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Metal-organic frameworks (MOFs) have advanced several technologies. However, it is difficult to market
MOFs without processing them into a commercialized structure, causing an unnecessary delay in the
material's use. Herein, three-dimensional (3D) printing of cellulose/leaf-like zeolitic imidazolate frame-
works (ZIF-L), denoted as CelloZIF-L, is reported via direct ink writing (DIW, robocasting). Formulating
CelloZIF-L into 3D objects can dramatically affect the material's properties and, consequently, its adsorp-
tion efficiency. The 3D printing process of CelloZIF-L is simple and can be applied via direct printing into
a solution of calcium chloride. The synthesis procedure enables the formation of CelloZIF-L with a ZIF
content of 84%. 3D printing enables the integration of macroscopic assembly with microscopic pro-
perties, i.e., the formation of the hierarchical structure of CelloZIF-L with different shapes, such as cubes
and filaments, with 84% loading of ZIF-L. The materials adsorb carbon dioxide (CO;) and heavy metals.
3D CelloZIF-L exhibited a CO, adsorption capacity of 0.64-1.15 mmol g~* at 1 bar (0 °C). The materials
showed Cu®* adsorption capacities of 389.8 + 14-554.8 + 15 mg g% They displayed selectivities of
86.8%, 6.7%, 2.4%, 0.93%, 0.61%, and 0.19% toward Fe>*, Al**, Co?*, Cu?*, Na*, and Ca*, respectively.
The simple 3D printing procedure and the high adsorption efficiencies reveal the promising potential of
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ink extruded using a simple paste extrusion nozzle. However,
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Three-dimensional (3D) printing technologies have become
cheaper, and one can find suitable 3D printers for less than
€500." They have advanced several applications, including
biomedical applications,” regenerative medicine,®” tissue
engineering,® '® wound healing,"* photocatalysis,'> and water
treatment.'® 3D printing can be achieved via several methods
including fused deposition modeling (FDM) printing" and
direct ink writing (DIW or robocasting)."* Among several 3D
printing methods, DIW is easy, simple, and can proceed at
ambient temperature, offering a high potential for printing
thermally unstable materials. DIW relies on the 3D printing
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forming printable ink is a tedious task in this approach. The
ink requires the presence of a binder and support to improve
the mechanical and printing properties of the materials to be
printed. Among these additives, biopolymers e.g. cellulose-
based derivatives advanced 3D bio-printing.”’*' Biopolymers
enable good printing properties."®'’

Metal-organic frameworks (MOFs) are promising porous
materials for several applications.’®>* 3D printed MOF mono-
liths were reported using a variety of supports,***® including
MOF-74,>° the University of Texas at San Antonio-16
(UTSA-16),*° Hong Kong University of Science and Technology
(HKUST-1),*!  leaf-like zeolitic imidazolate frameworks
(ZIF-L),** and ZIF-8.>**® This advanced the shaping and pro-
cessing of MOF materials.’” 3D printing offers the processing
of the materials into a hierarchical structure with tunable pro-
perties.” It led to the formation of tunable porous structures
between the crystals of MOFs that also offer tunable hierarchi-
cal porosity. 3D printed materials advanced MOF applications
in several fields, such as water treatment.'®**?° However, 3D
printing via FDM requires fabricating filaments that require
several chemical steps.’® On the other side, DIW is simple if
the ink formation becomes easy.*'

This journal is © The Royal Society of Chemistry 2023
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Water contamination due to numerous pollutants limits
drinking water resources. The World Health Organization
(WHO) estimated that 5.8 billion people have no access to
drinkable water. About 74% of the global population used a
safely managed drinking-water service. Two million tons of
industrial effluents and sewage are released into water,
causing the death of 14 000 people every day. Among different
pollutants, heavy metals are serious contaminants. One
hundred forty million people from 50 countries drink water
containing heavy metals that exceed the levels recommended
by the WHO guidelines.”” Detection and removal of heavy
metals via adsorption are vital for water treatment.**™*°

Greenhouse gases such as carbon dioxide (CO,) are some of
the main causes responsible for global warming.’®*' In June
2021, the global atmospheric CO, reached 416 ppm representing
a 1.5 times higher concentration than that measured in 1780.>
Intergovernmental Panel on Climate Change (IPCC) expected
that the atmospheric concentration of CO, will be increased from
400 ppm to 950 ppm from 2019 to 2100 (https:/www.ipcc.ch/).
Removal of CO, via capture and storage can reduce the concen-
tration levels by 30-60% of those measured in 2000 by 2050.>"
Thus, several methods were reported for CO, removal via adsorp-
tion and catalysis.> Among several adsorbents, ZIF materials are
promising for CO, removal offering high adsorption efficiency
and good selectivity.

