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• Geopolymer sorbentswere prepared via
Direct Ink Writing (DIW).

• The synergy between material and fab-
rication provides optimal porosity.

• Proof-of-concept study of aqueous NH4
+

removal with 3D-printed geopolymers.
• Highpermeability, high cation exchange
capacity, and reusable for multiple
times.
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Geopolymers have been recently explored as sorbents for wastewater treatment, thanks to their mechanical and
chemical stability and to their low-energy manufacturing process. One specific application could be the removal
of ammonium (NH4

+) through exchange with Na+ ions. Additive manufacturing (AM) represents an especially
interesting option for fabrication, as it allows to tailor the size, distribution, shape, and interconnectivity of
pores, and therefore the access to charge-bearing sites. The present study provides a proof of concept for NH4

+

removal fromwastewater using porous geopolymer components fabricated via direct ink writing (DIW) AM ap-
proach. A metakaolin-based ink was employed for the fabrication of a log-pile structure with 45° rotation be-
tween layers, producing continuous yet tortuous macropores which are responsible for the high permeability
of the sorbents. The ink consolidates in an amorphous, mesoporous network, with the mesopores acting as pref-
erential sites for ion exchange. The printed sorbents were characterized for their physicochemical and mechan-
ical properties and theNH4

+ removal capacity in continuous-flow column experiments by using amodel effluent.
The lattices present high permeability and high cation exchange capacity andmaintained a high amount of active
ions after four cycles, allowing to reuse them multiple times.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Geopolymers (amorphous aluminosilicates) are versatile materials,
which have attracted attention in many environmental applications. In
water andwastewater treatment, they have been studied as adsorbents
or ion exchangers [1–9], photocatalysts [10,11], membrane materials
[12,13], pH adjustment agents [14–18], and for the solidification/stabili-
zation of water treatment residues [19], to name just a few examples.
Main drivers for this emerging interest are their good mechanical and
chemical stability coupled with a relatively simple and low-energy
manufacturing process [20]. Consequently, geopolymers could offer fea-
sible options for competing materials in water treatment such as syn-
thetic zeolites, conventional ceramics, or polymeric components in
terms of costs, environmental impacts, and performance.

One specific use for geopolymers could be the removal of ammo-
nium (NH4

+) from wastewaters [21–23]. Legislative requirements for
nitrogen removal from municipal and industrial wastewaters are be-
coming increasingly common to prevent eutrophication. In fact, ammo-
nium is the nitrogen species with the largest contribution to the
eutrophication in water bodies where nitrogen is the nutrient in
shortest supply [24]. Conventional methods for nitrogen removal are
based on the microbial nitrification-denitrification, which can be inef-
fective at low temperatures [25] and have higher operational costs in
comparison to ion exchange-based process [26]. Geopolymers have a
high affinity for NH4

+: the charge-balancing Na+ cations in the
geopolymer aluminosilicate network may be exchanged to NH4

+ up to
near 100% efficiency [27]. However, it is required that the charge-
bearing sites are accessible. The reported ion exchange capacities of
powdered metakaolin geopolymer for NH4

+ have been 18–32 mg g−1

[22], depending on the tested water matrix (raw wastewater after
screening or after advanced primary treatment), which are comparable
to many natural or synthetic zeolites [21]. Moreover, geopolymer gran-
ules were tested for ammonium removal on a bench-scale column ex-
periment taking place at a wastewater treatment plant: < 4 mg/ L
NH4

+ was consistently reached at water temperature of 10 °C (usually
12 °C is the limit for an efficient operation of nitrification-
denitrification process), and the material could be regenerated with
NaCl/NaOH [22].

The development of geopolymer sorbents requires also consider-
ations for how to apply them in practice. It is possible to dose powdered
sorbent continuously, but then an additional process phase is required
to separate the used sorbent and operational costs can become high.
Consequently, various options to prepare permeable and highly porous
geopolymers have been developed: for instance, direct foaming, freeze
casting, sacrificial template method, granulation, or additive
manufacturing (AM) [20].

AM refers to a family of technologies in which a part is directly gen-
erated from a virtual model by the addition of material (instead of sub-
traction or formation), usually in a layer-by-layer approach [28].
Consequently, it is possible to generate parts with variable, complex ge-
ometries without the need of adapting the typical manufacturing pro-
cess itself. The processing requirements (in terms of feedstock and/or
sintering), however, can be very challenging, particularly for ceramic
materials [29]. Proof of concept for powder based AM of geopolymers
was for the first time demonstrated in the literature with a mixture of
sand, slag and solid sodium silicate, and an aqueous binder (water and
2-pyrrolidone) [30]; parts produced with this approach, however, pos-
sessed high residual porosity (~60%vol) and low mechanical properties
(compressive strength <1 MPa), as the reaction was not completed.

