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Abstract

Biopolymeric hydrogels have emerged as promising materials for water treatment; however, they exhibit
limitations in terms of mechanical robustness and durability. To address these shortcomings, we
implemented several strategies, such as (i) incorporation of graphene oxide (GO) to expand the range of
molecular interactions within the hydrogels, (ii) increasing the degree of carrageenan biopolymer
crosslinking by elevating the temperature of the ionic crosslinking bath, thereby enhancing the mechanical
robustness of the hydrogels, and lastly, (iii) encapsulation of the nanocomposite hydrogels within 3D
printed scaffolds to enhance the hydrogel durability. This study introduces the first adsorbent based on
encapsulated hydrogels for water treatment, demonstrating a remarkable increase in its reusability,
surpassing previous reports by at least 400%. Through the optimization of the 3D printed scaffold design,
we achieved a 140% increase in the mass of encapsulated hydrogel, and engineered the available surface
area to enhance both the durability and the environmental performance of the hydrogels. The addition of
GO increased the adsorption capacity to 166.1 mg/g and the storage modulus at 10 Hz to 12.48 kPa,
representing a 55% and 305% enhancement compared to the neat hydrogel, respectively. Moreover, the
higher degree of ionic crosslinking further increased the storage modulus of the hydrogel by 261%.
Increasing the degree of crosslinking resulted in a lower hydrogel swelling ratio, improved chemical
stability, and increased the reusability of the hydrogel beads. Hydrogel encapsulation significantly
increased the chemical stability and reusability of the adsorbents. More than 90% of the initial mass of the
encapsulated hydrogel remained intact after 20 regeneration cycles. The reported results present a
promising avenue toward the industrial-scale application of sustainable and green hydrogels for water

treatment.
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1. Introduction
Polysaccharides, also referred to as biopolymers, are a broad class of naturally occurring carbohydrate

polymers linked by glycosidic bonds. Polysaccharides have received considerable attention due to their



unique properties, including their natural and widespread abundance, low cost, renewability, stability,
hydrophilicity, multifunctionality, and high chemical reactivity [1]. Like many bio-inspired materials,
biopolymers also offer sustainable biological properties such as non-toxicity, biocompatibility, and
biodegradability. The use of biopolymers as adsorbents in water treatment offers a sustainable alternative
to traditional sorbents and has the potential to contribute to improved water quality and environmental
protection. However, their low mechanical stability, compared to synthetic polymers, has limited their
application in water treatment as hydrogel adsorbent [2]. Carrageenan is a biopolymer extracted from red
algae, that can form a hydrogel in the presence of cationic ions, making it useful in a variety of applications,
such as drug delivery and water treatment [3]. It has demonstrated the ability to effectively remove
pollutants such as heavy metals and organic dyes from water [4]. To address the low mechanical properties
of carrageenan, it has been studied mostly as a co-polymer with other polymeric compounds [5-8].
However, the durability assessment outcome, primarily quantified by the number of reusability cycles,
indicates limited success, as the maximum reported number of regeneration and reuse cycles was six. [9—

15].

The addition of nanomaterials improves the mechanical properties of biopolymers through the formation
of physiochemical bonds, such as hydrogen bonding with polymer chains [16-19]. Among the
nanomaterials investigated, graphene oxide (GO) has received significant attention in the context of water
treatment. GO stands out due to its large surface area, presence of functional groups such as carboxyls and
hydroxyls, and its capacity to form -7 interactions as it is comprised of sp? carbons. This characteristic
suggests the potential of GO as a promising material for improving the mechanical properties of
biopolymers and, simultaneously, an effective adsorbent for water pollutants [20]. GO nanosheets exhibit
significant affinity towards a diverse range of water contaminants [21-23]. Researchers have enhanced the
mechanical properties of GO-containing hydrogels and strengthened the physical bond by subjecting the

hydrogels to high temperatures in a thermal post-treatment step after their formation [24]. It has been proven



that this post-treatment step not only increases the mechanical properties of the hydrogel but also improves

its surface area [25].

Incorporation of the hydrogels inside porous scaffolds is another prominent strategy to enhance the
mechanical properties of biopolymers. There are several reports of incorporating various hydrogels inside
porous polymers for biomedical applications [26-28]. The effectiveness of this approach relies on the
careful design of the porous scaffold, aiming to achieve a delicate balance between maximizing the
available surface area and ensuring robust mechanical properties [29,30]. In recent years, the field of
environmental remediation, including CO; capturing and water treatment, has witnessed significant interest
in 3D printing techniques [31-38]. The interest in 3D printing stems from their versatility in design and
material selection, as well as their exceptional ability to achieve a favorable balance between porosity and
mechanical properties [39]. These factors have traditionally posed challenges in using conventional
fabrication methods in environmental applications because they often exhibit adverse effects. Higher
porosity and surface area drastically decrease the mechanical properties, and vice versa [40]. The advent of
various 3D printing techniques offers new possibilities to overcome these limitations and improves
efficiency in environmental applications. Nevertheless, the available related literature on the application of
3D printing in this field barely explores the design parameters of the scaffolds and their effect on structural
performance and durability. Basic geometric structures such as cylinders and cubes are designs that have
been frequently used [41,42]. The environmental remediation literature has not given enough attention to
important 3D printing parameters such as infill pattern (pore shape) and infill density (porosity). The
traditional woodpile infill pattern is frequently used, and infill density is often not reported. [33]. These two
parameters have a significant impact on the mechanical properties of the final structure and its available

surface area, offering a distinctive opportunity to achieve the desirable balance between them [43].

To evaluate the environmental performance of the hydrogel adsorbents, we used methylene blue (MB) as a
model cationic contaminant and organic dye. The widespread use of organic contaminants such as dyes in

various industries, for example, textile, printing, and food processing has been a growing environmental



concern [44]. Organic dyes can pose significant health and ecological risks by affecting water quality and
altering aquatic ecosystems [45]. Additionally, we selected MB as the target contaminant due to previous
reports on the formation of ionic metachromatic complexes with sulfated polymers like carrageenan [46].
This phenomenon manifests in the alteration of MB color from blue (with an absorption peak at 664 nm)
to purple (with an absorption peak at 610 nm) in the presence of unbound carrageenan. Leveraging this
distinctive feature, we could detect hydrogel disintegration and the leaching of un-crosslinked (free)

carrageenan polymer via a straightforward UV-Vis spectroscopy technique.

In this study, we fabricated a novel encapsulated hydrogel adsorbent, aiming to enhance its mechanical
properties and durability. We fabricated 3D printed scaffolds with rationally designed architecture to
enhance the available surface area and to maximize the reusability of the hydrogels. Our unique adsorbents
benefitted from three distinct strategies, namely, (i) incorporation of GO nanosheets into the carrageenan
hydrogels, (ii) formation of hydrogels in high-temperature coagulation baths, and (iii) encapsulation of the
nanocomposite hydrogels in 3D printed porous polylactic acid (PLA) scaffolds. All of these contributed to
the improvement of the overall performance, mechanical properties, and durability of the biopolymeric
hydrogels. While the biopolymeric-GO nanocomposite hydrogel beads were studied before for the
adsorption of water contaminants [9,17,47], in this study, we investigate them from a new perspective, by
focusing on their reusability to advance the application of these materials one step closer to large scale
industrial implementation. Herein, we propose using in-situ thermal treatment to enhance the mechanical
properties by increasing the degree of crosslinking in the hydrogels, simplifying the fabrication process by
eliminating the need for post-treatment. Predominantly, the novelty of this work lies in the design and
fabrication of efficient 3D printed scaffolds for hydrogel encapsulation, achieving a desirable balance

between the adsorption performance of the hydrogels and their reusability.

Our investigation involved exploring the effect of GO content, coagulation bath temperature, infill pattern

and density of the 3D printed scaffolds, alongside an examination of the adsorption capacity and reusability



potential of the hydrogels. We systematically studied these parameters using beads (spherical hydrogels),

as well as our novel encapsulated hydrogels in 3D printed scaffolds.

