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yield = 88-91%. Empty bed contact time (EBCT) was decreased from 10 to 5 min without any reduction in
performances. The NHj adsorption process was effectively simulated by the Thomas model, allowing a model-

based assessment of the effect of EBCT reductions on process performances. An innovative desorption procedure
led to high ammonium recovery yields (86-100%) and to a desorbed product composed primarily of KNOs
(54%,,) and NH4NO3 (39%,,), two salts largely used in commercial fertilizers. The energy consumption of
ammonium removal/recovery with G13 resulted 0.027 kWh m;ﬁated ww, with a relevant reduction in comparison
to traditional nitrification/denitrification, whereas the operational cost resulted equal to 60-110% of the cost of
the benchmark process. These results show that G13 is a promising material to recover ammonium in a circular

economy approach.

1. Introduction

Together with phosphorous (P), nitrogen (N) is the main responsible
for the eutrophication process. Its accumulation in water bodies causes
an excessive proliferation of algae, resulting in a greater bacterial ac-
tivity and in a lack of oxygen for other aquatic species. Therefore, N must
be removed from municipal wastewater (MWW). The most common N
removal process is biological nitrification and denitrification
(Tchobanoglous et al., 2012; Xiang et al., 2020). On the other hand, N is
extensively used as a chemical fertilizer. Most of the N currently pro-
duced for agricultural purposes derives from the Haber Bosch process,
but its increasing environmental drawbacks are pushing toward other N
sources for fertilizer production (Smil Vaclav, 1992). Wastewater (WW)
is increasingly considered as a source of water, energy and chemical
compounds, mainly fertilizing agents such as nitrogen and phosphorus
(Frascari et al., 2018; McCarty et al., 2011; Pinelli et al., 2022a). As
nitrification/denitrification requires large tank volumes and a relevant
energy consumption, without allowing any N recovery, several other
technologies are being developed in a circular economy perspective
(Beckinghausen et al., 2020; Ye et al., 2018). N can be chemically
precipitated from sludge together with P as struvite, but the market
placement of this fertilizer is proving difficult in several countries (Hu
et al., 2020; Yu et al., 2012). Another chemical treatment consists in the
neutralization of ammonium with HCIO to form NCls, a very volatile
gas. This technique allows the removal of 80-95% of ammonium, but it
has high operating costs (Xue et al., 2018). Air-stripping, that requires
temperatures >15 °C and chemicals to attain a pH > 9.5 to convert
ammonium to ammonia, is generally not applied in large wastewater
treatment plants (WWTPs). Membrane separation is characterized by a
high operation and maintenance cost, due to the energy required to
create a pressure gradient and to the need to frequently replace mem-
branes (Adam et al., 2019).

Adsorption and ion exchange technologies are effective for ammo-
nium (NHJ) removal and recovery, in particular when ammonium is
present at low concentrations, as in the case of MWW (Medri et al., 2022;
Pinelli et al., 2022b). These technologies represent interesting options
also for the treatment of the wastewater released in surface water bodies
by combined sewer overflows. Natural and synthetic zeolites (Bernal
and Lopez-Real, 1993; Hedstrom, 2001; Kithome et al., 1998; Wang and
Peng, 2010), ion exchange polymeric resins (Gefeniene et al., 2006;
Jorgensen and Weatherley, 2003, 2006; Vignoli et al., 2015), and
polymeric hydrogels (Gefeniene et al., 2006) have been tested for N
removal and recovery from MWW. Among them, zeolites are the most
promising materials for their high selectivity towards ammonium.

Geopolymers are another group of materials with a high potential for
NHJ recovery from MWW. They are synthetic alkali aluminosilicates
similar in composition to zeolites, but in amorphous form. They are
produced by the reaction of an aluminosilicate powder with an alkali
aqueous solution. They are versatile materials with several potential
applications in water and wastewater treatment, such as adsorbents/
ion-exchangers, carriers for bioreactors, membranes, photocatalysts
(Asim et al., 2019; El-Eswed, 2019; Luukkonen et al., 2018; Novais et al.,
2017; Rasaki et al., 2019; Siyal et al., 2018). Geopolymers feature high
mechanical performances, easy shaping and high reproducibility of the

production process (Medri et al., 2020a, 2020b). Mesoporous geo-
polymers can be produced with interconnected micro--
meso-macro-ultramacro porosities, leading to a fast diffusion of cations
towards the internal porosity (Franchin et al., 2020; Medri et al., 2013;
Papa et al., 2015). Several studies investigated the use of geopolymers as
cation exchange materials for ammonium removal and recovery
(Franchin et al., 2020; Laukkanen et al., 2022; Luukkonen et al., 2016,
2017, 2018, 2019; Sanguanpak et al., 2021; Yu et al., 2023). However,
most of these works were conducted with synthetic NHj solutions, thus
neglecting the important matrix effect of a real WW.

In a previous work (Medri et al., 2022) the authors of the current
work compared a metakaolin-based geopolymer labelled G13, having a
Si/Al ratio equal to 2, a K/Al ratio equal to 1 and K as exchangeable
cation (Landi et al., 2013), with an Italian natural zeolite containing
mainly chabazite and phillipsite, in terms of NHj removal and recovery
performances. The geopolymer, that outperformed the natural zeolite,
was then subjected to an in-depth characterization in terms of me-
chanical and morphological properties.