On the other hand, sol-gel like network formation in geopolymer
slurries provides them with a rheological behavior which is consistent
with the requirements of the family of extrusion based AM processes,
such as direct ink writing (DIW) [31]. Also known as robocasting, the
process is based on the extrusion of a ceramic paste (ink) in the form
of a filament and its deposition on a substrate following a virtual
model. The ink should show an initial yield stress and have a viscosity
which decreases with increasing the shear rate (Herschel-Bulkley
fluid). Geopolymer slurries possess intrinsic shear thinning behavior,
but the geopolymer reaction should be controlled in order to achieve a
suitably large temporal printingwindow; additional tuning of their rhe-
ology with organic or inorganic additives allows to fabricate complex
structures and lattices with spanning, unsupported features [32–34].
However, research has been mainly focusing on construction applica-
tions and therefore large scale extrusion systems, with nozzle diameter
up to 20 mm [35–37].

DIW represents an especially interesting option for preparing sor-
bents, as it allows to precisely control the pore size, size distribution,
shape, and interconnectivity, with a resolution of few hundred micro-
meters [38].Moreover, topological optimizationwould enable the fabri-
cation of components with an optimal combination of properties, such
as low pressure drop, sufficient strength and contact time.

Consequently, the objective of the present study was to evaluate the
performance of porous geopolymer components fabricated via DIW for
the removal of NH4

+ ions in continuous flow of a model wastewater. A
metakaolin-based geopolymer ink was employed for the fabrication of
a specifically designed log-pile structure with 45° rotation between
layers. The mix design was based on fabrication process requirements,
in particular achieving a precise control of the slurry rheology and reac-
tivity [32]. The printed components were characterized for their physi-
cochemical and mechanical properties, permeability and NH4

+ removal
capacity. The regenerability of the spent geopolymer components was
also assessed.

2. Experimental section

A Na-based geopolymer was prepared by mixing metakaolin
(Argical 1200S, Imerys S.A.) as an aluminosilicate source, and an alkaline
solution of sodium silicate (SS2942, Ingessil S.r.l.), sodium hydroxide
(NaOH, Sigma–Aldrich) and distilled water. The alkaline solution had
a molar ratio of SiO2/Na2O = 1.4 and solids content of 38.5%wt. The
molar ratios of the geopolymer were: SiO2/Al2O3 = 3.8, Na2O/
Al2O3 = 1 and H2O/Al2O3 = 13. Polyethylene glycol with an average
molecular weight of 1000 g/mol (PEG 1000, Sigma-Aldrich) was
added to the ink (5%wt) as a rheological additive. The complete proce-
dure is described in a previouswork and reported in the Supplementary
Information [32]. The prepared ink had an optimized Bingham
pseudoplastic behavior, enabling the fabrication of components with
suspended features (struts).

The ink was fed to the DIW device (Delta Wasp 2040 Turbo,
Wasproject) by a pressurized vessel, with a typical pressure of
1∙105 Pa to 5∙105 Pa; a screw extruder forced the ink through the tip of
a conical nozzle with a diameter of 840 μm (Nordson Italia S.p.A.). The
printer was configured with a print speed of 10 mm/s and extrusion
flow as needed to obtain constant writing. The process was carried out
at room temperature and in air. After printing the first layer, the nozzle
was raised by600 μmin the z-direction to print the next layer, providing
greater contact between the layers coming from that overlay between
them. The first layer was composed of filaments parallel to each other,
while the second layer was comprised of parallel filaments but with a
rotation of 45° from the previous layer; the subsequent layers followed
the same arrangement. The printing process was repeated for 16 layers
until the final dimensions of the lattice were reached. Following this
pattern, cylindrical sorbents with 45.8mmdiameter and 9.6mmheight
were produced. For porosity andmechanical characterization purposes,
parallelepipeds with a 15 mm × 15 mm base and 9.6 mm height were
produced with the same pattern and designed porosity as the sorbents.
The printed samples were placed in the oven at 75 °C for 2 days in a
closed box to accelerate the geopolymerization reaction [39]; they
were then stored at room temperature for 1month before characteriza-
tion and use.

Part of the sampleswas alsowashed in continuous flow of deionized
waterwith a flow rate of 1.0 L/h for 8 h. This stepmimicked thewashing
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procedure performed on the sorbents before performing the adsorption
tests. Part of the cured and of the washed samples was also ground to
fine powders for X-ray diffraction, helium pycnometry and Fourier
transform infrared spectroscopy.