Herein, we reported a simple DIW method for 3D printing
cellulose\ZIF-L (denoted as CelloZIF-L) using sodium alginate/
CaCl,. The procedure involved a one-pot synthesis of CelloZIF-L
ink that can be 3D printed into porous cubes via a printer. The
ink can also be used for DIW into a filament via soaking in a
solution of CaCl,. The materials were characterized using powder
X-ray diffraction (PXRD), transmission electron microscopy
(TEM), scanning electron microscopy (SEM), energy dispersive
X-ray (EDX) analysis\mapping, nitrogen sorption isotherms, and
thermogravimetric analysis (TGA). The materials were used for
CO, capture and heavy metal (Fe**, AP*", Co**, Cu**, Na®, and
Ca®") adsorption. They exhibited high adsorption efficiency, good
recyclability, and excellent selectivity.

Experimental
Materials and methods

Zinc nitrate hexahydrate (Zn(NO;),-6H,0), copper sulfate
(CuS0,), ferric chloride (FeCl;), aluminum chloride (AICl;),
cobalt nitrate hexahydrate (Co(NOs),-6H,0), 2-methyl imid-
azole (Hmim), sodium hydroxide (NaOH), sodium alginate,
and calcium chloride (CaCl,) were purchased from Sigma-
Aldrich (Germany). The synthesis method in ref. 12 was used
to synthesize TEMPO-oxidized cellulose nanofibers (TOCNF)
using spruce cellulose pulp (Domsj6é Fabriker AB, Sweden,
never-dried form, 17 wt.%).

Ink preparation and 3D printing

ZIF-L was prepared via a one-pot method.”*”* Typically, Zn
(NO3),-6H,0 (5 mmol, 1.5 g) was dispersed in TOCNF (100 mL,
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View Article Online

Paper

1.5 wt.%) using an Ultra Turrax (IKA) at 15000 rpm for one
hour. NaOH (10 mL, one mmol) was then added dropwise
with stirring. Finally, Hmim (50 mmol) was added. The
mixture was mixed using an Ultra Turrax (15000 rpm for
30 min). The material, e.g., CelloZIF-L (63.6 wt.%), was then
collected via centrifugation (10000 rpm, 10 min, 20 °C).
CelloZIF-L was then used to prepare the ink via mixing with
sodium alginate (6 wt.%). The ink composition contains
67.64 g and 13.6 g of CelloZIF-L and sodium alginate per
100 mL of H,O, respectively. It was then transferred to a
syringe for printing. The ink was manually extruded several
times (3-5) using different nozzles to make the ink printable.

Automatic 3D printing was performed using a Discov3ry
Complete paste printing system (Structur3D Printing, https:/
www.structur3dd.io, Ultimaker 2+, https:/www.ultimaker.com).
The printer was integrated with the Discov3ry Complete paste
extruder. All printing procedures took place at room temperature
(RT). The printed object was designed using a computer-aided
design (CAD) model in ‘stl’ files that were converted to ‘gcode’
files for the printer. The printing process was achieved using an
appropriate nozzle diameter of 410 pm (Movie 1, ESIt). It can be
obtained using a flow rate and speed of 70-120% and
10-80 mm s, respectively. The printing scaffolds were soaked in
CaCl, (6 wt.%) for cross-linking with sodium alginate.

The direct printing into filament form was achieved via the
direct addition of the ink to a solution of CaCl, (6 wt.%). The
acquisition was performed by hand following the same print-
ing conditions mentioned above. After printing via an auto-
matic 3D printer or direct ink writing as cubes or filaments,
the materials were labeled 3D CelloZIF-L_cubes and
CelloZIF-L_filament, respectively.

The water in the printed materials was removed via freeze-
drying (laboratory freeze dryer, ALPHA 1-2 Ldplus, Martin
Christ, Germany). The dried materials were used for character-
ization and applications in adsorption.