G13 was produced by reacting metakaolin with a K silicate solution.
The defined stoichiometry and the adopted production process allow to
obtain a fully reacted material with high stability, compressive strength
over 60 MPa, specific surface area over 50 m? g~ ! and a well-developed
open porosity (Landi et al., 2013; Medri et al., 2022; Papa et al., 2018).
Indeed, metakaolin allows the production of reacted and homogeneous
geopolymer matrices (Arnoult et al., 2019; Panagiotopoulou et al.,
2007). The K/Al molar ratio set to 1 provides sufficient alkali to enable
complete charge balancing of the negatively charged tetrahedral
aluminum centers, whereas the Si/Al equal to 2 guarantees the forma-
tion of small mesopores and a largely homogeneous geopolymer matrix
(Davidovits, 2008; Duxson et al., 2005). Furthermore, the use of a po-
tassium silicate as activator enhances the mechanical strength of the
geopolymer matrix and as a consequence the robustness of the adsorbent
granules (Essaidi et al., 2016). In addition, in the perspective to reuse the
product of the NH] recovery process for fertilizer production, the use of
a geopolymer synthetized and periodically regenerated in K™ form
represents an interesting and innovative approach, as K is a crucial
component of multi-nutrient NPK fertilizers.

However, it is worth noting that, although the concentrations of
solutions commonly used for zeolite regeneration typically exceed 5%,
this study examined a solution of KCl with significantly lower concen-
trations (1%). This choice was informed by findings from Canellas et al.
(2019), who demonstrated that KCl exhibits regeneration efficiencies
comparable to that of NaCl even at concentrations ten times lower. This
reduction in the concentration of the regenerating solution not only
allows for a reduction in reagent costs but also yields a desorbed product
less concentrated in KCl, making it more suitable for agricultural ap-
plications. The main goal of this work was to further develop and
optimize the continuous-flow ion exchange process for the removal and
recovery of ammonium from treated municipal wastewaters (TMWW)
based on the use of the previously developed G13 geopolymer (Landi
et al., 2013; Medri et al., 2022). The specific goals of this work and the
corresponding novelties were.
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a) assessing the process robustness, by means of 7 continuous-flow
adsorption/desorption cycles conducted with the same adsorbent
charge and with two MWWs, the first being a saline MWW featuring
a high competition between ammonium and other cations;
conversely, the vast majority of the previous studies of NHj removal
with geopolymers were conducted with synthetic solutions (Franchin
et al., 2020; Laukkanen et al., 2022; Luukkonen et al., 2017; Yu et al.,
2023), whereas in 1 previous study conducted with a Na-based
geopolymer only 3 adsorption/desorption cycles were conducted
with actual MWW (Luukkonen et al., 2018);
optimizing the adsorption step in terms of empty bed contact time
(EBCT); only in 1 previous study relative to NH4 removal using a Na-
based geopolymer a preliminary comparison between two EBCTs
was performed (Luukkonen et al., 2018), whereas all the other
studies on NHJ removal with geopolymers neglected this crucial
parameter;
c¢) performing a simulation of the continuous-flow adsorption step and a
model-based investigation of the effect of EBCT reduction on the
process performances; to the best of our knowledge, none of the
previous studies of NHj removal with geopolymers included the
simulation of the continuous-flow process;
d) further optimizing the desorption process — preliminary developed in
a previous study (Medri et al., 2022) - so as to produce a nearly
Na-free product potentially useable as raw material for the produc-
tion of N-K based fertilizers, whereas the previous studies of NH4
recovery from WW generally neglected the issue of the desorbed
product valorization for fertilizer production in a circular economy
perspective.
performing a preliminary assessment of the energy consumption of
the proposed process of ammonium removal & recovery, a crucial
issue that was generally neglected by the previous studies on NH}
recovery by adsorption or ion exchange.

b

-

e

~—

2. Materials and methods
2.1. Adsorbent characteristics and pre-treatment procedures

The G13 geopolymer, with molar ratios of Si/Al = 2 and K/Al =1,
tested in this work, exhibits sharp edges, smooth fracture surfaces, and a
compressive strength of 64.0 + 6.1 MPa. Its morphology and strength
improved after adsorption/desorption cycles due to a fatigue effect.
Detailed characteristics and production procedures are in Table S1 and
references (Medri et al., 2022; Papa et al., 2022).

2.2. Wastewater and synthetic solution composition

Isotherms and continuous flow tests were conducted with 3 types of
solutions and WWs: a) a synthetic solution of NH4Cl in de-ionized water,
used to perform preliminary isotherm tests in the absence of cationic
competitors; b) the effluent of a pilot-scale anaerobic membrane biore-
actor (AnMBR) that treats the saline MWW of Falconara Marittima
(Italy) (Foglia et al., 2020), and c) the effluent of the Bologna (Italy)
municipal wastewater treatment plant (WWTP). Both effluents were
additioned with NH4Cl to obtain 40 mgy L™! to mimic the average
ammonium content expected in the effluent of a hypothetical WWTP
that does not include any nitrogen removal technology. The composition
of both effluents is reported in Table S2. As Falconara is a hotspot of
seawater intrusion, the Falconara WWTP effluent is characterized by
high concentrations of Na*, K, Mg?*, PO}~ and CI".

2.3. Isotherms

Isotherms were conducted using actual Falconara TMWW and NH,4Cl
synthetic solution as detailed in Text S1. The equilibrium N concentra-
tion in the solid phase, Cs¢q (mgn garly sorbent); Was determined in each
test as illustrated in Text S1. Each test was performed in triplicate, with
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95% confidence intervals calculated from standard deviation of the
mean. Experimental data were interpolated using Langmuir and
Freundlich Model equations, according to the best-fit procedures re-
ported in Text S1. Data processing procedures were previously described
by Ciavarelli et al. (2012) and Frascari et al. (2019).

2.4. Continuous flow breakthrough tests

Column packing and fluid dynamic characterization. The flow sheet of
the laboratory-scale pilot plant used for the continuous-flow adsorption/
desorption tests conducted with G13 is reported in Fig. S1. Column
packing and fluid dynamic characterization were conducted using a PVC
column (total volume 0.144 L, height 1.0 m, inner diameter 21 mm)
packed with G13 geopolymer following the Rohm and Hass procedure
(Rohm and Hass Company, 2005). The sorbent bed packing quality was
assessed using two indicators (Text S2): i) asymmetry factor (As),
defined as the ratio of leading to tailing semi-width of the peak at 10% of
peak height, and ii) reduced plate height (HETP/d;,), where HETP rep-
resents the height equivalent of a theoretical plate and d,, is the average
particle diameter. These evaluations were performed as previously
described (Pinelli et al., 2016).