A slurry of the same geopolymer composition was produced using
the same materials and procedure but excluding the addition of PEG;
it was casted, cured at 75 °C for 2 days in a closedmold and then ground
into a fine powder for measuring N2 gas adsorption-desorption
isotherms.

Macroscopic evaluation of the structures was performed by means
of an optical stereomicroscope (STEMI 2000-C, Carl Zeiss AG) on the
printed structures.

The microstructure was assessed by means of a field emission scan-
ning electron microscope (Sigma FESEM, Carl Zeiss AG) on the as pre-
pared printed structures. Secondary electron (SE) images were
obtained at accelerating voltage of 5 kV.

The crystalline phase assemblage was investigated by X-ray diffrac-
tion (XRD, Bruker AXS-D8 advance) with CuKα radiation at 40 kV and
40 mA on metakaolin and on powders obtained by grinding printed
structures. Data were collected in the range of 10–70° 2θ with a scan-
ning step of 0.05° and a scanning time of 1 s/step. A semi-automatic
phase identification was provided by the Match! software package
(Crystal Impact GbR), supported by data from the Crystallography
Open Database (COD [40]).

The bulk density of the parallelepiped components was evaluated
from mass and volume measurements. The apparent and true density
values were measured using a helium gas pycnometer (AccuPyc 1330,
Micromeritics) on fragments of the printed structures and on finely
ground powders, respectively. Using these density values, the closed
and open porosity were evaluated, and the latter compared with the
theoretical porosity of the CAD file (calculated modeling the struts as
dense cylinders).

The compressive strengthwasmeasured at ambient conditionswith
a universal testing machine Instron 1121 UTM (Instron Danvers) under
a deformation controlled loading rate of 0.5 mm/min; the value is
reported as mean ± standard deviation of at least 8 samples.

The specific surface area (SSA) was determined using N2 gas
adsorption-desorption isotherms at −196 °C (ASAP 2020, Microm-
eritics and QuantachromeAutosorb iQ, Anton Paar GmbH). SSAwas cal-
culated based on the Brunauer, Emmett, Teller (BET) isotherms; average
pore widths were calculated from desorption data using the Barrett–
Joyner–Halenda (BJH) method. Prior to the analysis, the samples were
degassed at 120 °C for approximately 15 h under reduced pressure.
The measurement was performed on three kinds of specimens: 1) frag-
ments of the printed structures; 2) fragments of the printed structures
after washing; 3) powders from ground PEG-free casts. The results are
reported with an estimated experimental error of ±5% (with a mini-
mum error of ±0.5 m2/g).

Infrared spectra were obtained by ATR - FTIR spectroscopy
(6200 FTIR spectrometer equipped with ATR Pro One diamond prism,
Jasco Inc.). Absorption spectra were determined for fine powders
from printed structures before and after washing procedure on
4000–500 cm−1 range; they are reported in the Supplementary
Information.

Permeability measurements were performed using a laboratory-
made apparatus; details of the setup are described in the Supplemen-
tary Information. Tests were performed in steady-state regime with
dry airflow at room conditions (T ~ 25 °C and P0 = Patm ~ 1 bar). The
test samplewas sealedwithin a cylindrical sample holderwith a circular
flow area (Aflow) of 172 mm2. The pressure gradient across the speci-
men was measured by a digital manometer (Sper Scientific 840,083),
in response to variations in the air volumetric flow rate Q controlled
by a needle valve and measured with a rotameter open to the atmo-
sphere. Flow rate (Q) was corrected to the value at sample exit (Q0)
and finally converted to superficial velocity by vs = Q0/Aflow.
The collected data set (ΔP and vs) for each test was fitted according
to Forchheimer's equation, which expresses the experimental relation-
ship between the fluid pressure applied through a porous medium
(ΔP) and the resulting superficial fluid velocity (vs) permeated through
the medium [41]:

ΔP
L

¼ μ
k1

vs þ ρ
k2

vs2 ð1Þ

in which L is the medium length or thickness along the macroscopic
flow direction, and μ and ρ are respectively the viscosity and density
of the fluid (for a dry airflow at room conditions: μ = 1.84∙10−5 Pa∙s
and ρ = 1.18 kg/m3).

The parameters k1 and k2 are respectively known as Darcian and
non-Darcian permeability coefficients. These coefficients are only de-
pendent on the porous structure andweigh the contributions of viscous
and inertial losses on the total pressure drop. The fitted k1 and k2 values
were used to predict the pressure drop in the column for water flow in
the ion exchange tests.

