire table to change color to blue,
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Fig. 7 (A) lllustration of the Cu®* capture/removal with a 3D printed
‘CU’ construct showing the as printed tablet in the dry state (a),
immersion into a Cu?* solution of 500 ppb (b), and capture evidenced
by a change in the color of the tablet to a dark blue over the time of
exposure (c). Note the ability of the hydrogel tablet to capture Cu?*,
essentially concentrating it from the solution. (B) Color changes of
square-printed hydrogel tablets before (0 hours) and after exposure to
100, 500, and 1000 ppm for 0O, 2, and 18 h, respectively.
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indicating a time-dependent adsorption process. Despite the
morphological changes, the hydrogel remains functionally
intact, mechanically stable, and does not dissolve in the
aqueous environment during the exposure experiments. This
behavior is attributed to the increased stability provided by
reinforcing the hydrogel with the PEI and the complexation of
PEI with the metal ions, increasing stability and robustness.
These results are in line with the SEM results showing signifi-
cant microstructural changes in the porous structure following
exposure. The high stability in the aqueous environment, the
low cost, and the biocompatibility of the hydrogel make these
formulations attractive candidates for environmental
applications.

Fig. 8 shows the results of batch adsorption experiments
with the 3D printed tablets exposed to Cu®" solution for 1, 2, 5,
and 18 hours. To evaluate the removal capacity of the alginate-
gelatin-PEI tablet over time, one or two tablets were incubated
with high concentrations of Cu®>" of 100, 500, and 1000 ppm
Cu”'. During the experiments, the hydrogels started turning
blue immediately after exposure to the Cu®" solution indicating
the formation of the cuprammonium complexes homogenously
throughout the hydrogel tablet's body. Continued exposure
caused the entire tablet to turn blue with higher Cu®**
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Fig. 8 Percent removal for Cu?* vs. time with one (~0.68 g) hydrogel tablet (black) and two (~1.47 g) hydrogel tablets (red) after 18 hours
incubation in Cu?* solutions of the following concentrations: 100 (A), 250 (B), 500 (C), 750 (D), and 1000 (E) ppm.
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Fig. 9 Isotherm curves for the adsorbent in a hydrated vs. dehydrated
state. Site specific binding (A, C) and Freundlich fit (B, D).

concentrations inducing a deeper color. Cu** removal begins
immediately upon immersion of the tablet in the solution and
proceeds gradually over time. Based on the AAS results of the
residual Cu**, the amount of Cu®" captured and removed per
single tablet is significant. For example, when only one tablet
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was exposed to 100 ppm Cu®* solution, 18.43% was removed
after one hour, ~50% were removed for 5 hours, and the entire
Cu”" present was completely removed, i.e., 100% removal, after
18 hours. When more tablets are used, the removal time
decreases, and Cu”* is more efficiently removed with a higher
sorption capacity provided by the availability of more capture
sites in the two tablets and a shorter time. The same trend was
observed when higher Cu®>" concentrations were tested.

The kinetics of the adsorption process and calculation of the
total adsorption capacity and binding isotherms were next
evaluated using the Langmuir and Freundlich models. The site-
specific binding fit was determined using the equation:

Y = max
qe Kd-‘rX

max

where: o' is the maximum equilibrium binding/adsorption of
Cu** per gram of the 3D printed adsorbent. This value is
extrapolated to higher concentrations of Cu®* to get the final
value. Ky is the equilibrium dissociation constant, measured as
the concentration (mg L™") of Cu®>" necessary to achieve a half-
maximum binding/adsorption at equilibrium. The Freundlich
fit was performed by plotting the log C. (the equilibrium Cu**
concentration in mg L") vs. log g. (mg of Cu®>* removed per g of
adsorbent) using the equation:

Table 1 Site-specific binding and Freundlich isotherm parameters for Cu?* removal

Specific binding

Specific binding

(best-fit values) (95% confidence interval) Freundlich
Adsorbent state g™ mg g ! Ky, mg g ' ge>, mg g~ Kyq, mgg ! R? 1/n K¢ R2
Hydrated 43.52 800.4 28.9 to 109 329.4 to 3144 0.96 1.59 0.61 0.993
Dehydrated 633.20 1037.0 378.8 to 3562 370.1 to 9469 0.96 1.48 1.61 0.993