Continuous flow adsorption/desorption breakthrough tests. Continuous
flow adsorption/desorption breakthrough tests were conducted over
seven adsorption/desorption cycles in the column packed with G13
geopolymer: six cycles with saline Falconara TMWW and the last with
Bologna TMWW. Operational details are listed in Table 1. Adsorption
performance was assessed using four indicators relative to a breakpoint
(BP) corresponding to an effluent concentration of 4 mgy L}, detailed in
Text S3. Calculations followed methods outlined in prior works (Frascari
et al., 2019; Pinelli et al., 2016). Experimental outlet concentrations
were fitted using the Thomas Model (Text S4). Desorption/regeneration
of the sorbent involved counter-current elution with 2 BVs of de-ionized
water to remove suspended solids, followed by 10 BVs of KCl or KNO3
solution (0.1-0.7 N) to regenerate the sorbent and recover the
nitrogen-rich product (Hedstrom, 2001). Desorption occurred over
EBCTs ranging from 20 to 120 min, and performance was quantified by
recovery yield (Text S3).

2.5. Analytical methods

Cation analyses were performed with an Integrion ion chromato-
graph (ThermoFisher Scientific, Walthman, Massachusetts, USA). De-
tails relative to the analytical methods and to the procedure for the
assessment of the cation exchange capacity (CEC) of G13 geopolymer
are reported in Text S5.

3. Results and discussion
3.1. Adsorption isotherms

Isotherm batch tests were performed with both the NHZ synthetic
solution (no cation competition; only 2 points) and the Falconara
TMWW (full isotherm in the 10-380 mgy L! range). The isotherm with
Falconara TMWW was conducted both with virgin G13 and with the G13
unpacked from the column after the 7 adsorption/desorption cycles, in
order assess possible changes in adsorption performance. The results of
the isotherm tests are shown in Fig. 1 in terms of experimental data and
best-fitting simulations.

In agreement with the results of previous experiments conducted
only on virgin G13 (Medri et al., 2022), the isotherms resulted favour-
able. In the two tests conducted with the NH4ClI synthetic solution (blue
triangles, no competition from other cations), the NH4 sorbed concen-
trations showed minor deviations in comparison with the values ob-
tained with the real TMWW, suggesting that G13 has a very high
selectivity towards NH} and a low affinity towards Na™, whose con-
centration in the Falconara saline TMWW is 5 times higher than that of
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Table 1
Operating conditions and performances of the breakthrough tests conducted with geopolymer G13 in the 0.60-m column. The inlet NH; concentration was equal to 40
+ 1 mgyn L.

Operational Test ID” FA-10a FA-10b FA-10c FA-10d FA-7.5 FA-5 BO-10
conditions EBCT, adsorption (min) 10 10 10 10 7.5 5.0 10
Sup. Velocity, adsorption (m/h) 3.60 3.60 3.60 3.60 4.80 7.20 3.60
EBCT, desorption (min) 60 120 20 20 20 20 20
Sup. Velocity, desorption (m/h) 0.60 0.30 1.80 1.80 1.80 1.80 1.80
Regenerant, type and conc. KCl0.13N KClI0.13N KCI0.13N  KCl/ KNO30.13N  KNO30.67N  KCI/KNOj3
KNO5" b

Performances Bed volumes treated @BP" 208 215 226 199 202 190 199
NH; adsorption yield @ BP* 91% 90% 88% 90% 90% 91% 91%
Sorbent utilization efficiency @ BP* 72% 87% 92% 87% 87% 82% 89%
Overall NHj recovery yield @ BP® 98% 100% 95% 100% 98% 90% 86%
NHj conc. in the desorbed product (mgyL™1)? 754 572 479 1029 767 923 1318
Bed volumes of the second desorption 11 14 13 9 8 6 5
fraction*
NH4NO3 mass fraction in the desorbed e e e 11% 39% 8% 16%
product?
NaNO3 mass fraction in the desorbed procluctd e e e 0.3% 0.7% 0.5% 0.3%
KNOj3 mass fraction in the desorbed product? e e e 87% 54% 88% 80%

NHj oc' @ Cio,n, from BT test® 12.3 11.8 10.6 11.7 12.1 12.9 11.9
@ BP of the BT test” 11.0 10.3 9.7 10.2 10.6 10.6 10.7

2 BO = Bologna WWTP effluent; FA = Falconara AnMBR effluent; the number indicates the EBCT applied during the adsorption step, expressed in minutes.

b The first 5 BVs were conducted with KCl 0.13 N, the following BVs with KNO3 0.67 N.

© All the performance parameters were evaluated at a breakpoint corresponding to an average NHJ concentration in the treated effluent equal to 4 mgy L.

d Data referred to the second fraction of the fractionated desorption (the valuable product).

¢ NO3 was not used as desorption agent in these tests.

f NH{operating capacity estimated from the breakthrough tests.

8 NHj operating capacity (mgy ggrly sorbent) €Stimated at saturation in each breakthrough test; for the tests stopped before saturation, the estimate is based on the best
fitting Thomas curve, extrapolated until resin saturation.

" NHJ operating capacity (mgy g&rly sorbent) €stimated in each breakthrough test at the selected breakpoint (average NHj concentration in the treated effluent equal to
4 mgy L.