2. Materials and Methods

2.1 Chemicals

The following chemicals were used as received without further purification: k-carrageenan (Carg, TCl),
potassium chloride (Sigma-Aldrich, > 99.0%), polylactic acid (PLA, NatureWork, 4043D), methylene blue
(MB, Sigma-Aldrich, > 97%), methyl violet (MV, Sigma-Aldrich), rhodamine B (RhB, Sigma-Aldrich,
>95%), malachite green chloride (MG, Sigma-Aldrich, analytical standard), expandable graphite (Asbury
carbon), sulfuric acid (Fisher, ACS plus), potassium permanganate (Sigma-Aldrich, ACS reagent), and

hydrogen peroxide (VWR, 30%).

2.2 GO Synthesis

GO was prepared using a modified Hummer’s method [48]. In summary, graphite was expanded at 1000
°C, and 0.5 grams of the expanded graphite was mixed with 100 ml sulfuric acid and 5 grams of potassium
permanganate in a round bottom flask. The mixture was stirred for 24 hours in a 45°C water bath. For the
next step, the flask was put in an ice bath to cool down, and 125 ml H,O- solution with 1:5 volume ratio of
H20.:deionized (DI) water was added slowly. After half an hour, the pale brown mixture was centrifuged
several times using 1M HCI solution and DI water as washing solution. In each washing step, the
supernatant was discharged, and the cake was dissolved in the solution. After 8 rounds of washing (3 times
with acid and 5 times with DI water), the resulting cake was dispersed in the appropriate volume of DI

water to reach 2 mg/ml concentration. The final pH of the GO suspension was 3.5.

2.3 Formation of Hydrogel Beads
The hydrogel bead formation method is schematically shown in Figure la. Carrageenan powder was
dissolved in DI water at a concentration of 1 wt% using a magnetic stirrer, until a homogenous solution

was obtained. In this study, different amounts of GO was added to the biopolymeric matrix due to its high



available surface area, compatibility with carrageenan chemistry, and the capability of forming n-m and
electrostatic bonds with it [49]. To reduce the cost of the adsorbents, and to minimize the potential of
leaching nanomaterials in water, the concentration of the GO was kept to less than 2.5 wt%. Different
amounts of GO (0, 0.25, 0.5, 1, and 2.5 wt%) were added to the solution. Then, the mixture was added
dropwise to a coagulation bath containing 1M potassium chloride as an ionic crosslinker to form hydrogel
beads. After 24 hours of resting in the coagulation bath, the beads were then washed several times with DI

water to remove the excess crosslinker.

To improve the durability and reusability of the beads, they were formed in the coagulation baths heated to
30, 40, and 50 °C. For simplicity, the coagulation bath at room temperature was named cold coagulation
bath (CCB) and the one heated to 50 °C was named hot coagulation bath (HCB). Higher temperature bath
results in increasing the beads’ degree of crosslinking by taking advantage of the increased activity of

potassium and makes the synthesis process simpler by eliminating any required post treatment [50].

Carg-GO
hydrogel

Figure 1. Preparation method of the beads and encapsulated hydrogels showing, (a) the procedure for the formation
of nanocomposite beads, and (b) the procedure for 3D printing of the PLA-based porous scaffolds and the
encapsulation of nanocomposite hydrogels inside the scaffolds, where (c) SEM image and digital photographs of the

typical hydrogels encapsulated in 3D printed scaffolds are represented in top and cross-section view.

2.4 3D Printing of Porous Scaffolds

Porous scaffolds with various designs were fabricated using a fused deposition modeling (FDM) 3D printer
(Prusa i3 MK2S) using PLA feedstock. The scaffolds were specifically designed using CATIA software to
provide efficient models that offer high specific surface area. Fabrication of the scaffold included pellet

extrusion and filament preparation, and FDM 3D printing of the models. Briefly, PLA pellets were first



extruded at 205°C using a single screw extruder (FilaFab PRO 350 EX Extruder) to obtain a 1.7520.05 mm
filament. The diameter of the filament was continuously monitored through a control system using a high-
speed, high-precision micrometer measurement instrument (Keyence L9000). Then, the filament was
loaded to the 3D printer and extruded through a heated nozzle which heats the filament to its melting point.
The model was printed layer by layer according to the G-code from the slicer, Simplify3D. The printing

parameters have been summarized in Table S1.

In this study, four patterns of scaffolds with the dimensions of 2 cmx2 cmx2 c¢cm were printed (Figure 2).
One pattern follows woodpile (WP) design, which is typically used in literature for various fields of
application. In the WP design, each layer comprises of a series of parallel lines, with any adjacent layer
rotated 90° with respect to their neighboring layer. The other three patterns, having complex customized
(CC) architecture, were engineered by combining different infill patterns to improve the interactive surface
area of the encapsulated hydrogel with contaminated water. CC design is comprised of 14 layers, where the
first (bottom) and 14" (top) layers are rotated 45° with respect to their neighboring layer. The rest of the
layers are rotated 90° with respect to their neighboring layer (Video S1). The distance between the parallel

lines determines the pore size and infill density of the 3D printed structures.
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Figure 2. Scaffold design specifications and digital photographs of the 3D printed scaffolds from the top and cross

section view.

2.5 Formation of Nanocomposite Hydrogels inside the Scaffold

Fabrication of the encapsulated nanocomposite hydrogel in 3D printed scaffolds follows the same method
of bead fabrication with some modifications (Figure 1b). Firstly, the Carg-GO nanocomposite dispersion
was prepared following the procedure described in section 2.3. Then, the 3D printed scaffold was immersed
in the suspension for 30 minutes to allow the suspension to infuse into the scaffold and completely fill its
pores. After that, the scaffold was slowly pulled out of the suspension and immersed in the cold or hot
coagulation baths. After resting for 24 hours in the coagulation bath, the hydrogel that formed outside of
the scaffold was carefully wiped off, and the trapped hydrogel in the 3D printed structure was washed

several times with DI water to remove excess cross-linkers. Figure 1c shows an SEM image of the resulting



3D-printed encapsulated hydrogel (3DPEH). This image highlights the porous nature of the encapsulated

hydrogel and confirms its adhesion to pore (infill) surfaces of the 3D-printed scaffold.

2.6 Adsorption Experiment

The removal of several organic dyes (MB, MV, RhB and MG) with beads and 3DPEH were studied. If not
specifically mentioned, the initial concentration of the organic dyes was kept at 50 ppm. In these
experiments, the weight of the beads and the weight of trapped hydrogel in 3DPEH were equal, and the
experiment conditions for both adsorbents were kept the same. It is worth mentioning that the pH of the
solutions was monitored before and after the adsorption experiments and determined to remain constant.
Removal efficiency has been chosen as the main parameter to evaluate the removal performance of the

adsorbents, which defines as:

Co — Gt

Removal ef ficiency = x 100 @

0

Where Co and C; are the concentration (ppm) of the dye at the beginning of the experiment and at time t,
respectively [5,41]. Except for the kinetic studies where concentration was measured at several time points,

Ciwas measured after 24 hours, when the adsorption reached equilibrium.

The kinetics of dye adsorption onto hydrogel beads was studied. Typically, 100 mg of hydrogel beads (dry
weight) was added to MB solution (100 ml, 50 ppm). Samples were collected at fixed time intervals for 24
hours. The adsorption capacity (Q:) was calculated using Equation 2 and plotted with respect to time (hours)
for obtaining the adsorption kinetics graphs. The adsorption kinetics data were fitted to the pseudo-first

order (Equation 3) and pseudo-second order (Equation 4) models.

Q= (CrC) xe- @)
ln(Qe - Qt) =In Qe,cal - klt (3)
t 1 t 4)

4+ —
Q t kz Qg Qe,cal
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Where V and m are solution volume and the adsorbent dry mass, respectively. Moreover, the predicted

equilibrium adsorption capacity (Qeca) and rate constants (ki and k») have been calculated and reported.

The equilibrium isotherms of hydrogel beads were obtained by immersing 100 mg of adsorbents (dry
weight) into 100 ml of MB solution with different concentrations (50, 100, 200, 300, 500, 800, and 1500
ppm). The isotherm experimental data were fitted to Langmuir (Equation 5) and Freundlich (Equation 6)

isotherm models and models’ constant were reported in Table S2.