NH4
+ ion exchange experiments for the printed components were

conducted as continuous flow-through experiments at room tem-
perature (20 ± 1 °C). A model solution (NH4

+ = 50 mg/L) was pre-
pared by dissolving NH4Cl (Merck Group) into de-ionized water. A
column with an inner diameter of D = 44 mm and height h =
99 mm was filled with a stack of 11 printed sorbents. Sorbent bed
was first washed with a continuous flow of de-ionized water (8 L,
with a flow rate of 1.0 L/h) in order to decrease the pH down to
~7 and to flush any raw material residues (e.g., PEG 1000). Ammo-
nium solution was then pumped through the bed at a flow rate of
0.5 L/h, corresponding to ~19.3 min empty bed contact time and
0.33 m/h surface loading rate. After filtration, the bed was flushed
again with 8 L of de-ionized water. The experiment was repeated 4
times on the same stack; the 1st and 2nd cycles were conducted at
a flow rate of 0.5 L/h, whereas the 3rd and 4th cycles were con-
ducted at twice the initial flow rate (1.0 L/h), corresponding to
~9.6 min empty bed contact time and 0.66 m/h surface loading
rates. Two different flow rates were tested in order to evaluate the
effect of different contact times. The sorbent bed was regenerated
between each cycle by pumping 2 L of 0.1 M sodium hydroxide
(Merck Group) and 0.2 M sodium chloride (J.T. Baker) solution
through the bed at a rate of 2 L/h and rinsing with 8 L of de-
ionized water. NH4

+ concentration was measured with the use of a
NH4

+-selective electrode (Intellical ISENH4181, Hach) connected to
a portable multi meter (HQ40d, Hach).

Mass transfer resistance in the column experiments was assessed
according to the method described by Fulazzaky et al. [42] In short,
the internal ([kLa]d), external ([kLa]f), and global ([kLa]g) mass transfer
coefficients (1/h) were determined with Eqs. (2)–(4), respectively.
These variables were then plotted against the percentage of outflow
from the column and the curves were used to determine whether
the mass transfer resistance is dependent on internal or external diffu-
sion.

kLa½ �d ¼ kLa½ �g− kLa½ � f ð2Þ

kLa½ �g ¼ eBβþ ln ln C0=Ctð Þð Þ ð3Þ

kLa½ � f ¼ kLa½ �g ∙e−β∙ lnqc ð4Þ

where B (mg g−1) is potentialmass transfer index relating to the driving
force of mass transfer, β [(gh)/mg] is sorbate-sorbent affinity parame-
ter, C0 (mg/L) and Ct (mg/L) are initial NH4

+ concentration and concen-
tration at time t (h), respectively and qc (mg g−1) is the cumulative
adsorbed amount of NH4

+ on the sorbents. B and β were determined
from the intercept and slope, respectively, by plotting ln qc versus ln t
according to Eq. (5).



Fig. 1. Cylindrical sorbent produced by DIW: a) overview, b) top view and c) section side view at higher magnification.

Fig. 2. SEM images of a printed lattice: a), b), c) filament section; d), e), f) filament surface at increasing magnification. Impurities are pointed with arrows.
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Fig. 3. XRD analysis on the consolidated geopolymer ink compared with the metakaolin raw material.
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lnqc ¼
Bþ 1
β∙ lnt

ð5Þ

The elemental composition of samples before and after ammonium
ion exchange tests was determined semi-quantitatively with an
X-ray fluorescence (XRF) spectrometer (Bruker AXS S4 Pioneer Bil-
lerica). Before the analysis, samples were ground to a fine powder,
added with 6% C-wax as binder and compressed to tablets with di-
ameter of 37 mm.

3. Results and discussion

Fig. 1 shows details of the disc shaped lattices fabricated via DIW.
The optimization of the rheological properties of the ink and a good con-
trol over the processing parameters (pressure, flow rate and feed rate)
allowed to deposit continuous filaments with regular diameters and to
effectively follow the designed 0–45-90° sequential build-up of layers
producing continuous yet tortuous channels.

After completion of the geopolymerization reaction, the sorbents
had a diameter of 43.51 ± 0.73 mm and a height of 9.25 ± 0.46 mm,
confirming the good repeatability of the fabrication procedure. Sections
of the samples (Fig. 1c) show very limited deformation of the unsup-
ported filaments and the presence of open channels in the Z direction,
as designed.

The struts retained a circular shape, with a diameter of 0.77 ±
0.01 mm (corresponding to a linear shrinkage of ~10%, due to drying).
Fig. 2 compares the inner microstructure of the filaments (a-c) and
their surface (d-f), by means of SEM images. Some spherical pores
with the dimension of a few microns can be detected inside the struts
Table 1
Porosity of the printed components.