Table 2 Comparison of the removal capacity of the 3D printed alginate—gelatin—PEIl with those reported with other hydrogel-type adsorbents

for Cu?* removal

Manufacturing process steps and

ge™ (mg g™t Cu*”

Hydrogel composition scalability adsorption Ref.
Magnetic calcium alginate hydrogel Gelation of alginate/Fe,O; mixed 159 38
beads suspension
Chitosan cellulose hydrogel beads Droplet addition of chitosan into 53.2 39
NaOH through a vibration nozzle
system
MXene/alginate composite A mixture of crosslinked MXene/ 87.6 40
alginate by freeze-drying
Chitosan/PEl/graphene oxide Cellulose membranes dip-coated in NA/90% removal 41
chitosan-PEI-graphene and of 20 ppm
glutaraldehyde in a multistep
process
Polyacrylamide/graphene oxide/ Multistep free-radical 280.3 42
sodium alginate polymerization, neutralization, and
crosslinking
PEI/k-carrageenan composite (CG) PEI/CG mixture dried under 116 43
vacuum, freeze-dried into a mold
Alginate/gelatin-PEI PEI-based hydrogen fabricated by 633.2/100% removal This study

one-step printing, fully automatic,
and scalable

© 2022 The Author(s). Published by the Royal Society of Chemistry
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log g. = log k¢ + - log C.

Because the printed hydrogel takes up a significant amount
of water and swells in aqueous environments due to their
hydrophilic groups in the backbone, the isotherms were
calculated for both dry and hydrated state hydrogels (Fig. 9).
The corresponding kinetic parameters are listed in Table 1. The
plot of log C. vs. log g. shows a straight line, which suggests
a Freundlich isotherm indicative of multilayer adsorption on
a heterogeneous surface. Given the combined use of alginate-
gelatin and PEI in our system, it is expected that metal ions
binding to the printed hydrogel occur through multipoint
interactions, including chelation to the PEI as well as electro-
static binding to the three-dimensional polymeric network. To
further quantify binding and estimate a maximum saturation
point for Cu®" removal, we have also applied a site-specific
binding fit, which allowed us to determine the maximum ion
binding for dry and hydrated tablets (Table 1).

The maximum absorption capacity, ge - measured per gram
of dehydrated sorbent of 633.2 mg g~ ' is significantly higher
than the adsorption capacity reported previously with other
hydrogel-type sorbents based on similar biomaterials like algi-
nate, chitosan, and cellulose. This extremely high sorption
capacity supports our hypothesis of achieving increased
binding efficiency due to the favorable adsorption with the
porous functional structure of the 3D printed hydrogel network.

View Article Online
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A comparison of adsorption capacity, ge =, for the removal of
Cu”" ions using previously reported hydrogel-type sorbents is
shown in Table 2, indicating superior adsorption of the 3D
printed hydrogels. The high binding ability is attributed to the
macroscopic pores and abundant surface functionality available
for chelation, favorable for removing metal ions in aqueous
environments.

3.4 Removal of other heavy metals

Further investigations were performed to evaluate the adsorp-
tion capacity of the 3D printed tablets and demonstrate broad
applicability as a universal sorbent for metal ions removal.
Experiments were carried out with the adsorbent exposed to
100 ppm of Cd**, Co**, Cu*', Ni**, and Pb>" solutions. Fig. 10
provides cumulative results showing percent removal of each
metal ion individually and in mixtures after 18 h incubation.
The data indicate the ability of the tablets to remove in addition
to Cu*', ions like Ni*', Cd*", Co*" and Pb*' with removal
capacities of 90.38%, 59.87%, 46.27%, 38.66%, and 6.45% for
Cu”", Ni**, ¢d**, Co®" and Pb>" respectively. Comparative tests
indicate the highest removal for Cu”* and the lowest for Pb**. Of
the metals investigated, Cu”" and Co”>" cause the hydrogel to
change color. In the presence of others, such as Ni**, the
hydrogel remain pale white, despite displaying relatively high
adsorption capacity (~60%).

