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Abstract: Elevated ammonium (NH4
+) concentrations in untreated waterways contribute to eutroph-

ication and dissolved oxygen depletion. Geopolymer (GP) materials are introduced as sustainable,
straightforward operation and low-cost option for pollutant adsorption through ion exchange mech-
anism. In the present study, a porous metakaolin-based geopolymer with granite waste additions
was synthetized, characterised and validated as adsorbent material for NH4

+ pollution in water. At
this point, treatments to reduce GP alkalis leaching were also considered to comply with the water
discharge regulations. The adsorption mechanism was analysed by Redlich-Peterson isotherm model
concluding that NH4

+ was disposed on the GP surface as a monolayer with strong physical-chemical
attraction between molecules. Kinetics of the process followed the Weber-Morris rate equation being
the intraparticle diffusion the limiting process. Continuous experiments at lab-scale suggested a
maximum removal of 97% during the first hours and an adsorption capacity (q) of 25.24 mg/g. Addi-
tionally, as a main novelty of the work, the GP was validated in a full-scale pilot plant monitoring
pH, electrical conductivity and NH4

+ concentration. The obtained data revealed that the GP is high
selective in a real wastewater stream and removed 81% of NH4

+, higher adsorption values than those
reported for natural and some synthetic zeolites.

Keywords: porous geopolymer; adsorption; NH4+ removal; alkali leaching; wastewater treatment

1. Introduction

Geopolymer (GP) is one of the most viable candidates for sustainable replacement of
traditional Ordinary Portland Cement, OPC (>50% less CO2 emissions than a produced
ton of OPC [1]). This binder can be synthesized from the chemical reaction between a
low-calcium aluminosilicate precursor and an alkaline activating solution (mainly Na or
K silicates). The result is an inorganic polymer with improved mechanical and physical
properties with great potential to replace OPC, especially in the building sector.

Additionally, GP can also be applied in environmental applications. Some of the
most innovative uses in this field include solar energy storage [2,3], radioactive waste
management [4,5], and water or wastewater treatments. In this latter application, a larger
number of investigations have been carried out, including the use of GP materials as
adsorbents [6,7], as membrane materials [8], as photocatalysts [9], as buffer materials [10],
or as functional materials [11], among others. In most of these applications, the promising
results are a consequence of its zeolite-like structure which provides excellent adsorbent
properties and a high cation exchange capacity through the porous GP matrix.

This cation exchange ability is a consequence of the GP framework consisting of a
three-dimensional network called sialate and composed by tetrahedral AlO4

− and SiO4
alternatively bonded by O atoms. The presence of cations such as Na+ and/or K+ coming
from the activating solution balances the negative charge of the AlO4

− groups which can
be completely hydrated and mobilized [12–14]. This provides a lower bonding strength in
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comparison with zeolites and an ease for ions to be exchanged when they are in contact
with solutions of a desired cation. The previous studies confirmed that GP structure is not
modified when the exchangeable ion is replaced with another atom.

The porous structure of GPs provides available binding sites, increases permeability,
mass transfer and, in consequence, the adsorption capacity, as reported in literature [14].
In this sense, GPs can be tailored to increase or modify the porous network and thus, the
physical adsorption capacity to assimilate pollutants on their surface due to physical forces
such as Van der Waals, hydrogen bonding, hydrophobic interactions, polarity and space
forces. Increases in the porosity and surface area promote an increment of the active sites
for cationic exchange [13,14].

The most common route to produce porous GPs is the direct foaming by the incorpo-
ration of a chemical agent in the admixture [15–18]. This process generates gas bubbles due
to the reaction with the alkaline species which are trapped inside the binder matrix during
setting resulting in the formation of air voids in the hardened body. The most widely
used chemical foamier is the hydrogen peroxide (H2O2). H2O2 decomposes in alkaline
medium at a very slow rate to form water and oxygen gas promoting voids formation
while geopolymer is consolidating, according to reactions (a) and (b).

(a) H2O2 + OH− →HO2
− + H2O

(b) H2O2 + HO2
− → O2 + OH− + H2O

Ammonium (NH4
+) is the most dominant form of nitrogen pollution in the aquatic

environment. Elevated NH4
+ concentrations in untreated waterways contribute to eutroph-

ication and dissolved oxygen depletion, which causes severe degradation of water quality.
Untreated wastewater containing high nitrogen contents poses serious environmental prob-
lems if those pollutants are improperly managed. High NH4

+ loading has been observed
to cause stress on invertebrates, fish, macrophytes and algae [19–21].

The methods commonly used for NH4
+ removal include adsorption, air stripping,

reverse osmosis, chemical precipitation and biological treatments [22,23]. The most reported
approaches are based on biological treatments and air stripping technology [22–24]. The
first one consists of microbial nitrification-denitrification reactions, being temperature
dependent [25] and expensive [23,24]. Moreover, this methodology converts all the treated
NH4

+ into N2 which is incompatible with EU transition to neutral emissions targets. The
second approach consumes chemical reagents to maintain the desired pH and is high energy
demanding [23]. Minor technologies such as chemical precipitation or reverse osmosis
present other disadvantages. The former originates new contaminants and requires special
leaching conditions, while the latter shows regular membrane maintenance [22,23].