Rl e (5)
Q_e_Qm+(mekl)
In(Q.) = In(ke) + - +In €, ©)

In EQ.5, ki is the Langmuir constant related to the affinity of the binding sites, Qm is the maximum adsorption
capacity, representing the monolayer coverage of the adsorbent. Additionally in Eg. 6, n is the heterogeneity

factor, indicating the intensity of the adsorption process.

In order to compare the reusability of the adsorbents, they were immersed in an MB solution (Cy=50 ppm)
for 24 hours. Then, they were removed from the feed and immersed in a regeneration solution (mixture of
ethanol and 1M potassium chloride solution at 1:1volumetric ratio) for 5 hours. The regeneration and reuse
cycles continued until all the hydrogel beads disintegrated in the feed solution. In the case of 3DPEH, since
the disintegration rate was significantly slower, the regeneration and reuse were continued for 20 cycles,
and the weight of the remaining hydrogel inside the scaffold was reported as the indicator of the rate of the

3DPEH disintegration after several reuse cycles.

2.7 Measurement of the Hydrogel Swelling Ratio and Gel Fraction

Swelling equilibrium and kinetic measurements are standard parameters to determine the degree of
crosslinking, where hydrogels with lower degrees of crosslinking tend to absorb more water and swell more
in comparison with those with higher degrees of crosslinking. For this measurement, the initial weight of

the freeze-dried beads (Mg) was measured. Then, the beads were transferred into a metal mesh container
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and immersed in DI water. The weight of beads (M:) was measured for up to 24 hours until it reached an

equilibrium amount. The swelling ratio was calculated using Eq. (7).

. . M- M,
Swelling ratio = ———— @)
Mo

The chemical stability of the hydrogels was assessed using the gel fraction test, as described in the literature
[51,52]. For this test, hydrogels with the initial polymeric composite mass M, were immersed in DI water.
The hydrogels were removed from water at fixed time intervals up to 24 hours. While immersed, the un-
crosslinked portion of the hydrogels gradually dissolve in water, whereas the cross-linked fraction remains
intact. The hydrogels were then freeze-dried, and their gel fraction, corresponding to the cross-linked

portion of the hydrogels, was calculated using Eqg. 8.

. Mq
Gel Fraction = — X 100 (8)
MP
where My is the mass of the freeze-dried hydrogel, and M, is the mass of the initial polymeric composite.

2.8 Mechanical Compression Tests

Uniaxial compression test was performed on different 3D-printed scaffolds and encapsulated hydrogels to
determine the effect of infill density, customization of the design, and hydrogel encapsulation on scaffold
mechanical properties. The force was applied to the scaffolds perpendicular to the 3D-printed layers using
a UTS STM-50 testing machine (United Testing Systems, Concord, Canada) with a 50 kN load cell for
WP-25 and CC-50 and a 2.2 kN for the rest of the samples, at a constant crosshead speed of 1 mm/min.
Engineering compressive stress and compressive displacement were calculated using recorded force and

crosshead displacement, respectively. All tests were conducted in triplicates.

2.9 Characterization Techniques

The concentration of dyes was measured using an Agilent Cary 60 UV-Vis Spectrophotometer, operating
in the visible light range or at the respective absorption peaks of the dyes, namely 665 nm for MB, 584 nm
for MV, 615 nm for MG, and 550 nm for RhB. Rheological evaluations were carried out using an Anton

Paar SmartPave 102 rheometer. For storage modulus measurements, a parallel plate geometry with a
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diameter of 25 mm was used. The gap size for all tests was set at 2 mm, and a frequency sweep was
conducted within the range of 0.1-100 Hz, while maintaining a constant strain of 1%. To analyze the
functional groups at a molecular level, Fourier transform infrared spectroscopy (FTIR) spectroscopy was
performed using an Agilent Cary 630 FTIR Spectrometer, spanning the range of 400 to 4000 cm™. The pore
architecture and surface morphology of the hydrogel beads were examined using scanning electron
microscopy (SEM, JEOL JSM-6380LV) using secondary electrons accelerated at 20 kV. The samples were
gold coated using a sputter coater prior to SEM imaging. The Brunauer-Emmett-Teller (BET) surface area
of the hydrogel beads was determined using nitrogen at 77 K using a Micromeritics Tristar 3000 instrument,
following overnight degassing of the samples at 90 °C. The water contact angle was measured using a

contact angle goniometer (DataPhysics Instruments OCA 15EC).

2.10 Statistical Analysis

In this study, all tests were performed in triplicates, and the significance of the difference between datasets
was analyzed using the Origin software (v.10.0, OriginLab Corporation, USA). Depending on the number
of sample sets, t-test or one-way ANOVA, including Tukey’s test, was used to analyze the significance of

the difference between the results. The p-value for each analysis was set to P <0.05.

3. Results and Discussions

3.1 Characterization and Performance Evaluation of the Nanocomposite Beads

3.1.1 Effect of GO Concentration

Although the abundance of functional groups on the backbone of carrageenan makes it a desirable adsorbent
for a wide range of contaminants, the moderate overall adsorption capacity and low mechanical properties
are the main drawbacks in the application of this biopolymer in water treatment [53]. While the primary
objective of this investigation is to enhance the durability of the carrageenan hydrogel, a major priority is
to enhance its environmental performance as a sustainable adsorbent. This ensures that the hydrogel is not

only robust but also an efficient adsorbent of high performance. Graphene oxide, with high surface area
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and the ability to form various physical interactions such as hydrogen bonding and n-n interaction, was
chosen to achieve the mentioned objectives. Moreover, based on previous reports on the incorporation of
nanomaterials in the biopolymeric matrix, the addition of GO nanosheets significantly improves the
adsorption capacity [5-7,9]. Figure 3a demonstrates the effect of various GO concentrations on the MB
adsorption performance of the nanocomposite beads in comparison with the neat Carg beads. MB is a model
organic contaminant, and its adsorption capacity using different sorbents is widely reported in the literature
[54,55]. In this experiment, the initial concentration of MB solution was set at a relatively high amount of
250 ppm to highlight the effect of GO concentration on the removal capacity. As shown, the adsorption
capacity of the beads increases with the addition of GO and reaches its optimum amount in the GO content
range of 0.5 to 2.5 wt% (Figure 3a). Statistical analysis indicates that the measured adsorption capacities of
the different GO-containing hydrogel beads are comparable, and the observed variations are not significant.
However, there was a statistically significant difference between neat Carg hydrogel beads and all GO-
containing hydrogel beads. Since one of the important objectives of this study was the economic viability
of the adsorbents, the formulation containing only 0.5wt% GO (Carg-0.5GO) was selected as the optimum

GO concentration for the rest of the study.
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Figure 3. Performance of nanocomposite beads in the removal of MB from water as a function of GO content. The

effect of GO concentration on (a) the adsorption capacity, (b) kinetics of adsorption, and (c) adsorption isotherms.

Figure 3b shows the kinetics of adsorption of different hydrogel beads. The addition of GO to the

carrageenan matrix significantly improved the equilibrium adsorption capacity and the adsorption rate. This
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enhancement might stem from changes in hydrogel morphology as well as the establishment of stronger
physical interaction between contaminants and the GO-containing hydrogel. The experimental kinetics data
were fitted using the pseudo-first order and pseudo-second order kinetic adsorption models, as given by
Egs. (3) and (4), respectively. The calculated parameters suggest an increase in the rate constants and

calculated Q. as the result of GO addition to the biopolymeric beads (Table S2).

Equilibrium isotherms offer valuable insight into the theoretical maximum adsorption capacity of an
adsorbent and the underlying interactions between the adsorbate and the adsorbent in equilibrium
conditions. Based on the equilibrium isotherm study and model fitting of the hydrogel beads, the Langmuir
model better explains the adsorption process compared to the Freundlich model for all the studied
formulations. This demonstrates that the adsorption mechanism is a monolayer physical adsorption. The

values of isotherm parameters are presented in Table S2.