Used G13, after 7 adsorption

60 - Parameter units Virgin G13  / desorption cycles with
actual TMWW
. Cs™ Moy Cayuoben 3728 419
Langmuir I
50 4 model Keq Leg 8+3 6+2
R’ - 0.93 0.97
n - 2.0+0.8 1.6+0.5
4( - Freundlich D L(l)
model Kg Mg »g L™ 15£09 0.9+0.7
R’ - 0.7 0.94

A Virgin G13 NH4 Synthetic Solution

S
(=]
1
—@—

m Virgin G13 TMWW

)
>

® G13 after 7 BTs TMWW

N solid phase concentration (mgy vy sorbent )
(98]
(]

0 100 200 300 400 500
N liquid phase concentration (mgy L")

Fig. 1. Isotherms conducted with geopolymer G13, with the NH,ClI synthetic solution and with the Falconara TMWW, before and after the operation of 7 adsorption/
desorption cycles. Continuous lines correspond to the best-fitting simulations performed with the Langmuir model, relatively to the experimental data obtained with
virgin G13 + Falconara TMWW (green line) and used G13 + Falconara TMWW (red line). Best-fitting model parameters +95% confidence intervals, relative to the
interpolation with the Freundlich and Langmuir models of the isotherms conducted with virgin G13 and with the used material after 7 adsorption/desorption cycles,
are reported in the top-part of the Figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the spiked NHZ. In the perspective to use the desorbed product as a
secondary raw material for fertilizer production, the selection of a sor-
bent with a low affinity for Na™ is crucial, as Na™ is toxic for several
crops and it damages soil texture.

The experimental data of the two isotherms conducted with virgin
and used G13 were interpolated with the Langmuir and Freundlich
models. As shown in Fig. 1, in both cases, the Langmuir model resulted
the best-fitting one. The observation of Fig. 1, in agreement with a sta-
tistical analysis of the Langmuir best-fit parameters relative to the 2
complete isotherms, indicates that the operation of 7 consecutive
adsorption/desorption cycles with actual TMWW did not lead to sta-
tistically significant variations in ammonium adsorption performances
of G13. This represents an important result in the perspective to re-use
each load of sorbent for a very high number of cycles.

The sorbed NHJ concentrations estimated by means of the Langmuir
model in equilibrium with an infinite liquid-phase concentration (C§’,
37-41 mgy garly sorbent) are in good agreement with the G13 CEC esti-
mated through an independent approach (42 mgy g&rly sorbent; Table S1
and Text S5).

The results show that geopolymer G13 outperforms zeolites in
studies of ammonium adsorption. For example, in studies of NHZ
removal from groundwater or tap water conducted with Clinoptilolite or
zeolites synthetized from volcanic ash, the sorbed concentrations in
equilibrium with 40 mgy L™ in the liquid resulted equal to 3.5-4.0 mgy
garly sorbent, VEISUS 9 mgy g&rly sorbent fOr G13 in tests conducted with a
saline WWTP effluent in this work (Gagliano et al., 2022; Vocciante
et al., 2018). Conversely, the G13 performances obtained in this work
are comparable to those obtained in other studies of NHJ adsorption
with geopolymers (Luukkonen et al., 2018; Sanguanpak et al., 2021; Yu
et al., 2023).

3.2. Continuous flow breakthrough tests

Fluid-dynamic column characterization. Before performing the break-
through tests, a fluid-dynamic analysis was performed on the adsorption
column, by means of tracer tests conducted at the three EBCTs applied in
the continuous adsorption tests: 10, 7.5 and 5 min. This analysis showed
a good quality of the adsorption bed packing, without any relevant
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preferential pathways. The average asymmetry factor As resulted equal
to 1.5 £ 0.2, whereas HETP/d,, was equal to 19 £ 7. Further tests indi-
cated that these packing quality parameters resulted stable during the 7
adsorption/desorption cycles. This result represents a further indication
of the robustness of the tested G13 geopolymer.

Continuous flow breakthrough tests. Initially, 4 repeated adsorption
breakthrough tests (FA-10a, FA-10b, FA-10c, FA-10d) were conducted
with Falconara TMWW, to investigate the selectivity of the tested geo-
polymer towards NHJ in continuous mode and the robustness of the G13
geopolymer. An EBCT of 10 min was selected; this value represents the
lower limit of the EBCT range used in the majority of previous studies
relative to NHJ removal with natural and synthetic zeolites (Hedstrom,
2001). The G13 bed was regenerated after each adsorption test, ac-
cording to the operational conditions reported in Table 1. The break-
through curves for NHZ, Na*, Mg?* and Ca2* relative to test FA-10d are
shown in Fig. 2.

The first cation to be eluted was Na*, followed by Mg?" and Ca®™,
whereas NHJ was the last cation to be eluted. In agreement with pre-
liminary results presented previously (Medri et al., 2022), these data
confirm the high selectivity of G13 towards NH4 versus the other
wastewater cations, especially sodium which needs to be eliminated
form the final product to allow its use for fertilizer production. The MgZ*
breakthrough curve exhibits a peak that surpasses the expected value of
1 for C1/C,, due to competitive adsorption between Mg2+ and the other
cations. Indeed, as a result of the higher affinity of G13 for NHJ and Ca%*
in comparison to Mg?", during the Mg?" breakthrough that starts at 40
BVs, the packed bed exchanges a fraction of the previously sorbed Mg?*
with incoming NH4 and Ca®". As the desorbed Mg?* adds up to the one
entering in the column, between 80 and 140 BVs the Mg?* concentration
in the column outlet results higher than the entering value (C/Cp o > 1).

As detailed in Table S3, the average effluent concentration at
breakpoint falls within the limits established by the World Health Or-
ganization (World Health Organization, 2006) for the safe reuse of
wastewater for agricultural irrigation purposes. Specifically, as a result
of the high Na™ and Cl~ concentrations, the treated effluent falls under
the category with a slight to moderate degree of restriction on use,
which allows for the irrigation of crops not intended for direct human
consumption.