Characterization

The material’s crystallinity and phase purity were assessed
using X-ray diffraction (PXRD, PANalytical X'Pert PRO X-ray
diffractometer, Cu K,; radiation). The particle’s size or mor-
phology was evaluated using transmission electron microscopy
(TEM, JEM 2100, JEOL, Japan, 200 kV) and scanning electron
microscopy (SEM, TM3000 TableTop SEM, Hitachi, Japan,
accelerating voltage 2-15 kV). Using the same SEM microscopy,
the materials’ composition and elemental distribution before
and after metal ion adsorption were determined using energy-
dispersive X-ray spectroscopy (EDX). The material’s porosity
was evaluated using nitrogen (N,) adsorption-desorption iso-
therms (Micromeritics ASAP 2020 instrument, USA, 77K). The
specific surface areas were determined using the Brunauer-
Emmett-Teller (BET) method, the Langmuir model, and exter-
nal surface area (using the t-plot method). The non-local
density functional theory (NLDFT) method was applied to
determine the pore size distribution using the model of
N,@77 on a carbon slit. Thermal stability and the ink’s com-
positions were evaluated via thermogravimetric analysis (TGA,
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PerkinElmer TGA 7 thermal analyzer apparatus, Shimadzu,
Japan, at a heating rate of 10 °C min~" and an airflow rate of
30 mL min~).

Adsorption and desorption of carbon dioxide (CO,)

The adsorption and desorption of CO, using the materials,
ie.,, 3D cubes or filaments, were performed using a
Micromeritics ASAP 2020 instrument (at 0 °C). The materials
were degassed at 110 °C under reduced pressure for five hours
before measurement using the degassing units of the same
equipment. The adsorption-desorption process was performed
to evaluate the recyclability using the same materials without
any treatment during each run.

Metal adsorption

The adsorption of heavy metal ions was performed in an
aqueous solution using a standard solution of metal ions
(1000 ppm). Copper (Cu®*) ions were tested to evaluate the
material’s performance for comparison. 3D CelloZIF-L_cubes
and CelloZIF-L_filament (~100 mg) were added to the Cu®>* ion
solution (1000 ppm) for 24 h with shaking (400 rpm, RT). The
effect of the initial concentration of the Cu** ion solution was
evaluated using different Cu** ion solutions at 5, 10, 50, and
100 ppm following the same procedure. The materials were
decanted and dried under vacuum (80 °C, 5 h) before visualiza-
tion and analysis using SEM.

The selectivity of adsorption was examined using the same
procedure mentioned above, except that heavy metals were mixed
at the same concentration for elements such as Fe**, AI**, Co*",
Ca*, and Na®. Typically, 100 mg of each material was added to
the mixed metal solutions (1000 ppm) before incubation for 12 h
with shaking (400 rpm, 20 °C). The metal mapping and analysis
were performed using EDX (SEM, TM3000 TableTop SEM,
Hitachi, Japan, accelerating voltage 15 kV).

Results and discussion

Preparation of inks, printing, and materials characterization

The synthesis of cellulose-ZIF-L (CelloZIF-L) using TOCNF is
schematically represented, as shown in Fig. 1. The procedure

Zn*@TOCNF

Fig. 1
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involved the successful addition of Zn**, OH™, and Hmim in
the presence of TOCNF (Fig. 1). The functional groups of
TOCNEF, i.e., carboxylic and hydroxyl groups, ensure the coordi-
nation with Zn>* that can be converted to zinc hydroxy nitrate
nanosheets after adding OH™ (i.e., NaOH). The phase formed
during the successive addition of the chemicals was deter-
mined using PXRD (Fig. S1t). The PXRD patterns of the com-
posite after adding NaOH to Zn>*/TOCNF confirm the for-
mation of zinc hydroxy nitrate nanosheets (Fig. S11).>> The
crystal formation of ZIF-L was achieved after adding an organic
linker, i.e., Hmim, which led to the formation of CelloZIF-L
inks. The inks were characterized using PXRD in a wet and dry
state (Fig. S2t). The PXRD patterns of both cases confirm the
successful formation of a pure phase of ZIF-L (Fig. S21). The
prepared inks were then used for 3D printing as cubes and
filaments via automatic 3D printing and directly dropping into
a solution of CacCl,, respectively (Fig. 1).