Value [%vol]

Theoretical porosity (by design) 50.4
Total porosity 52.4 ± 1.5
Open porosity 49.3 ± 1.6
Closed porosity (relative to the struts) 6.5 ± 0.4
and are most probably caused by air bubbles entrapped in the ink dur-
ing mixing and syringe filling. The surface of the struts appears
generally denser than their core.

The amorphous geopolymermatrix looks homogeneous through-
out the whole filament; the few platelet inclusions (see Fig. 2b,
pointed with arrows) can be attributed to metakaolin impurities.
At higher magnification, the typical mesoporous structure of
geopolymers can be detected both inside the struts and on their sur-
face; mesopores are the sites in which sorption and ion exchange
take place [23].

XRD analyses were performed on the reacted geopolymer and on
the metakaolin raw material to identify the impurities and determine
the occurrence of the reaction. The results (Fig. 3) indicate that the
metakaolin raw material contains quartz (SiO2), anatase (TiO2) and
muscovite (KAl2(Si3Al)O10(OH)2) impurities (the latter are likely the
ones detected with the SEM); metakaolin (Al2O3·2SiO2) itself is X-ray
amorphous and produces only a broad hump centered at 20–25°.
After the reaction, the maximum of the amorphous hump shifted to ap-
proximately 25–30°, indicating that a change happened in the chemical
structure. No crystalline phases (zeolite-type structures) were formed
during geopolymerization.

Physical analyses on the printed components revealed a bulk
density of 0.95 ± 0.03 g/cm3, apparent density of 1.86 ±
0.01 g/cm3 and true density of 1.99 ± 0.01 g/cm3. Table 1 reports
the computed total, open and closed porosity values. The limited
amount of closed porosity was also confirmed by image analysis on
SEM images (see Fig. 2a). The open porosity matches well the theo-
retical porosity from design.
Table 2
Specific surface area and average pore size of the printed components at different stages
and of powdered geopolymers.

Specific surface area
(BET)

Average pore size
(BJH)

Printed structures 3.7 ± 0.5 m2/g 22.0 nm
Printed structures after washing 12.2 ± 0.6 m2/g 9.6 nm
Powders from PEG-free casts 18.3 ± 0.9 m2/g 7.8 nm



Fig. 4. Permeability map (adapted from Innocentini et al. [41]) comparing printed lattices and conventional porous ceramics.

Table 3
Comparison between the printed lattices and packed beds filled with GAC and PAC.

Packing material k1 (10−9 m2) k2 (10−4 m) dp (mm) ε (%)

Lattice 7.23 1.29 – 45
GAC 0.98 0.66 1.00 45
PAC 0.01 0.07 0.10 45

6 G. Franchin et al. / Materials and Design 195 (2020) 109006
Tested under compression, the lattices showed a compressive
strength of 6.0 ± 1.8 MPa; the value is in accordance with previous re-
sults obtained from components fabricated using the same ink [32].
Note that the compressive strength of such lattices does not only de-
pend on the matrix properties and on the lattice porosity, but also on
the build-up sequence: different orientations provide more or fewer
nodes within the structure. Tests repeated on washed lattices showed
no significant decrease (compressive strength of 4.7 ± 0.8 MPa). It
can be stated that thewashing procedure does not affect themechanical
strength of the lattices and that they can successfully withstand water
pressure in pipes (usually ~1 ∙ 105 Pa – 5 ∙ 105 Pa or 1–5 bar).

BET analysis reported a low SSA value for the printed structures
(3.7 ± 0.4 m2/g), which can be explained with the presence of PEG
entrapped in the geopolymer matrix (meso-)pores, making them
Fig. 5. Prediction of pressure drop during the flow of wastewater through the column used in
inaccessible. Table 2 compares the as prepared printed structures with
those subject to the washing procedure, which showed rather higher
SSA (12.2 ± 0.4 m2/g). This indicates that PEG is effectively removed
by the washing procedure, as confirmed by the FTIR spectra in the Sup-
plementary Information. As a result, smaller pores became accessible
and the average pore size decreased. Geopolymer powders obtained
from PEG-free casts possessed similar pore size, yet a slightly higher
SSA value (18.3 ± 0.9 m2/g), which may indicate that some residual
PEG was still present after the washing procedure. However, PEG
would be entirely removed upon use in continuous flow.