Figure 4 compares the surface and cross-sectional morphology of the hydrogel beads at different GO
concentrations. The addition of GO to the biopolymeric beads led to the appearance of wrinkles on the
surface compared to the pure Carg hydrogel bead (Figure 4a-d), and consequently, the active surface area
increased. The change in the BET surface area was quantified using nitrogen adsorption measurement

which is summarized in Table S2. In addition, GO-containing beads tend to have smaller pore sizes with

thicker walls (Figure 4 e-h).
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Figure 4. The effect of GO concentration on the morphology of the hydrogel beads. Surface and cross-sectional

views of (a and €) neat Carg bead, (b and f) Carg-0.5GO, (c and g) Carg-1GO, and (d and h) Carg-2.5GO beads.

Moreover, adding GO to carrageenan improves the nanocomposite's physical properties, resulting in more
stable structures in terms of mechanical and thermal stability and durability. We used dynamic rheometry
to measure the storage modulus of the hydrogels (Figure 5a). The storage modulus of the Carg-0.5GO
hydrogel at 10 Hz increased from 3.4 + 0.1 kPa for neat Carg to 12.4 + 0.4 kPa, confirming the reinforcing
effect of GO even at a small amount. The significant enhancement (more than three times) of this
mechanical property originates from the increased interactions between biopolymeric chains and GO
nanosheets, and the possible formation of secondary physical interactions inside the nanocomposite
hydrogel[18]. The main objective of this work was to improve the relatively low mechanical properties of

carrageenan, which was achieved by using GO nanosheets.

FTIR spectroscopy was performed to analyze the effect of GO addition on functional groups (Figure 5b).
The bands at 3315 and 1648 cm™ are attributed to O—H and aromatic C=C bonds, respectively. The bands
at 1213, 1067, and 925 cm™ correspond to C—O stretching and vibrations including in glycosidic linkage
and polyhydroxy groups of carrageenan. The band at 843 cm™ corresponds to the stretching vibration of
the C-0O-S0O; carrageenan group. In the case of nanocomposite hydrogels, the intensity of all normalized
bands increased, suggesting the formation of physical interaction between carrageenan and GO nanosheets.
According to the molecular structure and functional groups of the bead components, we hypothesize that
hydrogen bonding, van der Waals, and electrostatic interactions are among the intermolecular forces
between GO nanosheets and carrageenan chains. Additionally, the C—-O-SOs group shifts to a slightly lower
wavenumber (835 cm™), suggesting the specific participation of this functional group in the physical

interactions[56].
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Figure 5. (a) Storage moduli and (b) FTIR spectra of the neat Carg and Carg-0.5GO nanocomposite hydrogels.

3.1.2 Effect of the Coagulation Bath Temperature

Apart from adding GO nanosheets, one strategy to improve the mechanical properties of carrageenan
hydrogels is to increase the degree of ionic cross-linking. In addition to the room temperature coagulation
bath (CCB), we formed carrageenan-based beads in coagulation baths with elevated temperatures at 30, 40,
and 50°C (HCB). The elevated temperature increases the activity of the ionic cross-linking process, and it
can result in beads with higher degrees of crosslinking. To measure the effect of temperature on the degree

of crosslinking, swelling tests, dynamic rheometry, and reusability tests were performed on the beads.

Figure 6a shows a comparison between the swelling kinetics of Carg-0.5GO beads that have been formed
in coagulation baths with different temperatures. There is an inverse correlation between the coagulation
bath temperature and the swelling ratio of the beads, confirming the hypothesis that coagulation temperature
impacts the degree of crosslinking of the beads. The swelling ratio of the beads formed at 50°C reaches
equilibrium within the first 30 minutes in water at the maximum swelling ratio of 4.3, while the bead formed
at 25°C reaches a swelling ratio of 8 and then starts to disintegrate after 5 hours due to poor mechanical
properties. While disintegration is not observed for beads formed at 30 and 40 °C after 24 hours, their high

swelling ratios significantly reduce the mechanical properties of the beads, resulting in fragile beads. The
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ANOVA analysis was conducted on the dataset at the fifth hour of sampling before the hydrogels started

to disintegrate, confirming a significant difference in swelling ratio across all four temperatures.

The observations on the swelling ratio of the beads were further confirmed using dynamic rheometry. As
shown in Figure 4a, the storage modulus of the nanocomposite hydrogel formed in HCB (50 °C) is
approximately three times higher than that of the nanocomposite hydrogel formed in CCB (25 °C). At 10
Hz, the storage modulus increased from 12.4 + 0.4 to 32.5 0.6 kPa. These observations indicate that the
formation of beads at elevated temperatures leads to an overall stiffer structure with a higher degree of

crosslinking and reduces the rate of bead disintegration.

Figure 6b exhibits the impact of coagulation bath temperature on the chemical stability of the hydrogel
beads. The gel fraction of the hydrogels formed in a lower-temperature coagulation bath drastically
decreased within 24 hours. The hydrogels formed at 50 °C had the least decrease in gel fraction over time,
confirming their higher density of cross-linking in comparison with those hydrogels that were formed at
lower temperatures. This result was in agreement with our observation from the swelling ratio test,
confirming our hypothesis that a higher coagulation bath temperature leads to a higher degree of cross-

linking.

As mentioned in the introduction, we used the ionic metachromatic complexes between MB and leached
carrageenan as an indicator of carrageenan hydrogel disintegration which was assessed using colorimetric
methods. This phenomenon was observed during the adsorption of MB by both neat and GO-containing
carrageenan beads (Figure S1). This approach provides a unique opportunity to study the stability of
hydrogel beads without changing the adsorption conditions. Thus, to evaluate the stability of the beads
during dye adsorption, we regenerated and reused the beads for the adsorption of MB for several cycles. As
shown in Figure 6¢, HCB beads could be reused for 6 cycles, after which the MB solution color shifted
from blue to purple, indicating the release of free carrageenan molecules into the solution. CCB beads
disintegrated after one regeneration cycle, resulting in the MB solution color shift. Our findings are different

from the previous report on the effect of temperature on ionic crosslinking, which found this parameter
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insignificant [50]. This discrepancy originates from different methodologies that have been utilized to
monitor the stability of the hydrogel. J6Zwiak et al. [50] evaluated the effectiveness of temperature on ionic
crosslinking by the exposure of the biopolymeric hydrogel to acidic conditions and compared the adsorption
capacity after the acid treatment. They visually examined the damage and swelling as a tool to probe, while
we followed tests such as hydrogel swelling, gel fraction, and reusability coupled with the colorimetric
method for detection of hydrogel disintegration. One potential explanation for drawing different
conclusions on the effect of temperature is the harsh conditions of acid exposure for inherently mechanically

weak polymers and the absence of a proper probe to evaluate the stability of the hydrogels.
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Figure 6. Effect of coagulation bath temperature on the properties of the Carg-0.5GO beads. (a) Comparison
between the swelling ratios of CCB and HCB beads, (b) Comparison between the gel fraction of CCB and HCB

beads, and (c) MB removal efficiency of the beads after several cycles of regeneration and reuse.

We also investigated the effect of the coagulation bath temperature on the kinetics of MB adsorption by the
Carg-0.5GO nanocomposite beads (Figure 5c). We conducted a t-test to determine if there was a significant
difference in adsorption capacity of the beads at various time intervals (p-value < 0.05). The removal
efficiency of MB after 24 hours was comparable for both CCB and HCB beads (95% for HCB compared
to 93% for CCB). However, there was a significant difference in the adsorption kinetics, with HCB beads
showing faster kinetics in the first 3 hours compared to their CCB counterpart. On average, the HCB beads
exhibit a smaller diameter (3—4 mm) compared to CCB beads (4-5 mm). SEM images of the HCB beads

(Figure 7b) illustrate finer surface features than those observed in CCB beads (Figure 7c), contributing to
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a higher surface area. The BET surface area of the Carg-0.5GO beads formed in HCB (147.2m?/g) was 47%
higher than the same beads formed in CCB (100.1 m?/g). The increase in the specific surface of the HCB

beads leads to faster MB adsorption kinetics in comparison with CCB beads.
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Figure 7. Effect of coagulation bath temperature on the properties of the Carg-0.5GO beads. (a) the MB adsorption
kinetics of the beads formed in HCB and CCB, and (b-c) the SEM micrograph showing the external morphology of

Carg-0.5GO formed in HCB and CCB, respectively.