1.6 35
¢ NH4-N Na -%-Mg -e-Ca -#&-K
A
1.4 A ‘x - L 30
\ /X * X
1.2 A A P N ~
\A 7 * M2 \;
/ 'y )t(--)l(}K X % X o
1.0 - 'S i % ey Fogex .o O_J
— N / ee’ 20 <
' A nooo ’_]M
o 15 =
€ 06 - 7 8
Q ] o
] - 10 S
0.4 A ¢ o0
i &
/
)
0.2 A1 }(
/
0.0 - T 0
0 50 100 150 200 250

BVs treated (--)

Fig. 2. Breakthrough test FA-10d with geopolymer G13 in K* form, conducted with Falconara TMWW. EBCT = 10 min, feed NH7 concentration = 40 mgy L™1. The
best fit of the NH{ breakthrough curve with the Thomas model is shown as a continuous green line. The concentrations of all ions exiting the column have been
normalized to their respective concentrations in the influent C;/Cyo, (Cpo fia = 214 =7 mg L', Cok =24 £3mgL ', Croiy =32+ 7mgL ', and C o3t =97
9 mg L1). Normalization of the outlet concentrations has been performed to bring all data onto the same scale, enhancing the visual clarity of the figure, considering
that the inlet concentration values span different orders of magnitude. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)



C. Maggetti et al.

The NHj breakthrough curves relative to all the 7 adsorption tests
are reported in Fig. S2. Its observation, in agreement with the process
performances reported in Table 1, indicates that the NHj recovery
process conducted with G13 resulted stable during 4 repeated adsorp-
tion/desorption cycles.

Two further tests were dedicated to decrease and optimize the EBCT
of the adsorption step. They were performed at EBCTs of 7.5 min (FA-
7.5) and 5 min (FA-5), using Falconara TMWW. As shown in Fig. S2,
where the NHJ BT curves at the three tested EBCTs are reported, and in
Table 1, the adsorption performanes were not significantyl affected by
the EBCT reduction. The EBCT was selected as a key parameter to
optimize the fixed-bed adsorption processes due to its direct impact on
the interaction time between cations and the adsorbent material.
Indeed, as the EBCT is equal to Vpeq/flow rate, any decrease in EBCT
determines a corresponding decrease of the column volume, resulting in
alower investment cost. On the other hand, relevant EBCT decreases can
determine mass-transfer limitations in the adsorption process, leading to
a premature breakthrough curve. This would lead to a less efficient
utilization of the sorbent bed, resulting in a higher operational cost for
the periodic sorbent replacement (Frascari et al., 2016). Therefore, the
EBCT fine tuning represents a key step in the overall optimization of the
adsorption process.

To further investigate the process robustness, a different TMWW was
used in the last test, BO-10, conducted at a 10-min EBCT with the
effluent of the Bologna (Italy) full scale municipal WWTP (Table S2). As
shown in Table 1 and Fig. S2, no statistically significant differences were
detected between the results of this test and those of the analogous tests
conducted with Falconara WWTP effluent (FA-10a, FA-10b, FA-10c, FA-
10d). This represents an important result, in the perspective to use the
G13 geopolymer for NHj removal from WWs with different
compositions.

The Thomas model (Text S4) was used to interpolate the experi-
mental NHJ adsorption profiles relative to all the breakthrough tests. As
shown in Fig. S2, the fitting was always good (R?> = 0.973-0.990). The
analysis of the best-fitting parameters Krp and Cseq, reported in
Table S4, indicates a linear trend of slowly decreasing Ky with
increasing EBCT: Krp, [L h™! mg™!] = 0.00946-0.000492 ¢ EBCT [min];
R?=0.801. This Krh — EBCT relationship, together with the average Cs oq
obtained in the 7 experimental tests (Cseq,average = 12.0 mgn g&rly resin),
was used to test the Thomas model capability to predict the process
performance at EBCTs lower than those experimentally tested. As an
example, the predicted curve corresponding to a 3-min EBCT is reported
in Fig. S2. The observation of Fig. S2, together with an analysis of the
adsorption performances reported in Table 1 (BVs treated @BP, NH}
adsorption yield @ BP), indicates that the decrease in EBCT from 10 to 5
min did not lead to any significant variation in process performance,
whereas the further EBCT reduction to 3 min determined an appreciable
decrease in performance. The measured pressure drops across the 60 cm
column varied between 0.03 and 0.07 bar/m, in good agreement with
the corresponding values estimated by means of the Ergun equation,
assuming an average diameter of the particles equal to 533 pm (average
value in the 355-710 pm range; Table S1) and a 0.39 effective porosity.

These results show that G13 allowed the achievement of high and
stable ammonium removal performances over 7 consecutive adsorp-
tion/desorption cycles performed with real WWs of different salinity, at
different EBCTs varying between 5 and 10 min. This outcome is
considered a relevant progress towards the development of an ammo-
nium removal & recovery technology characterized by low operational
expenditures, thanks to the potential to re-use G13 over a high number
of cycles, and low capital cost, thanks to the reduction in column size
connected to the decrease in EBCT.

These results are of particular interests if compared to previous
continuous-flow studies of ammonium removal from MWW. Most pre-
vious studies used EBCTs in the 10-30 min range (Jorgensen and
Weatherley, 2006; Langwaldt, 2008). In the attempt to descrease the
EBCT, in a study of ammonium removal from a synthetic WW conducted
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with a zeolite synthetized from vlocanic ash, the EBCT reduction from 8
to 4 min determined in synthetic solution tests a 3-fold decrease in the
time corresponding to the 10% breakpoint (Gagliano et al., 2022); in the
same study, a 3-fold decrease in performances was observed after just 1
regeneration step. In an investigation of ammonium removal from
MWW with an Na-based geopolymer, the EBCT reduction from 6 to 3
min led to a drastic reduction in the time for attainment of the 50%
breakpoint; in addition, during 3 consecutive adsorption/desorption
cycles the geopolymer regeneration conducted with 0.1 M NaOH and
0.2 M NaCl determined a 30-50% decrease in ammonium removal
(Luukkonen et al., 2018). In a study of NHj removal from a synthetic
solution conducted with a geopolymer obtained through a combined
granulation-alkali activation—direct foaming process, the 50% break-
point was obtained after just 9-17 BVs, versus 200-220 BVs in this work
(Yu et al., 2023). Franchin et al. (2020), in a study of NH{ removal from
a synthetic solution conducted with geopolymers fabricated via additive
manufacturing, observed a relevant decrease in NHJ removal efficiency
when the EBCT was decreased from 19 to 10 min.