The SSA value of the geopolymer powders was comparable to the
one previously reported for the optimization of powdered Na-based
geopolymer sorbents of similar compositions and close to the that of
the one providing the highest NH4

+ removal efficiency [23].
It should be noted that no linear correlation between SSA and NH4

+

ion exchange capacity was detected in the previous work [23]. In fact,
the same lack of correlation between specific surface area (detected
by N2 adsorption) and cation exchange capacity for clay mineral-
containing soils have been reported [43]. Possible explanation for this
behavior is that the N2 gas is unable to penetrate interlayers of
unexpanded clay minerals [43]. Indeed, the aluminosilicate network
structure of geopolymers could also exhibit expansion, as it has been
the experiments containing different packing materials (GAC, PAC and a printed lattice).



Fig. 6. a) The removal efficiency of NH4
+ ions from themodel solution formultiple cycles of 300min and b) thepHof the treatedwater during the experiments. The inlet NH4

+ concentration
was 50mg/L, pHwas 7, and T=20 °C. The contact time was either 19.3 min (0.5 L/h) or 9.6 min (1 L/h), which corresponded to 0.33 m/h or 0.66 m/h surface loading rates, respectively.
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shown that the specific surface area increases after exchange of Na+ to
NH4

+ [27]. Nevertheless, the average pore size has a clearer role in the
ion exchange process: micro or mesopores should indeed be present
for an efficient operation.

The parabolic relationship between pressure drop and superficial air
velocity for two printed components (1 and 2) was confirmed by the
permeability tests; experimental data are in good accordance with
Forchheimer's equation (Eq. (1)) with a correlation coefficient
R2 > 0.99. The average permeability coefficients for the cylinder design
were k1 = 7.23 ± 1.18 ∙ 10−9 m2 and k2 = 1.29 ± 0.22 ∙ 10−4 m.

Geopolymer sorbents could be installed in pipes or column, where
water is pumped through the lattice structure to interact with the active
surface sites containing exchangeable cations (here, Na+ ions). The con-
tact time t is directly proportional to the reactor length L, which can be
increased by stacking several lattices along the flow direction. The pres-
sure drop should be linearly dependent upon to the thickness of the
stack (as stated by Eq. (1)), and the permeability coefficients should
not vary, as they are intrinsic properties of the material. Nevertheless,
for non-stochastic materials such as lattices, the frictional pressure
loss at the surfacemay be significant and contribute to the total pressure
drop. The influence of the stacking length on the permeability of the
produced lattice sorbents was experimentally assessed by measuring
the pressure drop through two samples stacked along the air flowdirec-
tion (1+2). Results indicate that surface effectswere not significant for
the printed lattices; the coefficients for the stacked samples were k1 =
6.60 ∙ 10−9 m2 and k2= 1.20 ∙ 10−4 m (both within the calculated stan-
dard deviation). This is a confirmation that even the first layers of the
sorbents retain their shape after deposition, with limited deformation
and without restraining the channel openings at the bottom side. It
should be noted that, when performing DIW, the first layers in particu-
lar tend to deform (flatten) because of the contact with the flat solid
printing surface as well as the weight of subsequent layers. Therefore,



Fig. 7. a) Plot of ln qc versus ln t and b) plot of [kLa]g, [kLa]f, and [kLa]d as a function of
percentage of outflow. [kLa]d, [kLa]f, and [kLa]g are the internal, external, and global mass
transfer coefficients and ln qc and ln t are natural logarithms of the cumulative adsorbed
amount of NH4

+ and time, respectively.
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special attention should be given,when engineering the ink rheology, to
its yield stress value (~80 Pa in our case).

The advantage of describing the permeability of porous materials
using the k1 and k2 parameters is that they are intrinsic properties of
the pores (depending on their size, volume, morphology, interconnec-
tivity, etc.) and therefore may be used to simulate the ΔP(vs) profile
for other fluids or flow conditions (such as water flow through a
pipe). Moreover, they also allow to compare the permeability of the
printed lattices with those of more conventional porous media (see
Fig. 4). The structure printed in thiswork allows the components to per-
form similarly to honeycombs and ceramic foam replicas, but at the
same time they have lower porosity and therefore higher mechanical
properties than stochastic foams [44]).

Comparativelywith other sorbentmaterials, the printed lattice is ex-
pected to present much lower pressure drop under the same opera-
tional conditions. As an example, in Table 3, the experimental
permeability coefficients k1 and k2 of the printed lattice are compared
with the predicted values for packed beds filled with granular activated
carbon (GAC) and powdered activated carbon (PAC), two typical sor-
bents used for wastewater treatment. Values were estimated based on
Ergun equation [41,45], with average particle sizes (dp) of 1.0 mm for
GAC and 0.1 mm for PAC, and a same bed porosity (ε) of 45% of the
printed lattice.