3.2 Characterization and Performance Evaluation of Nanocomposite Hydrogels Encapsulated in 3D
Printed Polymeric Scaffolds

Although the formation of beads in HCB has a significant effect on their overall stability, the
nanocomposites need further improvement in durability before they can be applied in industrial-scale water
treatment. One strategy to improve the mechanical properties and the reusability of hydrogels is to embed
them in proper scaffolds with good mechanical properties. In this work, we use 3D printed porous scaffolds
with rationally designed pore architecture for embedding the nanocomposite hydrogels for water treatment.
PLA has been chosen for 3D printing the scaffolds due to its green nature and low cost [57]. The water
contact angle of PLA was measured to be 72.3 + 4° (Figure S2), which is higher than the contact angle of
Carg-0.5GO hydrogel (53.2 £ 2°). The porous 3D printed PLA scaffold provides external support for the
nanocomposite hydrogels, thus lowering the rate of disintegration. Furthermore, the scaffolds provide a

platform to incorporate the hydrogels in any desired geometry, such as impellers, which would not be
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possible with crosslinked beads. The flexibility of 3D printing and CAD provides the opportunity to design
multifunctional structures that not only participate in water treatment but also improve the rate of mixing
of contaminants in water by effectively lowering the diffusion barriers. The interaction between the PLA
scaffold and the embedded hydrogel is physical in nature. The main physical interaction is the van der
Waals force between the PLA scaffold and biopolymeric-GO dispersions. Furthermore, the macroporous
structure of the scaffolds results in capillary action between pore walls and hanocomposite solution before

the ionic crosslinking of the hydrogels.

We embedded the best-performing nanocomposite bead formulation (Carg-0.5GO) in 3D printed PLA
scaffolds with different pore design parameters. Figure 8a shows that the MB removal kinetics of the 3D
printed encapsulated hydrogels (3DPEH) with CC design is slower than beads. The available surface area
in the case of the beads is the sum of each bead’s surface area, while in 3DPEH, it is limited to the outer
area of the structure that is exposed to the feed solution. However, both types of adsorbents have statistically
comparable equilibrium removal efficiencies for different organic dyes, including MB (Figure 8b). Among
the studied dyes, MB, MV, and MG show the highest removal efficiencies, as they not only interact with
the hydrogel through electrostatic forces between the cationic dyes and the anionic hydrogels but also

benefit from metachromatic interactions with carrageenan.

The reusability study highlights a significant improvement in the durability of the 3DPEH. The 3DPEH
that were formed in HCB and CCB were regenerated and reused ten times without significant change in
their removal efficiencies (Figure 8c). The disintegration mechanism of the 3DPEH is different from beads,
as the surface to volume ratio of 3DPEH is smaller than the hydrogel beads, resulting in a larger diffusion
path for leaching un-crosslinked carrageenan polymeric chains. Consequently, the disintegration of 3DPEH
is significantly slower and their reusability is improved. In this study, the remaining amount of the hydrogel
inside the scaffolds after regeneration and reuse was measured as an indicator of the 3DPEH stability. After
10 regeneration and reuse cycles, 93% of the 3DPEH that was formed in HCB remained intact, while only

33% of the hydrogels remained in the scaffold when it was formed in CCB. It is evident that the formation
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of biopolymeric hydrogels in HCB coupled with using a 3D printed scaffold enhances the mechanical
properties and reusability of these sustainable and green nanocomposite adsorbents for practical water

treatment applications.
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Figure 8. Comparison between the Carg-0.5GO beads and encapsulated hydrogels (3DPEH): (a) MB removal
kinetics, (b) overall efficiency in removing various organic dyes, and (c) the reusability of 3DPEH formed in CCB

and HCB using CC-25 scaffold.

3.3 Effect of Infill Pattern and Density on the Environmental Performance of 3DPEHSs

Modifying the infill pattern and density impacts the mass of PLA utilized for printing the scaffold. We
designed porous scaffolds in a WP, as well as a more complex CC pattern, which allows more hydrogel to
penetrate inside the scaffold and potentially increases the adsorption capacity of the resulting 3D printed
structure. To compare the effect of the infill pattern, the amount of encapsulated hydrogel in the WP and
CC scaffolds was measured while keeping the infill density at 25%. The CC scaffold encapsulated 144%
more nanocomposite hydrogel in comparison with the WP pattern (Table 1), which demonstrates that the

CC pattern provides more porous volume for hydrogel encapsulation.

More porous volume does not always guarantee better performance, as it results in fewer contact points
between the PLA support and the encapsulated hydrogel, which directly affects its disintegration rate and
reusability. Accordingly, infill density was the second 3D printing design parameter that we studied.
Scaffolds with CC patterns having three different infill densities (10%, 25%, and 50%) were printed and

encapsulated with hydrogels. We measured the amount of hydrogel encapsulated in the scaffold and their
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reusability. The amount of encapsulated hydrogel varies by changing the infill density; however, a higher
infill density does not necessarily result in a lower amount of encapsulated hydrogel. For instance, despite
providing more free space, the amount of hydrogel encapsulated in structures with 10% and 25% infill
density are comparable. The lack of sufficient contact points between the PLA scaffold and the carrageenan-
GO dispersion, coupled with its low viscosity, results in losing part of the dispersion during the transfer of
the structure to the coagulation bath. Consequently, there is a balance between the available free space in

the CC scaffold and adequate contact points for obtaining the optimum scaffold design.

Table 1. Effect of scaffold design on the mass of encapsulated hydrogel and mechanical compressive properties.

Scaffold Design Infill Density Empty Scaffold Encapsulated Compressive
(Structure Name) (%) Mass (g) Hydrogel Mass (g) Strength (MPa)
Woodpile (WP-25) 25 3.22 2.46 34.3
Customized (CC-10) 10 1.47 5.97 17.9
Customized (CC-25) 25 341 6.00 20.7
Customized (CC-50) 50 6.81 1.02 31.1

To investigate the effect of infill design and density on the scaffold's mechanical properties, the mechanical
compression test was performed. The compressive stress-displacement curves of different scaffold designs
are shown in Figure 9a. The compression test results indicate a higher compressive strength for the WP-25
design compared to the CC-25 design at the same infill density. The WP pattern is a 2D standard infill
pattern that demonstrated high compressive strength when force was applied perpendicular to the 3D-
printed layer [58]. The aim of customizing the infill design in this study was to increase the porous fraction
and engineer the hydrogel's exposed surface area to enhance the scaffold's adsorption rate, thereby
increasing the mass of the encapsulated hydrogel. We also examined the effect of infill density on the
compressive strength. The results show that higher infill density led to an increase in compressive strength.
Higher infill density provides better support for the structure resulting in higher plastic deformation before

structural failure [59]. In our customized infill design, we hypothesize that higher maximum displacement
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results from collapsing different infill layers onto each other. Since the mechanical properties of the fluid
(in this case, air) filling the porous volume is much lower than that of PLA, and there is no significant
hydraulic resistance, the scaffolds exhibit a higher maximum displacement before failure. A summary of

the measured mechanical properties of the designs is presented in Table 1.
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Figure 9. The compressive stress-displacement curves of (a) different scaffold designs and (b) encapsulated

hydrogel compared to the empty scaffold. (c) gel fraction as a function of time for different 3DPEH designs.

To investigate the impact of hydrogel encapsulation on the mechanical properties of the scaffold, we
conducted compression tests on the encapsulated hydrogels in the CC-25 scaffold (3DPEH CC-25) and
compared the results with those of the empty scaffold (figure 9b). We observed that the compressive
strength increased to 24.5 MPa, while the maximum displacement significantly decreased. This might
originate from the filling of porous volume with hydrogels that have higher compressive strength compared

to air, as well as the hydraulic forces applied from the hydrogel to the scaffold.