3.3. Total and operating capacity of the K-based G13 geopolymer

The BT tests were used to obtain an overall estimate of the NH}
operating capacity (OC) of G13 evaluated - in the presence of competing
cations - at different points of the BT curve. The OC data are shown in
the last 2 rows of Table 1. The first estimate (OC @ Cio,n, from BT test)
represents the ammonium OC estimated at resin saturation, when all the
sorbent is in equilibrium with the feed. This estimate corresponds to
parameter Cs.q in the Thomas model (Text S4 and Table S4), and the
average value resulted equal to 12.0 + 0.7 mgy gg}y sorbent. The second
estimate (OC @ BP) represents the OC evaluated at the selected BP
(average NHZ concentration in the treated effluent equal to 4 mgy L™1).
The average value resulted equal to 10.4 + 0.4 mgy garly sorbent- AS €X-
pected, the OC estimated at the BP is lower than that estimated at
saturation, as at the BP not all the sorbent sites are used (mean resin
utilization efficiency = 84 + 7%). The average values of both OC esti-
mates have very small confidence intervals (3.8-5.8% of the average
values), which represents a further confirmation of the stability and
robustness of the tested sorbent during the 7 adsorption/desorption
cycles. Both OC estimates are significantly lower than the CEC evaluated
through a dedicated test using a synthetic solution (42 + 8 mgn gary
sorbent 13 Table S1). This shows that, even though the G13 selectivity
towards ammonium is very high, the relatively low ammonium con-
centration in the TMWW and the presence of competing cations exert a
substantial impact on the sorbent performance.

The total capacity of geopolymer G13 (CEC; 42 + 8 mgy Zdry sorbent
~1y is higher than most literature values relative to zeolites and geo-
polymers. The CECs reported in previous investigations varied in the
10-18 mgy ggrly sorbent Tange in tests of NHZ removal from tap water
conducted with zeolites synthetized from volcanic ash (Gagliano et al.,
2022), and in the 18-29 mgy garly sorbent Tange in tests of NHJ removal
from MWW conducted with an Na-based geopolymer (Luukkonen et al.,
2018). Franchin et al. (2020) report, for 3D-printed metakaolin-based
geopolymers with Si/Al = 1.9 and Na/Al = 1.0, a 2.6 mgn Zdry sorbent
~1 CEC and an 80% removal efficiency in a NH{ synthetic solution.
Hedstrom (2001) reported CECs between 14 and 32 mgy garly sorbent fOr
zeolites. Langwaldt (2008) reported 12-19 mgy garly sorbent for 7 Cli-
noptilolites. A 33 mgy gg,ly sorbent CEC was obtained in tests of NHJ
removal from MWW with a natural Italian zeolite composed of a mixture
of Chabazite and Phillipsite (Pinelli et al., 2022b). Conversely, CECs
higher than those obtained in this study for G13 were reported by Guida
et al. (2020) for synthetic and engineered zeolites (up to 60 mgn gary
sorbent 1), and by Yu et al. (2023) thanks to the progressive aging of
geopolymers with different Ca contents (up to 87 mgy gg}y sorbent)-

With regard to operating capacity, the average value measured for
G13 in the presence of competing cations in equilibrium with 40 mgy
L a2 mgN garly sorbent) i higher than the typical values reported under
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similar conditions for different zeolites: 1-7 mgy g&rly sorbent according to
Hedstrom (2001); 0.4-0.8 mgy ggrly sorbent Measured by Guida et al.
(2020); 6.5 mgy garly sorbent ODtained with a Chabazite/Phillipsite natural
mixture (Pinelli et al., 2022b). Slightly higher values were obtained by
Guida et al. (2021) for an engineered Zeolite-N (15-17 mgy ggrly sorbent)
in correspondence of an ammonium concentration in the 1-26 mgy Lt
range.

3.4. Optimization of the desorption/regeneration phase

The next step consisted in the optimization of the desorption step in
terms of EBCT and nature of the desorbing solution. In the first 3
repeated tests (FA-10a, FA-10b and FA-10c), a 0.13 N (10 g LY Kal
solution was used as regenerant, with a desorption phase EBCT varying
between 20 and 120 min. The desorption curves of NHf, Na*, Mg?* and
Ca?* obtained in FA-10a, as well as the trend relative to the desorbing
cation K*, are shown in Fig. S3. The comparison between the desorbed
NHj curves at different EBCTs is shown in Fig. S4. The NH} recovery
evaluated at the BP was very high (95-100% in the first 3 tests; Table 1)
and no appreciable differences were noted by changing the desorption
EBCT. Thus, a 20 min EBCT was adopted for the subsequent desorption
tests.

Fig. S3 shows that the strong affinity of G13 for ammonium delays its
desorption. This provides the chance to perform a fractionated desorp-
tion of ammonium. Indeed, as initially proposed in a previous study of
the same research group (Medri et al., 2022), two separated fractions
could be collected: a first one, including the first 4 BVs, rich in Na*, and
a second one, from the 5% to the 16™ BV, characterized by a high
ammonium concentration (479-754 mgyn L7! in the 1st 3 tests) and a
very low Na® content (16-60 mg L™}), leading to a total amount of
desorbed solution equal to 16 BVs. The first fraction represents a waste
stream, associated to a minor loss in N (N lost in the first fraction = 9% of
the total N desorbed). As for the second fraction, in order to turn it into
an interesting product for the fertilizer industry, in tests FA-7.5 and
FA-5, KCl was replaced by KNOg3, so as to eliminate from the final
product Cl™, toxic for several crops, and replace it with NO3, a wide-
spread fertilizer.