The materials after printing were characterized using PXRD
(Fig. 2a), TGA (Fig. 2b), nitrogen sorption isotherms (Fig. 2c
and d), TEM images (Fig. 3), and SEM images (Fig. 4 and 5).
The PXRD patterns of the printed cubes and filament agree
with the simulated pattern of ZIF-L, indicating the successful
formation of ZIF-L crystals in the printed objects (Fig. 2a). The
diffraction pattern of TOCNF did not indicate a high content of
ZIF-L inside the printed objects. The material compositions were
further assessed using TGA (Fig. 2b). Thermal analysis using TGA
of the ink shows a gradual weight loss (%) with a residual
amount of 50% at 400 °C (Fig. 2b). The continuous weight loss in
TGA for the ink is due to water losses and TOCNF. The mass
residual of 50 wt.% at 400 °C refers to ZnO formed in the ink
(Fig. 2b). The TGA curves for the printed cubes and filaments
show thermal stability up to 600 °C (Fig. 2b). 3D CelloZIF-L_cubes
and CelloZIF-L_filament display the same residual indicating the
exact content of ZIF-L in both objects (Fig. 2b). They show ZnO
residuals of 31-33%, corresponding to 84% ZIF-L. PXRD and TGA
data analyses confirm the successful synthesis of CelloZIF-L with
a high ZIF content (84%). The porosity of the 3D printed
materials was evaluated using nitrogen sorption isotherms
(Fig. 2¢). The data analysis indicates that the BET and Langmuir
specific surface areas, and the external surface area are 32, 50,
and 22 m® g ! for 3D CelloZIF-L_filament and 960, 1000, and

}\ 3D Printing

Dropping

Scheme for the in situ synthesis of ZIF-L in TOCNF and their processing into 3D cubes and filaments.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Characterization of 3D printed objects using (a) PXRD, (b) TGA, (c) N, adsorption—desorption isotherms and (d) pore size distribution.

Fig. 3 TEM images of (a) TOCNF, (b) Zn**@TOCNF, (c) Zn/NaOH@TOCNF, and (d) ZIF-L@TOCNF.

125 m”> g~* for 3D CelloZIFL_cubes, respectively. The pore size
distribution of the printed objects is characterized using DFT, as
shown in Fig. 2d. The 3D CelloZIF-L_filament and 3D
CelloZIFL_cubes show pore distributions of 10-60 nm and
10-90 nm, respectively (Fig. 2d). It is essential to mention that
these pores are inside the crystals of ZIF-L.

This journal is © The Royal Society of Chemistry 2023

The morphology of TOCNF, Zn**@TOCNF, ZnO@TOCNF,
and ZIF-L@TOCNF was evaluated using TEM images (Fig. 3).
The TEM image of TOCNF shows nanofibers with a diameter
of 1-10 nm (Fig. 3a). The nanofibers tend to form a network
due to the entangled properties of TOCNF via hydrogen bond
interactions. The network is transparent after adding Zn>" ions

Dalton Trans., 2023, 52, 2988-2998 | 2991
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Fig. 4

(a and b) SEM images and (c) EDX analysis and mapping for 3D printing of CelloZIFL_cubes.

Fig. 5

that enabled coordination to the carboxylic groups of TOCNF
(Fig. 3b). After adding NaOH, the coordinated Zn** inside
TOCNF was converted to zinc nitrate nanosheets with a thick-
ness of 10-50 nm (Fig. 3c). The formation of ZIF-L crystals was
achieved after the addition of Hmim. The TEM image of the
CelloZIF-L ink shows small crystals of 50-100 nm (Fig. 3d).
The analysis of the TEM images confirms the integration of
the ZIF-L crystals into the TOCNF network inside the
CelloZIF-L ink (Fig. 3).

2992 | Dalton Trans., 2023, 52, 2988-2998

(a and b) SEM images and (c) EDX analysis and mapping of CelloZIFL_filament.

We evaluated the macropores of the printed objects using
SEM images (Fig. 4). The 3D-printed objects were designed to
have a 1 mm pore size (Fig. 1). The SEM images of 3D
CelloZIF_cubes are shown in Fig. 4a and b. 3D CelloZIF_cubes
display well-organized cubes with a pore size of 1 mm (Fig. 4a
and b). The pore of the printed cubes is designed using CAD.
Elemental analysis and mapping are performed using EDX
analysis (Fig. 4c). The chemical composition shows C, O, N,
Zn, Ca, and Cl elements. The distribution of Zn indicates that

This journal is © The Royal Society of Chemistry 2023
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ZIF-L is homogeneous, indicating the excellent dispersion of
ZIF-L crystals inside the printed cubes (Fig. 4c).