To investigate if the hydrogel can remove multiple metal ions
simultaneously or if they compete for the same binding sites,

100 | A) 100 [¢)
é 60 g o l [
:\: 40 I ::\o 40 \ \\g
20 " *
: 7 .
100 - § - —
Tg ) \ dlink vadii
§ 40 N § admium Cobalt
X 20 % § § &
0 _§ § §_ Copper Nickel Lead

Cadmium Cobalt Copper Nickel

Fig. 10 Percent removal of heavy metals after 18 hours using five (A) and one (B) tablets exposed to 100 ppm concentration of a particular heavy
metal, individually. Each tablet weighed approximately 0.7 g. (C) Comparative analysis of heavy metal removal capability of one hydrogel tablet
placed in an aqueous solution containing each individual heavy metal (solid bars) vs. a mixture of the four metals (striped bars). (D) Image of
hydrogel tablets exposed individually to 100 ppm metal solutions after 18 hours using one tablet.
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Fig. 11 Removal of Cu?* from untreated river water sample that was
spiked to create a 100 ppm Cu?* solution, compared to the removal
from a standard solution prepared in distilled water containing
100 ppm Cu?*. Experiments were performed with one tablet after 18 h
incubation.

tables were exposed to mixtures of the four highly adsorbing
ions and compared to those exposed to each ion individually
(Fig. 10). The data indicate the 3D printed tablets' capability to
remove heavy metals, with similar removal capacities as for
those with individual ions even when other ions are present.
They also indicate that the co-existing metal ions are not
competing for the same binding sites nor displace the highly
adsorbing Cu** from the PEI binding sites. Therefore, the 3D
printed tablets have the potential as a universal tool for the
capture and removal of a variety of metal ions.

The printed tablets are stored in a dry state at room
temperature until use with no sign of degradation over several
months, and no special conditions are required for storage. It
was found that the adsorption capacity remained unchanged
after 240 days under the same testing conditions as described,
which demonstrates excellent stability.

3.5 Application to an environmental water sample

The stability of the 3D printed tablets in actual environmental
water was first investigated by incubating the tablets in raw
water collected from the Raquette River, Potsdam, NY. When
incubated in the water, the hydrogel tablets were robust and did
not show any changes over time. The tablets were further tested
from the removal of Cu®** in spiked river water. Since the river
water had no detectable levels of Cu®** for the removal test, it was
spiked with 100 ppm Cu®'. As with distilled water, the color of
the tablets changed to blue, and the tablets were able to remove
87.30% of the total Cu>*, close to that obtained for a standard
solution prepared in distilled water which showed 90.37%
removal. This demonstrates that the removal performance of
the tablets in a real water sample is comparable to the perfor-
mance in laboratory samples and shows the feasibility of using
these adsorbents in real environmental samples (Fig. 11).

4. Conclusion

The rapid advancement of additive manufacturing and 3D
printing technologies has opened the door for the fabrication of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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complex functional products using fully automated
manufacturing processes. We have developed a new printable
adsorbent ink and 3D printing method for fabricating hydrogel-
based tablets for use in heavy metal remediation. These 3D
printed hydrogels are insoluble in water after the metal ion
removal, which leads to easy recovery of the tablets. Several
advantages are achieved using this approach. First, the printing
method is scalable, and the materials used to formulate the ink
are biodegradable and inexpensive. Second, the ink has the
metal-binding ability through the PEI These tablets utilize the
strong crosslinking properties between PEI and metal ions to
capture the ions from the environment. Third, the 3D printed
hydrogel provides a simple method for removal using the 3D
printed hydrogel tablets. The composition of the tri-polymer 3D
printable ink includes sodium alginate, gelatin, and PEI, which
together provide an excellent composite material system for
capturing heavy metal ions, easily accessible and environmen-
tally sustainable. Forth, we have shown that in addition to Cu®*
removal, they could be used for removing other heavy metal
ions like cadmium, nickel, lead, and cobalt. The tablets and the
adsorbent inks can be used for environmental remediation to
help treat polluted wastewater, particularly in areas with high
heavy metal concentrations in agricultural or industrial
settings.

The results indicate the effect of achieving multi-
functionality and increasing stability through reinforcing the
hydrogel with PEI and demonstrate that the hydrogel compo-
sition and its rheology are essential factors in determining the
printability, stability, and functionality of the hydrogel. An
improved understanding of the factors regulating the stability
of these hydrogels will allow further development of 3D print-
able formulations and manufacturing processes for a variety of
applications in the environment and other fields. These find-
ings are likely to be important when utilizing these materials
and methods as green adsorbents for heavy metals and poten-
tially other contaminants removal. This novel and cost-effective
approach could help fabricate inexpensive systems for envi-
ronmental decontamination.
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