Thus, in FA-7.5 desorption was performed at a 20-min EBCT using a
0.13 N KNOs solution. As expected, the desorption performances were
equivalent to those of KCl (Table 1). The use of the KNOg solution led to
an interesting desorbed product, composed mainly of KNOgs (54%,,) and
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NH4NO3 (39%,,), two salts with a high fertilizing power, whereas the
NaNO3 mass fraction was reduced to just 0.7% (data referred to the 2nd
desorbed fraction).

Then, in test FA-5 the KNO3 concentration was increased to 0.67 N to
reduce the BVs — and therefore the amount of water to be evaporated for
the production of a concentrated fertilizer — needed to desorb N. The
positive effect of the reduction of the BVs required to desorb 95% of the
N (17 + 1 on average for tests FA-10a, FA-10b and FA-10c) to 11.6 (FA-
5) was thwarted by the overlapping of all the cation desorption curves,
which led to a fractionated product characterized by a significantly
lower NH4NO3 mass fraction (Table 1).

To further optimize the process, a 2-step desorption was attempted in
test FA-10d (Fig. 3): at first, 5.3 BVs of KCl 0.13 N were supplied to
slowly desorb Na*, thus minimizing NHj loss in the first fraction; then
6.3 BVs of 0.67 N KNO3 were eluted to rapidly recover most of the NHJ.
The choice of KCI instead of KNOs3 as desorption solvent for the first
fraction (waste) is due to the considerably lower market price of KCl in
comparison to KNOs. This approach led to a recovered product (2nd
fraction) slightly more interesting than that obtained in FA-5 (NH4NO3
11%, KNO3 87%, NaNO3 0.3%). A complete cost-benefit analysis is in
progress, considering all the investment and operational costs, in order
to find the optimal desorption strategy. Furthermore, the first 5 BVs,
which are discarded, along with the 2 BVs used to rinse the column
between the adsorption and desorption steps, are recycled and recircu-
lated to the head of the plant. This recycling approach helps in reducing
waste and optimizing resource usage, thereby contributing to the overall
efficiency and sustainability of the process.

On the basis of the results of the ammonium adsorption/desorption
tests, the following optimized condition was identified: adsorption EBCT
7.5 min (average value in the 5-10 min range tested experimentally); 4
mgy L1 adsorption breakpoint achieved after 202 BVs (Table 1);
desorption performed with 0.13 N KNO3 (solution density 1014 kg m ™)
at 20 min EBCT; number of BVs required to complete the desorption
step = 16 (section 3.4), corresponding to a ratio of (desorption solu-
tion)/(treated WW) = 16/202 = 0.0792 m*> m 3,

An additional adsorption/desorption test was aimed at investigating
the interaction of G13 with other cations - in particular heavy metals —
present in the tested WWTP effluents, with emphasis on the potential

consequences on the use of the desorbed product as a fertilizer. The test,
conducted with Bologna WWTP effluent, focused on the 3 heavy metals
present at higher concentrations in this effluent, i.e. Zn (0.038 mg LY,
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Cu (0.0071 mg L1 and Ni (0.017 mg L™1). The test resulted in average
removals during the adsorption step equal to 76% (Zn), 86% (Cu) and
50% (Ni). As the desorption yields varied in the 80-90% range, the
concentrations in the desorbed product, divided by the total desorbed
solids, resulted equal to 23-26 mg kgarly matter (Z1), 4.9-5.6 mg kggrly
matter (Cu) and 6.9-7.7 mg kg&rly matter (N1). These concentrations vary
between 3% and 15% of the strictest limits imposed by the 2019/1009
EU regulation on fertilizers (500 mg kgarly matter fOr Zn, 200 mg kgarly
matter fOr Cu, 50 mg kgarly matter for Ni) (European Commission, 2019).
These results indicate that the proposed process of NH removal with
G13 leads to the additional benefit of medium-to-high removals of the
main heavy metals detected in WWTP effluents, while the obtained
concentrations in the desorbed product do not hinder its potential use
for fertilizer production.

3.5. Preliminary assessment of the energy consumption and operational
cost of the process of ammonium recovery

The preliminary assessment of the energy consumption, operational
cost and land occupation of the proposed technology of ammonium
removal/recovery by ion exchange was based on the optimal condition
illustrated in section 3.4. The height of the packed bed of a hypothetical
full-scale column was assumed equal to 2.5 m, a reasonable value
considering that the height of adsorption columns in the field of water
treatment is typically <3 m. Therefore, assuming as scale-up criterion to
maintain the 7.5-min adsorption EBCT and the 20-min desorption EBCT,
the superficial velocities resulted equal to 20 m h™! and 7.5 m h™},
respectively. Since the process operational cost depends strongly on the
number of adsorption/desorption cycles (Ncycles) that can be performed
with one G13 load, on the basis of feedback received from manufac-
turers of ion exchange resins, two scenarios were considered, corre-
sponding to Neycles = 200 and Neyeles = 500.

On the basis of the methodology illustrated in detail in Text S6,
Supplementary Materials, the operational cost of the proposed process
resulted to be given by the following items: electricity for adsorption/
desorption, 0.005 € Mioated Mww (0.027 KWh mgaed mww); G13 pur-
chase + disposal of the spent G13, 0.009-0.021 € m;,:;ted vww (for
Neycles varying in the 200-500 range). Thus, the total operational cost of
ammonium removal/recovery resulted variable in the 0.013-0.026 €
m{rgated mww range. In the best-case scenario of N¢ycles = 500, this cost is
40% lower than the operational cost of the benchmark nitrification/
denitrification process, estimated at 0.023 € mt}gated vww (Text S7,
Supplementary Material) (Kroiss and Cao, 2014). Conversely, in the
conservative scenario of Neycles = 200, the ion-exchange process slightly
exceeds the benchmark process. In addition, the energy consumption of
the benchmark technology, estimated at 0.137 kWh Miroated vww (Text
S7), is 5 times higher than that of the proposed ion exchange technology.
For a complete evaluation of the operational cost of the ammonium
removal/recovery process with G13, one should consider that the frac-
tionated desorption step — fed with a largely used fertilizer such as KNO3
- produces in turn a fertilizer composed mainly of KNO3 (54%w) and
NH4NO3 (39%w), which could find a suitable market placement. As the
assessment of the potential selling price of this product and of the
pre-treatments that it could require goes beyond the scope of this work,
this preliminary evaluation of the operational cost of ammonium
removal/recovery included neither the purchase of KNO3 nor the reve-
nues deriving from the sale of the final product.