The SEM image and EDX analysis/mapping of 3D
CelloZIF-L_filament are shown in Fig. 5. The SEM images of
the printed filaments show a diameter of 0.77 mm (Fig. 5a).
The high magnification image displays the crystals of ZIF-L.
Elemental analysis indicates the presence of C, O, N, Zn, Ca,
and Cl (Fig. 5¢). The heavy metal distribution of Zn shows the
homogeneous distribution of ZIF-L in the formed filament
(Fig. 5¢).

3D printing via direct ink writing (DIW) offered several
advantages. This method is easy without the need for a cum-
bersomely long fabrication time. Some previously reported
methods require 15-120 h.>® CelloZIF-L was printed without
the need for extra agents such as gelatin. Calcium alginate/cell-
ulose enabled 3D printing of ZIF-L without the need for other
biopolymers such as gelatin'” or inorganic binders such as
Boehmite AIO(OH).”” Our method is very cheap compared to
other methods that require several chemical agents such as
2-phenoxy ethyl acrylate, trimethylolpropane triacrylate, bis
(2,4,6-trimethyl  benzoyl)-phenyl phosphine oxide, and
1-hydroxy-cyclohexyl-phenyl-ketone for single 3D printing pro-
cedures via photo-curation.”®

CO,, adsorption

The materials were evaluated for adsorption and desorption
processes. 3D CelloZIF-L_cubes and 3D CelloZIF-L_filament
were used for the adsorption of CO, (Fig. 6a). ZIF-L powder,
3D CelloZIF-L_cubes, and 3D CelloZIF-L_filament exhibit CO,

View Article Online
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adsorption capacities of 1.0, 1.15, and 0.64 mmol g™, respect-
ively, at 1 bar at 0 °C (Fig. 6b). The cubes showed higher
adsorption capacity than the filament. The high performance
is due to the increased CO, diffusion inside the materials via
the large pores of the 3D-printed objects with a pore size of
1 mm. There is no difference between the adsorption and de-
sorption isotherms, indicating that the process is reversible.

The recyclability for CO, adsorption and desorption was
also evaluated (Fig. 6¢ and d). 3D CelloZIF-L_cubes and 3D
CelloZIF-L_filament can be used several times for CO, adsorp-
tion and desorption without a significant decrease in the
material’s performance, indicating the high recyclability of the
materials. 3D CelloZIF-L_cubes and 3D CelloZIF-L_filament
can be recycled for 4 and 3 runs of the adsorption and desorp-
tion processes, respectively (Fig. 6¢ and d).

The CO, adsorption of ZIF-L takes place via an open-gate
mechanism.>® The unique cushion-like cavities inside the leaf-
like ZIF crystals enabled high CO, adsorption. The cushion-
shaped cavity is flexible compared to excavating isoreticular
materials such as ZIF-8 with a tetrahedral structure. The 2D
morphology of ZIF-L exhibits a weak connection between term-
inal Hmim-4 and free Hmim-5 inside ZIF-L (Zn
(mim),-(Hmim); ,-(H,0)3/,). 3D CelloZIF-L showed high
adsorption performance for CO,, offering promising appli-
cation in gas removal filters.

The printed materials enable simple CO, capture with high
adsorption capacities and excellent recyclability. 3D-printed
ZIF-8 synthesized using ZIF-8 powder (Basolite 1200), bento-
nite, and methylcellulose has been reported.>® The materials
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(a) CO, adsorption—desorption isotherms, (b) CO, adsorption capacities, and (c and d) CO, recyclability of (c) 3D CelloZIF-L_cubes and (d)
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were mixed with water to form a printable ink. Methylcellulose
was removed via activation under argon at 450 °C, giving a
final composition of 80 wt.% and 20 wt.% of ZIF-8 and bento-
nite, respectively. The 3D printed ZIF was tested for CO,
adsorption at 1 bar offering an adsorption capacity of
1.3 mmol g ', which was higher than that of ZIF-8 powder
(CO, adsorption capacity of 0.82 mmol g~').** Data analysis
also showed a separation factor of 4.1 for a mixture of 70: 30
vol% :vol% of CH,: CO,, which was higher than the reported
value for ZIF-8 powder.*?