Figure 9c demonstrates the effect of encapsulation on the chemical stability of the hydrogels. Generally,
the cross-linked gel fraction in the encapsulated hydrogels proved to be higher than that of hydrogel beads.
This result might stem from the increase in the diffusion pathway in encapsulated hydrogels from the core
of the 3D printed structure to its surface, compared to the smaller diffusion pathway of the hydrogel beads.
Moreover, higher infill density increases gel fraction by reducing water mobility into the encapsulated

hydrogel, resulting in a lower rate of leaching of uncross-linked polymer to the solvent.
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We also conducted reusability studies on the three CC designs with different infill densities and compared
their overall performance and durability. The CC-50 structure shows the lowest MB removal efficiency
(Figure 10a), as it contains the least amount of encapsulated hydrogel. Additionally, the high infill density
of this scaffold results in a pronounced effect on water mobility inside of the 3DPEH and creates barriers
for water-contaminant complex diffusion into the nanocomposite hydrogel. Although the CC-10 structure
shows comparable MB removal efficiency for the first six cycles, its progressive disintegration leads to
eventually lower MB removal efficiency in comparison with the CC-25 structure. Overall, after 20
regeneration and reuse cycles, only 10% of the total hydrogel mass of CC-25 structure was disintegrated in
the process, whereas in the case of CC-10, the entire embedded hydrogel disintegrated by the 20th cycle.
Based on our study, encapsulated GO-containing biopolymeric hydrogels in 3D printed CC design scaffolds
with 25% infill density provide an excellent balance of properties for the removal of contaminants such as
organic dyes from water. Figure 10b illustrates the superior performance of our design in comparison with
the existing designs in the literature in terms of reusability. Such structures show great promise in the fast
and simple manufacturing of the next generation of point-of-use water treatment systems by simultaneously

leveraging the advantages of additive manufacturing and nanotechnology.
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4. Conclusions

This study aimed to address the mechanical properties and reusability of biopolymeric hydrogels, which
are major obstacles to their potential large-scale application as adsorbents. For this purpose, carrageenan
was selected as a model biopolymer, and three approaches were explored to improve its adsorption
performance, mechanical properties, and reusability. Although the primary purpose of incorporating GO
nanosheets was to increase the adsorption rate and capacity of the hydrogel, the physical interaction
between polymer chains and nanosheets also resulted in improved mechanical properties. The addition of
only 0.5 wt% GO nanosheets resulted in a 305% enhancement in the storage modulus of the hydrogels and
improved the overall MB removal efficiency by 36%. We proposed increasing the degree of ionic
crosslinking by raising the temperature of the coagulation bath as a strategy to eliminate the need for thermal
post-treatment. We investigated the effect of this strategy through a series of tests including dynamic
rheometry, swelling and gel fraction tests, and reusability experiments. The findings indicated that this
approach led to greater chemical stability (increasing from 33% for CCB to 60% for HCB) and reduced
swelling ratio (decreasing from 8 for CCB to 4.3 for HCB), both indicating a higher degree of crosslinking.
Additionally, the storage modulus of the hydrogel increased by 264%, and the reusability test demonstrated

a significant improvement over CCB hydrogels by reducing the rate of hydrogel disintegration.

Most importantly, this study establishes a novel pathway for the fabrication of robust, durable, and
sustainable adsorbents by encapsulating polymeric hydrogels within a 3D printed scaffold. We underscore
the critical role of engineering the scaffold's pore design. The infill pattern (pore architecture) and infill
density (porosity) were found to be crucial parameters impacting both the encapsulation process and the
environmental performance of the 3DPEHSs. The results indicated that a 3D printed scaffold with complex
customized design and 25% infill density (CC-25) exhibited the highest MB removal efficiency and
encapsulated 144% more hydrogel in comparison to the conventional woodpile design of the same infill

density (WP-25). The applied strategies successfully increase the reusability of the encapsulated hydrogel
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four times (20 cycles for 3DPEH CC-25) higher than previous reports without any significant weight loss

of the hydrogel due to disintegration.

Declaration of competing interest: Authors declare no conflict of interest.

Acknowledgments: The authors would like to acknowledge Dr. Hamid Ghaemi at Toronto Metropolitan
University for conducting mechanical compression tests and Dr. Seyed Miri for his technical support and
consultation regarding 3D printing of the scaffolds. Y.M. would like to acknowledge the support from the

Ontario Graduate Scholarship (OGS).

Funding: Authors would like to acknowledge financial support provided by the Natural Sciences and
Engineering Research Council of Canada (NSERC) under Grant RGPIN-2023-04091, RGPIN-2020-05436

and RGPIN-2018-04144.

Supporting information:
1 Video of layer-by-layer printing of woodpile design (MP4).
2 Video of layer-by-layer printing of complex customized design (MP4).

3 Additional experimental details including SEM and digital images, and reusability graphs (PDF).

References:

[1] X.Qi, X. Tong, W. Pan, Q. Zeng, S. You, J. Shen, Recent advances in polysaccharide-based
adsorbents for wastewater treatment, J. Clean. Prod. 315 (2021) 128221.

https://doi.org/10.1016/j.jclepro.2021.128221.

[2] W. Li, S.A. Qamar, M. Qamar, A. Basharat, M. Bilal, H.M.N. Igbal, Carrageenan-based nano-

27



[3]

[4]

[5]

[6]

[7]

[8]

hybrid materials for the mitigation of hazardous environmental pollutants, Int. J. Biol. Macromol.

190 (2021) 700—712. https://doi.org/10.1016/j.ijbiomac.2021.09.039.

K.M. Zia, S. Tabasum, M. Nasif, N. Sultan, N. Aslam, A. Noreen, M. Zuber, A review on
synthesis , properties and applications of natural polymer based carrageenan blends and
composites, Int. J. Biol. Macromol. 96 (2017) 282-301.

https://doi.org/10.1016/j.ijbiomac.2016.11.095.

M. El Hefnawy, K.A. Ali, M.M.D. Allah, Preparation and Properties of a Novel Eco-friendly
Carboxymethylcellulose / K- Carrageenan / Graphene oxide Gel Beads for the Removal of Heavy

Metals from Water, Chem. Process Eng. Res. 58 (2018) 6-16.

C. Liu, A.M. Omer, X. Ouyang, Adsorptive removal of cationic methylene blue dye using
carboxymethyl cellulose / k-carrageenan / activated montmorillonite composite beads : Isotherm
and kinetic studies, Int. J. Biol. Macromol. 106 (2018) 823-833.

https://doi.org/10.1016/j.ijbiomac.2017.08.084.

A.K. Sharma, A. Dhiman, A.K. Nayak, R. Mishra, G. Agrawal, Environmentally benign approach
for the efficient sequestration of methylene blue and coomassie brilliant blue using graphene oxide
emended gelatin / x -carrageenan hydrogels, Int. J. Biol. Macromol. 219 (2022) 353-365.

https://doi.org/10.1016/j.ijbiomac.2022.07.216.

G.R. Mahdavinia, A. Massoudi, A. Baghban, E. Shokri, Study of adsorption of cationic dye on
magnetic kappa -carrageenan / PVA nanocomposite hydrogels, Biochem. Pharmacol. 2 (2014)

1578-1587. https://doi.org/10.1016/j.jece.2014.05.020.

H. Mittal, A. Al Alili, S. Alhassan, High efficiency removal of methylene blue dye using k-
carrageenan-poly(acrylamide-co-methacrylic acid)/ AQSOA-Z05 zeolite hydrogel composites,

Cellulose. 27 (2020) 8269-8285. https://doi.org/10.1007/s10570-020-03365-6.

28



[9]

[10]

[11]

[12]

[13]

[14]

[15]

M. Yang, X. Liu, Y. Qi, W. Sun, Y. Men, Preparation of k-carrageenan/graphene oxide gel beads
and their efficient adsorption for methylene blue, J. Colloid Interface Sci. 506 (2017) 669-677.

https://doi.org/10.1016/j.jcis.2017.07.093.

S. Sharma, G. Sharma, A. Kumar, T. Saad, Adsorption of cationic dyes onto carrageenan and
itaconic acid-based superabsorbent hydrogel : Synthesis , characterization and isotherm analysis, J.

Hazard. Mater. 421 (2022) 126729. https://doi.org/10.1016/j.jhazmat.2021.126729.

A.M. Salgueiro, A.L. Daniel-da-silva, A. V Girdo, P.C. Pinheiro, T. Trindade, Unusual dye
adsorption behavior of k-carrageenan coated superparamagnetic nanoparticles, Chem. Eng. J. 229

(2013) 276-284. https://doi.org/10.1016/j.cej.2013.06.015.