Values in Table 3 were used to compare the expected pressure drop
ofwastewater flowing through the column in flow rates of 0.5 and 1.0 L/
h, corresponding to fluxes of 329 and 658 L/h.m2, respectively. Eq. (1)
was used to predict the pressure drop through the cylindrical column
with diameter of 44 mm and length of 99 mm. Properties of the waste-
water were based on water at 20 °C (ρ = 997 kg/m3 and μ =
8.9 × 10−4 Pa.s). Simulated curves are given in Fig. 5.

As observed in Fig. 5, for the flow rates applied in this work (0.5 and
1 L/h), the printed lattice presents much lower resistance to flow
(1–2 Pa) compared to GAC (14–28 Pa) and PAC (1392–2783 Pa).

The influence of the selected geopolymer composition on the NH4
+

exchange was addressed based on former work [23]. A rather clear lin-
ear correlation was shown between the Na2O concentration and NH4

+

removal capacity, as it relates to the amounts of exchangeable cations
in geopolymers. The ink used in this work had a Na2O/SiO2 ratio similar
to the one providing the highest NH4

+ removal efficiency (successfully
tested in powder and granulated form in another study [22]).

In Fig. 6, the NH4
+ removal results for several cycles are reported to-

gether with the pH of the treated water; they are in agreement with an
earlier publication, in which the regeneration rate was observed to im-
prove with successive cycles [21].

The cumulative adsorbed amount of NH4
+ per cycle was 1.6 and

2.6 mg g−1 for 0.5 and 1 L/ h flow rates, respectively. Slightly lower ad-
sorption amounts (~1.1 mg g−1) were reported earlier for metakaolin-
geopolymer granules in similar kind of column experiments [21], dem-
onstrating that the printed lattices have a higher ion-exchange capacity
per unit mass due to improved permeability and macroporosity. More-
over, as can be seen from Fig. 6, the sorbent could be used for a much
longer time than 300min as there is no decline in the removal rate dur-
ing thefirst cycle at all. Therefore, the cumulative adsorbed amounts ob-
served in this time-scale do not represent the total ion-exchange
capacity, and thus are not comparable to equilibrium capacities re-
ported earlier (i.e., 18, 29, and 32mg g−1 for rawmunicipal wastewater,
primary-treated municipal wastewater, and synthetic wastewater, re-
spectively [22]). The initial NH4

+ was approximately 50 mg/ L, which is
representative of typical municipal wastewater. After treatment with
the sorbent, the NH4

+ concentration was consistently <4 mg/ L (which
is a typical guideline value for wastewater discharge) during the first
and second cycle. In the third and fourth cycles, though, NH4

+ was
>4 mg/ L in the end of the cycles. Prior to the treatment, the pH was
around 7 but after the treatment it increased up to 11 during the first
minutes of the experiment. The lower initial pH in the 3rd cycle could
be related to the sudden increase in water flow; however, it leveled
out during the experiment. The pH settled between 9 and 9.5 towards
the end of all experiments. It should be noted that NH4

+ begins to vola-
tilize as NH3 at pH values larger than 9. However, previous study indi-
cated that this volatilization is very minor (< 6% of total removal) up
to pH 11 [22]. Therefore, in this study the volatilization of NH3 should
not play a major role. Consequently, the obtained results validate the
suitability of 3D-printed metakaolin geopolymers for NH4

+ removal
and their regenerability.

Mass transfer in printed components during the column test was
evaluated using the data from the 1st cycle. The natural logarithmic
plot of cumulative adsorbed amount (qc) versus time (t) results a
straight line with a good fit: R2 > 0.999 (Fig. 7a) allowing B and 1/β
(i.e., potential mass transfer index and reciprocal of sorbate-sorbent af-
finity parameter, respectively) to be obtained reliably from the intercept
and slope, respectively. Fig. 7b shows the external, internal and global
mass transfer coefficients as a function of the percentage of outflow.
As the printed geopolymer approach saturation, the mass transfer coef-
ficients approach zero. The internal (i.e., pore) diffusion coefficient,
[kLa]d, has negative values and thus it can be concluded that the mass
transfer resistance is dependent on internal diffusion [42]. This confirms
the importance of a tailored porosity for effective NH4

+ removal. Similar
result was also obtained in the case of granulated metakaolin
geopolymer in NH4

+ ion exchange [22].
Table 4 reports the composition of the sorbents before the washing

procedure and the ion exchange tests and after the 4th cycle (excluding
traces and impurities). The sum of oxides constituent concentrations
(SiO2, Al2O3, Na2O) was lower than 100%wt due to significant loss on ig-
nition (LOI) reported during the analysis; this can be attributed to the
release of PEG as well as of water (moisture and chemisorbed water)
[46]. The amount of PEG accounted for 5%wt; it was assumed to be
flushed away after the washing procedure and ion exchange tests,



Table 4
Composition (%wt and molar ratios) of the samples before the washing procedure and the ion exchange tests and after the 4th cycle of the ion exchange tests.