The comparison between ion exchange and the benchmark tech-
nology was extended to the assessment of the amount of land required, a
crucial factor in several WWTPs. Taking a reference MWW flow rate of
1000 m® h™, in the above-described optimized condition the ion ex-
change process requires 10 adsorption columns in parallel, each with a
2.5-m diameter and a 2.5-m height, for a total land occupation of 50 m?.
Considering that the continuous-flow operation requires the presence of
10 additional desorption columns, and adding an extra 100% surface for
pumps, piping and instrumentation, the total land occupation is equal to
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about 200 m? Conversely, considering a typical MWW with BODs =
220 mg L! and N-NH,4 = 40 mg L™}, according to the methodology
illustrated in Text S7, at a winter temperature of 12 °C the land occu-
pation is equal to 56 m? for an activated sludge process aimed only at
BOD removal, and to 1374 m? for a nitrification/denitrification acti-
vated sludge process aimed at removing both BOD and N. Thus, the
additional land required for N removal, equal to about 1320 m? is
roughly 6 times the land required by the ion exchange N-removal
process.

3.6. Further research needs towards full scale application

The results of the continuous-flow laboratory-scale tests indicate that
G13 is a very promising material for NH removal/recovery from MWW.
The proposed technology could find different applications: i) NHj
removal/recovery in WWTPs not equipped with biological nitrification/
denitrification, a frequent situation in developing countries; ii) further
reduction of NHJ effluent concentrations in WWTPs already equipped
with biological nitrification/denitrification, if requested by new regu-
lations; for example, the revised Wastewater Treatment Directive
approved by the EU Parliament in April 2024 reduced the limit for
WWTP discharges from 10 to 8 mgy L™ for WWTPs serving >150000
people equivalent; iii) NH4 removal/recovery from the floating fraction
obtained by municipal sludge centrifugation, a waste typically con-
taining 600-800 mgy L.

In the perspective of attaining full-scale applications, further
research is needed in order to: i) assessing the maximum number of
adsorption/desorption cycles attainable with one load of G13; ii) opti-
mizing the desorption step in terms of EBCT and salt concentration; iii)
developing a model of multi-component cation adsorption/desorption,
for the design of the full-scale process; iv) identifying and demonstrating
the most effective technology to obtain a marketable fertilizer from the
desorbed product; v) developing a complete cost/benefit analysis and
LCA of the process.

4. Conclusions

Geopolymer G13 has proven to be a promising material for NHj
removal and recovery from MWW, with a high operational capacity
(12.0 mgy ggrly sorbent) and a significant amount of MWW treated at the 4
mgy L1 breakpoint (199-226 BVs), showing excellent selectivity to-
wards ammonium. The NHj adsorption/desorption performances, as
well as the material’s mechanical properties remained stable during 7
adsorption/desorption cycles conducted with two different MWW s, one
of which had high salinity. In the attempt to optimize the adsorption
step, the EBCT was gradually reduced from 10 to 5 min, without any
relevant variation in process performances. The Thomas model led to a
satisfactory simulation of the NHJ adsorption process, enabling model-
based predictions of the effects of further EBCT reductions on the
adsorption performances. An innovative fractioned desorption proced-
ure, based on the integration of KCl and KNOg3 as desorption solvents,
allowed the obtainment of high ammonium recovery yields (86 <+ 100%)
and of an interesting desorbed product composed mainly of KNO3 (54%
w) and NH4NO3 (39%w), two salts with a high fertilizing power,
whereas the content of Na™ — toxic for several crops and harmful for soils
—was minimized. On the basis of a preliminary assessment, compared to
the traditional nitrification/denitrification process, the proposed pro-
cess of ammonium removal/recovery with G13 allows to achieve a
relevant reduction in both energy consumption and land occupation.
Lastly, the operational cost of the proposed technology varies between
60% and 110% of the cost of the benchmark process, depending on the
number of adsorption/desorption cycles attainable with each load of
G13.
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Abbreviations

As Asymmetry factor

BP Breakpoint

BT Breakthrough test

BV Empty bed volume of sorbent (mL)

BVs Number of bed volumes

CL Liquid phase concentration of ions (mg L™1)

C10, Ceq Initial and final (equilibrium) ion concentration in the liquid
phase (mg L™hH

Cs,eq Final (equilibrium) NH4-N concentration in the solid phase
(sorbent) during the isotherm tests (mgy g(ljry sorbent)
CSi Maximum amount of i-compound sorbed per unit mass of

adsorbent, in the Langmuir model (mg garly sorbent)

EBCT Empty bed contact time, ratio between resin bed volume (L)
and flowrate (L h’l) used in the breakthrough test (min)

HETP Height equivalent to a theoretical plate

Keg,i Equilibrium constat related to the affinity between the
binding sites and the i-compound, in the Langmuir model (L
mg; 1)

K Sorption capacity in the Freundlich model (mgil'l/ nyl/mn gdry
sorbent )

K Thomas rate constant (L h! mg’l)

ms Mass of the dry sorbent

MWW  Municipal wastewater

n; Inverse of the sorption intensity in the Freundlich model (-)

ocC Operating capacity of the sorbent (mgy garly sorbent)

Vs Superficial velocity (m Y

WWTP  Wastewater treatment plant
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