S. Lapwanit, T. Sooksimuang, T. Trakulsujaritchok, Adsorptive removal of cationic methylene
blue dye by kappa -carrageenan / poly ( glycidyl methacrylate ) hydrogel beads : Preparation and
characterization, J. Environ. Chem. Eng. 6 (2018) 6221-6230.

https://doi.org/10.1016/j.jece.2018.09.050.

G. Song, Y. Shi, A. Li, H. Wang, G. Ding, Facile preparation of three-dimensional graphene oxide
/ i -carrageenan composite aerogel and its efficient ability for selective adsorption of methylene

blue, J. Mater. Sci. 56 (2021) 14866-14879. https://doi.org/10.1007/s10853-021-06211-7.

A F. Hassan, A.A. Mustafa, G. Esmail, A.M. Awad, Adsorption and Photo-Fenton Degradation of
Methylene Blue Using Nanomagnetite / Potassium Carrageenan Bio-Composite Beads, Arab. J.

Sci. Eng. 48 (2023) 353-373. https://doi.org/10.1007/513369-022-07075-y.

S. Khoshkho, B. Tanhaei, A. Ayati, M. Kazemi, Preparation and characterization of ionic and non-
ionic surfactants impregnated k -carrageenan hydrogel beads for investigation of the adsorptive
mechanism of cationic dye to develop for biomedical applications, J. Mol. Lig. 324 (2021)

115118. https://doi.org/10.1016/j.mollig.2020.115118.

29



[16]

[17]

[18]

[19]

[20]

[21]

[22]

Z.H. Hu, A.M. Omer, X.K. Ouyang, D. Yu, Fabrication of carboxylated cellulose
nanocrystal/sodium alginate hydrogel beads for adsorption of Pb(Il) from aqueous solution, Int. J.

Biol. Macromol. 108 (2018) 149-157. https://doi.org/10.1016/j.ijbiomac.2017.11.171.

T.T.N. Le, V.T. Le, M.U. Dao, Q.V. Nguyen, T.T. Vu, M.H. Nguyen, D.L. Tran, H.S. Le,
Preparation of magnetic graphene oxide/chitosan composite beads for effective removal of heavy
metals and dyes from aqueous solutions, Chem. Eng. Commun. 206 (2019) 1337-1352.

https://doi.org/10.1080/00986445.2018.1558215.

D. Allouss, Y. Essamlali, A. Chakir, S. Khadhar, M. Zahouily, Effective removal of Cu(ll) from
aqueous solution over graphene oxide encapsulated carboxymethylcellulose-alginate hydrogel
microspheres: towards real wastewater treatment plants, Environ. Sci. Pollut. Res. 27 (2020)

7476-7492. https://doi.org/10.1007/s11356-019-06950-w.

N. Mohammed, N. Grishkewich, H.A. Waeijen, R.M. Berry, K.C. Tam, Continuous flow
adsorption of methylene blue by cellulose nanocrystal-alginate hydrogel beads in fixed bed
columns, Carbohydr. Polym. 136 (2016) 1194-1202.

https://doi.org/10.1016/j.carbpol.2015.09.099.

J. Li, J. Ma, S. Chen, Y. Huang, J. He, Adsorption of lysozyme by alginate/graphene oxide
composite beads with enhanced stability and mechanical property, Mater. Sci. Eng. C. 89 (2018)

25-32. https://doi.org/10.1016/j.msec.2018.03.023.

S. Velusamy, A. Roy, S. Sundaram, T. Kumar Mallick, A Review on Heavy Metal lons and
Containing Dyes Removal Through Graphene Oxide-Based Adsorption Strategies for Textile

Wastewater Treatment, Chem. Rec. 21 (2021) 1570-1610. https://doi.org/10.1002/tcr.202000153.

G.Z. Kyzas, E.A. Deliyanni, K.A. Matis, Graphene oxide and its application as an adsorbent for
wastewater treatment, J. Chem. Technol. Biotechnol. 89 (2014) 196-205.

https://doi.org/10.1002/jctb.4220.

30



[23]

[24]

[25]

[26]

[27]

[28]

[29]

K. Thakur, B. Kandasubramanian, Graphene and Graphene Oxide-Based Composites for Removal
of Organic Pollutants: A Review, J. Chem. Eng. Data. 64 (2019) 833-867.

https://doi.org/10.1021/acs.jced.8b01057.

C. Bao, S. Bi, H. Zhang, J. Zhao, P. Wang, C.Y. Yue, J. Yang, Graphene oxide beads for fast
clean-up of hazardous chemicals, J. Mater. Chem. A. 4 (2016) 9437-9446.

https://doi.org/10.1039/c6ta01411a.

Y. Sun, T. Zhou, W. Li, F. Yu, J. Ma, Amino-functionalized alginate/graphene double-network
hydrogel beads for emerging contaminant removal from aqueous solution, Chemosphere. 241

(2020) 125110. https://doi.org/10.1016/j.chemosphere.2019.125110.

F. Alam, V. Raj, K.M. Varadarajan, S. Kumar, Journal of the Mechanical Behavior of Biomedical
Materials Microarchitected 3D printed polylactic acid ( PLA ) nanocomposite scaffolds for
biomedical applications, J. Mech. Behav. Biomed. Mater. 103 (2020) 103576.

https://doi.org/10.1016/j.jmbbm.2019.103576.

D. Han, R.S. Morde, S. Mariani, A.A. La Mattina, E. Vignali, C. Yang, G. Barillaro, H. Lee, 4D
Printing of a Bioinspired Microneedle Array with Backward-Facing Barbs for Enhanced Tissue

Adhesion, Adv. Funct. Mater. 1909197 (2020). https://doi.org/10.1002/adfm.201909197.

P. Kowalczyk, P. Trzaskowska, I. Lojszczyk, R. Podgorski, T. Ciach, Production of 3D printed
polylactide scaffolds with surface grafted hydrogel coatings, Colloids Surfaces B Biointerfaces.

179 (2019) 136-142. https://doi.org/10.1016/j.colsurfb.2019.03.069.

R. Noroozi, M.A. Shamekhi, R. Mahmoudi, A. Zolfagharian, F. Asgari, A. Mousavizadeh, M.
Bodaghi, A. Hadi, N. Haghighipour, In vitro static and dynamic cell culture study of novel bone
scaffolds based on 3D-printed PLA and cell-laden alginate hydrogel, Biomed. Mater. 17 (2022).

https://doi.org/10.1088/1748-605X/ac7308.

31



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Y. Majooni, S.0. Abioye, K. Fayazbakhsh, N. Yousefi, Nano-enabled 3D Printed Structures for

Water Treatment, Appl. Mater. Today. (2023).

R. Pei, L. Fan, F. Zhao, J. Xiao, Y. Yang, A. Lai, S.F. Zhou, G. Zhan, 3D-Printed metal-organic
frameworks within biocompatible polymers as excellent adsorbents for organic dyes removal, J.

Hazard. Mater. 384 (2020) 121418. https://doi.org/10.1016/j.jhazmat.2019.121418.

H. Thakkar, S. Lawson, A.A. Rownaghi, F. Rezaei, Development of 3D-printed polymer-zeolite
composite monoliths for gas separation, Chem. Eng. J. 348 (2018) 109-116.

https://doi.org/10.1016/j.cej.2018.04.178.

S. Lawson, X. Li, H. Thakkar, A.A. Rownaghi, F. Rezaei, Recent Advances in 3D Printing of
Structured Materials for Adsorption and Catalysis Applications, Chem. Rev. 121 (2021) 6246—

6291. https://doi.org/10.1021/acs.chemrev.1c00060.

M.J. Martin de Vidales, A. Nieto-Marquez, D. Morcuende, E. Atanes, F. Blaya, E. Soriano, F.
Fernandez-Martinez, 3D printed floating photocatalysts for wastewater treatment, Catal. Today.

328 (2019) 157-163. https://doi.org/10.1016/j.cattod.2019.01.074.

A.D. McQueen, M.L. Ballentine, L.R. May, C.H. Laber, A. Das, M.J. Bortner, A.J. Kennedy,
Photocatalytic Degradation of Polycyclic Aromatic Hydrocarbons in Water by 3D Printed
TiO2Composites, ACS Environ. Sci. Technol. Water. 2 (2022) 137-147.

https://doi.org/10.1021/acsestwater.1¢00299.