SiO2 (%wt) Al2O3 (%wt) Na2O (%wt) LOI (%wt) SiO2/Al2O3 (mol/mol) Na2O/Al2O3 (mol/mol) H2O/Al2O3 (mol/mol)

Before 46.8 18.7 11.5 23.0 4.2 1.0 5.5
After 51.3 20.9 9.7 18.2 4.2 0.8 4.9
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whichwas confirmed by a decrease in LOI of 4.8%wt. If the remaining LOI
is attributed to water, the H2O/Al2O3 molar ratio in the samples is 5.5
and 4.9 before and after ion exchange, respectively; this result is in
agreement with the stoichiometry of the geopolymerization reaction,
indicating that the consolidated sorbents should retain chemisorbed
water at a H2O/Al2O3 molar ratio between 5 and 7 after the reaction oc-
curred. The initial organic carbon content (due to the added PEG) of the
printed disks after curing was approximately 0.032%wt. If we assume
that the disks are capable of treating minimum 179 L of synthetic efflu-
ent per kg of unit mass (from the data presented in Fig. 6), this means
that, even by considering unwashed samples, the leached total organic
carbon (TOC) would be less than 1.79 mg/L. The typical TOC values for
municipal wastewater effluents after the final treatment steps are
5–15 mg/L. [47] Therefore, the leached TOC from filters is likely to de-
crease quickly as the filter is washed or used to a level that does not sig-
nificantly contribute to the background values.

A decrease in the Na2O content was detected after the initial wash-
ing and four ion-exchange-regeneration cycles (Table 4). A mass bal-
ance calculation reveals that the decrease of Na+ was approximately
0.58 mol Na+ per kg of sorbent, whereas the intake of NH4

+ (in the
4th cycle) corresponded to 0.16 mol of NH4

+ per kg of sorbent. Since
the ion-exchange of Na+ to NH4

+ occurs in a 1:1 mole ratio, the differ-
ence in NH4

+ intake and Na+ decrease (i.e., 0.42 mol/kg) corresponds
to the residual Na+ removed during the initial washing.
4. Conclusions

The present study provides a proof of concept for the employment of
porous geopolymer components fabricated via direct inkwriting for the
removal of NH4

+ ions from wastewater.
Geopolymers have a high affinity for NH4

+ as the charge-balancing
Na+ cations in the geopolymer aluminosilicate network can be effec-
tively exchanged to NH4

+. The combination of material andmanufactur-
ing process plays a major role in providing accessibility to the charge-
bearing sites, as it allows to tailor the porosity of the sorbents on multi-
ple levels and therefore their properties:

• (Ultra-)macroporosity (sub-millimeter range): the designed log-pile
structure possessed continuous yet tortuous channels and a non-
stochastic open (macro)porosity of 49.3 ± 1.6%vol. As a result, the
printed sorbents showed high permeability, low resistance to flow
and sufficient compressive strength (6.0 ± 1.8 MPa) to withstand
water pressure in pipes.

• Mesoporosity (2–50 nm range): the geopolymerization reaction re-
sults in the formation of a mesoporous network confirmed by high
magnification SEM and by the SSA value (12.2 m2/g) and average
pore size (9.58 nm) measured for the printed sorbents after washing.

The printed geopolymer sorbents show high cation exchange capac-
ity, with NH4

+ removal efficiency ≥80% also after four cycles. No decline
in the removal rate was detected during the first cycle. The 3D-printed
geopolymers have ion-exchange capacity larger than 2.6 mg g−1.

During the tests, the sorbents underwent very little compositional
changes and maintained a high amount of active (Na+) ions. Thanks
to their high mechanical properties and permeability, they were not
physically damaged during the ion exchange cycles, meaning that
they could also be regenerated and reused several times.

To conclude, printed geopolymer sorbents provide for a very valid
alternative to synthetic zeolites and conventional ceramics, due to the
following reasons:

• their production is less energy intensive as they consolidate at low
temperature;

• they could be prepared from locally available materials, including
wastes (fly ashes, slags and so on);

• the synergy betweenmaterial and fabrication process provides for ef-
fective tailoring and customization of sorbents with optimal porosity,
permeability and mechanical properties.
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