Heavy metal adsorption

Copper (Cu®") ions were used as a model for heavy metal
adsorption. Water treatment via the removal of heavy metal
ions was tested for 3D CelloZIF-L_cubes and 3D
CelloZIF-L_filament (Fig. 7). 3D CelloZIF-L_cubes exhibited
higher adsorption of Cu®** ions than 3D CelloZIF-L_filament
(Fig. 7a). This observation has previously been reported for
CO, adsorption, as shown in Fig. 6¢c and d. 3D
CelloZIF-L_cubes and 3D CelloZIF-L_filament exhibited
adsorption capacities of 554.8 + 15 and 389.8 + 14 mg g™,
respectively (Fig. 7a).
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The effect of Cu®* ion initial concentration was evaluated,
as shown in Fig. 7b. The Cu®" initial concentrations of 5, 10,
50, and 100 mL (1000 ppm) show adsorption capacities of
223.7 + 5, 554.8 + 15, 585.8 + 17, and 547.4 + 16 mg g},
respectively (Fig. 7b). The adsorbed Cu®" ions are homoge-
neously distributed at all tested concentrations (Fig. S3-S67).
The naked eye can confirm the adsorption based on the color
change from white to turquoise blue (Fig. 7c and d). There is
no change in the printed objects’ dimension or porosity after
the metal adsorption.

The selectivity of heavy metal adsorption is evaluated using
a mixed metal solution containing several metal ions includ-
ing trivalent (Fe** and AI**), divalent (Ca®>", Cu**, and Co*"),
and monovalent ions (Na*, Fig. 7e). 3D CelloZIF-L_cubes show
selectivities of 86.8%, 6.7%, 2.4%, 0.93%, 0.61%, and 0.19%
for Fe’*, AI**, Co®", Cu®", Na*, and Ca**, respectively (Fig. 7e).
The same selectivity trend was observed for 3D
CelloZIF-L_filament with selectivities of 93.5%, 2.2%, 3.5%,
0.18%, 0.52%, and 0.12% for Fe*", AI**, Co**, Cu*", Na', and
Ca”", respectively (Fig. 7e). The high selectivity toward trivalent
(Fe**) and divalent ions (Co>" and Cu®") is due to TOCNF and
ZIF-L, respectively. Hard metals such as Fe** ions tend to inter-
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Fig. 7 (a) Adsorption capacity for Cu?* ions of the 3D cubes and filament, (b) adsorption of Cu* ions using the 3D cubes with different initial con-
centrations, and (c) the cubes after adsorption of Cu?* at (1) 5 ppm, (2) 10 ppm, (3) 50 ppm and (4) 100 ppm, (d and f) objects after adsorption of

mixed metal ions, and (e) selectivity toward different metal ions.
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Fig. 8 (a—c) SEM images and (d) EDX analysis and mapping for the filament after the adsorption of Cu?* ions.

act with the hydroxyl groups of TOCNF. At the same time,
ZIF-L exhibits high selectivity towards copper ions.

The adsorption of Cu** ions on 3D CelloZIF-L_filament was
characterized using SEM images, EDX analysis, and mapping
(Fig. 8). The filament preserves its morphology after the
adsorption. The SEM image of Cu*"-adsorbed 3D
CelloZIF-L_filament shows the leaf-like morphology of ZIF-L
crystals (Fig. 8a-c). The observed plate shows particles with a
thickness of 100-300 nm (Fig. 8c). This observation indicates
that the adsorbed Cu®" ions exhibit no change in the mor-
phology of the ZIF-L crystals. EDX analysis and mapping
confirm the presence of Zn and Cu, indicating Cu’s adsorption
on the filament (Fig. 8d). Based on the distribution of Cu, the
adsorbed species are homogeneously distributed on the fila-
ment (Fig. 8c).

Conclusion

A simple 3D printing via direct ink writing (DIW) for TOCNF
\ZIF-L\sodium alginate was presented. The materials obtained
using a one-pot method provided printable inks for robocast-
ing and the hand-made printing procedure. A high loading i.e.
84% of ZIF-L can be achieved using this procedure. The
materials can be used as efficient adsorbents for CO, and

This journal is © The Royal Society of Chemistry 2023

heavy metal ions. They exhibited high adsorption capacities,
good recyclability, and excellent selectivity. The simple ink for-
mation and 3D printing procedure indicate that our method
has the potential for large-scale production.
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