Y. Yang, X. Li, X. Zheng, Z. Chen, Q. Zhou, Y. Chen, 3D-Printed Biomimetic Super-
Hydrophobic Structure for Microdroplet Manipulation and Oil/Water Separation, Adv. Mater. 30

(2018) 1-11. https://doi.org/10.1002/adma.201704912.

T. Liu, Y. Sun, B. Jiang, W. Guo, W. Qin, Y. Xie, B. Zhao, L. Zhao, Z. Liang, L. Jiang, Pd

Nanoparticle-Decorated 3D-Printed Hierarchically Porous TiO2Scaffolds for the Efficient

32



[38]

[39]

[40]

[41]

[42]

[43]

[44]

Reduction of a Highly Concentrated 4-Nitrophenol Solution, ACS Appl. Mater. Interfaces. 12

(2020) 28100-28109. https://doi.org/10.1021/acsami.0c03959.

D. Liu, P. Jiang, X. Li, J. Liu, L. Zhou, X. Wang, 3D printing of metal-organic frameworks
decorated hierarchical porous ceramics for high-e ffi ciency catalytic degradation, Chem. Eng. J.

397 (2020) 125392. https://doi.org/10.1016/j.cej.2020.125392.

L. Tijing, J. Dizon, 1. Ibrahim, A. Nisay, H. Shon, R. Advincula, 3D printing for membrane
separation, desalination and water treatment, Appl. Mater. Today. 18 (2020) 100486.

https://doi.org/10.1016/j.apmt.2019.100486.

N. Yousefi, X. Lu, M. Elimelech, N. Tufenkji, Environmental performance of graphene-based 3D
macrostructures, Nat. Nanotechnol. 14 (2019) 107-119. https://doi.org/10.1038/s41565-018-0325-

6.

R. Pei, L. Fan, F. Zhao, J. Xiao, Y. Yang, A. Lai, S.F. Zhou, G. Zhan, 3D-Printed metal-organic
frameworks within biocompatible polymers as excellent adsorbents for organic dyes removal, J.

Hazard. Mater. 384 (2020). https://doi.org/10.1016/j.jhazmat.2019.121418.

H. Thakkar, S. Eastman, A. Hajari, A.A. Rownaghi, J.C. Knox, F. Rezaei, 3D-Printed Zeolite
Monoliths for CO2 Removal from Enclosed Environments, ACS Appl. Mater. Interfaces. 8 (2016)

27753-27761. https://doi.org/10.1021/acsami.6b09647.

S. Dev, R. Srivastava, Effect of infill parameters on material sustainability and mechanical
properties in fused deposition modelling process: a case study, Prog. Addit. Manuf. 6 (2021) 631

642. https://doi.org/10.1007/s40964-021-00184-4.

S. Thakur, B. Sharma, A. Verma, J. Chaudhary, S. Tamulevicius, V.K. Thakur, Recent progress in
sodium alginate based sustainable hydrogels for environmental applications, J. Clean. Prod. 198

(2018) 143-159. https://doi.org/10.1016/j.jclepro.2018.06.259.

33



[45]

[46]

[47]

[48]

[49]

[50]

[51]

A. Tkaczyk, K. Mitrowska, A. Posyniak, Synthetic organic dyes as contaminants of the aquatic
environment and their implications for ecosystems : A review, Sci. Total Environ. 717 (2020)

137222. https://doi.org/10.1016/j.scitotenv.2020.137222.

H.S. Soedjak, Colorimetric Determination of Carrageenans and Other Anionic Hydrocolloids with

Methylene Blue, Anal. Chem. 66 (1994) 4514-4518.

W.M. Algothmi, N.M. Bandaru, Y. Yu, J.G. Shapter, A. V. Ellis, Alginate-graphene oxide hybrid
gel beads: An efficient copper adsorbent material, J. Colloid Interface Sci. 397 (2013) 32-38.

https://doi.org/10.1016/j.jcis.2013.01.051.

N. Yousefi, K.K.W. Wong, Z. Hosseinidoust, H.O. Sgrensen, S. Bruns, Y. Zheng, N. Tufenkji,
Hierarchically porous, ultra-strong reduced graphene oxide-cellulose nanocrystal sponges for
exceptional adsorption of water contaminants, Nanoscale. 10 (2018) 7171-7184.

https://doi.org/10.1039/c7nr09037d.

G. Sharma, A. Khosla, A. Kumar, N. Kaushal, S. Sharma, Chemosphere A comprehensive review
on the removal of noxious pollutants using carrageenan based advanced adsorbents, Chemosphere.

289 (2022) 133100. https://doi.org/10.1016/j.chemosphere.2021.133100.

T. J6, U. Filipkowska, P. Szymczyk, J. Rodziewicz, A. Mielcarek, Effect of ionic and covalent
crosslinking agents on properties of chitosan beads and sorption effectiveness of Reactive Black 5
dye, React. Funct. Polym. 114 (2017) 58-74.

https://doi.org/10.1016/j.reactfunctpolym.2017.03.007.

F.G.L. Medeiros Borsagli, A.J.M. De Souza, A.E. Paiva, Ecofriendly multifunctional thiolated
carboxymethyl chitosan-based 3D scaffolds with luminescent properties for skin repair and
theragnostic of tissue regeneration, Int. J. Biol. Macromol. 165 (2020) 3051-3064.

https://doi.org/10.1016/j.ijbiomac.2020.10.186.

34



[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

W. Mozalewska, R. Czechowska-Biskup, A.K. Olejnik, R.A. Wach, P. Ulanski, J.M. Rosiak,
Chitosan-containing hydrogel wound dressings prepared by radiation technique, Radiat. Phys.

Chem. 134 (2017) 1-7. https://doi.org/10.1016/j.radphyschem.2017.01.003.

L. Li, J. Zhao, Y. Sun, F. Yu, J. Ma, lonically cross-linked sodium alginate / x -carrageenan
double-network gel beads with low-swelling , enhanced mechanical properties , and excellent
adsorption performance, Chem. Eng. J. 372 (2019) 1091-1103.

https://doi.org/10.1016/j.cej.2019.05.007.

R. Allgayer, N. Yousefi, N. Tufenkji, Graphene oxide sponge as adsorbent for organic
contaminants: comparison with granular activated carbon and influence of water chemistry,

Environ. Sci. Nano. 7 (2020) 2669-2680. https://doi.org/10.1039/d0en00193g.

M. Ma, Z. Liu, L. Hui, Z. Shang, S. Yuan, L. Dai, P. Liu, X. Liu, Y. Ni, Lignin-containing
cellulose nanocrystals/sodium alginate beads as highly effective adsorbents for cationic organic

dyes, Int. J. Biol. Macromol. 139 (2019) 640-646. https://doi.org/10.1016/j.ijbiomac.2019.08.022.

T.B. Rouf, J.L. Kokini, Biodegradable biopolymer — graphene nanocomposites, J. Mater. Sci. 51

(2016) 9915-9945. https://doi.org/10.1007/s10853-016-0238-4.

G. Rajeshkumar, S. Arvindh Seshadri, G.L. Devnani, M.R. Sanjay, S. Siengchin, J. Prakash
Maran, N.A. Al-Dhabi, P. Karuppiah, V.A. Mariadhas, N. Sivarajasekar, A. Ronaldo Anuf,
Environment friendly, renewable and sustainable poly lactic acid (PLA) based natural fiber
reinforced composites — A comprehensive review, J. Clean. Prod. 310 (2021) 127483.

https://doi.org/10.1016/j.jclepro.2021.127483.

B. Pernet, J.K. Nagel, H. Zhang, Compressive Strength Assessment of 3D Printing Infill Patterns,

Procedia CIRP. 105 (2022) 682—687. https://doi.org/10.1016/j.procir.2022.02.114.

M.L. Dezaki, M.K.A.M. Ariffin, A. Serjouei, A. Zolfagharian, S. Hatami, M. Bodaghi, Influence

35



of infill patterns generated by cad and fdm 3d printer on surface roughness and tensile strength

properties, Appl. Sci. 11 (2021). https://doi.org/10.3390/app11167272.

36