In this scenario, ion exchange/adsorption technology provided by porous materials
emerges to address those drawbacks through strong NH4

+ affinity, high removal efficiency,
low-cost and simple application, becoming in a competitive methodology to scale-up for
industrial operation.

Zeolites or clays, ion exchange resins, biochar, activated carbon and MOFs (Metal
Organic Framework) are common examples of adsorbent materials for wastewater treat-
ments. Ion exchanger adsorbents as zeolites present higher efficiency and selectivity [26,27],
however, require elevated processing temperatures (50 ◦C–150 ◦C). On the other hand,
MOFs [28] and activated carbon [29] have a superior performance but with a higher price,
especially in case of MOFs, which are currently limited to laboratory scale applications.

The zeolite-like structure of GPs provides them an enhanced ionic removal ability by
cation exchange as previously mentioned adsorbents do, but involving simpler manufactur-
ing procedures, lower costs and a reduced environmental impact. These features make GPs
as a promising alternative for sustainable adsorption applications in wastewater treatments.
One of the critical issues of GPs to be considered is the pH increase (>12) [10,30] produced
in aqueous media due to alkali leaching. This phenomenon is caused by unreacted or
weakly bound M-OH (M = Na,K) on the GP sialate structure [30,31]. Initial alkali leaching
supposes a bottleneck to implement the material in industrial wastewater treatments since
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legislation pH limits (pH between 5.5 and 9) represent a fundamental requirement for
waste-derived streams.

In spite of this, the utilization of porous GP as adsorbent has been already reported in
the literature mainly for the remedy of heavy metals [32–37] and dyes [38–41]; however,
references regarding NH4

+ removal are scarcer [42]. Sanguanpak et al. [43] and Lukko-
nen et al. [44] published recently detailed research regarding the effectiveness of pure
metakaolin-based GPs in pretreated wastewater, obtaining adsorption efficiency up to 85%
for NH4

+. Nevertheless, the data published by these authors is limited to laboratory scale
testing by controlled experiments.

In this work, porous GP was synthetized from the alkaline activation of metakaolin
(MK). Granite waste (GW) was incorporated into the admixture as filler to increase the
sustainability of the final product. The material was characterized at lab-scale and the
suitability of different treatments to reduce alkali leaching was tested. Different adsorption
isotherm models and kinetic equations were evaluated to better understand the adsorp-
tion mechanism. Finally, the selected GP formulation was scaled-up in a real industrial
wastewater treatment. 125 L of adsorbent GP was deposited in the pilot-plant to assess
the adsorption ability under the effect of the real-time leachate composition changes, pH,
temperature and the interference of competing ions.

2. Materials and Methods
2.1. Materials

GPs were manufactured combining commercial MK as main raw material, GW ad-
ditions from the granite industry and sodium silicate (Na2SiO3) as alkaline activating
solution. MK was provided by Arciresa S.A. (54% SiO2, 41.1% Al2O3 and D50 = 8 µm) and
GW (66.73% SiO2, 17.51% Al2O3 and D50 = 8 µm) was supplied by Godoy Maceira S.L. The
aim is to maximize the amount of filler in the final formulation reducing the environmen-
tal impact and the cost per volume of the material. Commercial Na2SiO3 solution from
Quimipur, containing 25.6% SiO2, 7.9% Na2O, and 66.5% H2O, and sodium hydroxide
pellets (NaOH, 99% purity) from Scharlau were mixed to produce the activating solutions.
The alkaline solutions were prepared 24 h before using with different silicate modulus
(SiO2/Na2O, Ms). H2O2 was added to the admixture as a foaming agent. A systematic
study was performed to optimize the binder. Some parameters were fixed after preliminary
tests (not shown in this paper). Table 1 summarizes these parameters and the variables
analyzed in this work (foaming agent content and GW additions).

Table 1. Parameters considered for porous GP optimization at laboratory scale.

Parameters Units Values

Si/Al Molar ratio 2
Ms (SiO2/Na2O) Molar ratio 1.5

NaOH Molarity 10
Curing temperature ◦C 25

Foaming agent (H2O2) wt% (0–1)
Granite Waste (GW) Additions% (0–60)

2.2. Samples Preparation

The mixing process was carried out in a concrete laboratory mixer, adding firstly the
solids (MK + GW) and mixing for 5 min. The alkaline solution was then added and stirred
for 15 min to achieve the complete dissolution of the species. Finally, H2O2 was added
(wt%) to foam the GP. The admixtures were molded to obtain prismatic samples with
standard dimensions (4 × 4 × 16 cm3) for testing. The specimens were cured under room
temperature and moisture saturation conditions for 28 days.
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2.3. Geopolymer Characterization

Selection of the optimal GP formulation for adsorption was based on the analysis of
chemical tests (FTIR, SEM-EDX and DRX), mechanical strength (flexural and compressive
tests), physical properties (bulk and true density, pore size distribution and total porosity)
and behavior in aqueous media (chemical integrity, leaching, pH).

2.3.1. Chemical and Microstructural Testing

Fourier transform infrared spectroscopy (FTIR) studies were performed on GP powder
by using a Nicolet™ iS™ 50 FTIR from ThermoFisher (Waltham, MA, USA). The spectra
were collected in transmittance mode with a resolution index of 4 and 24 numbers of scan.

A qualitative morphological evaluation of the raw materials and final GP samples was
performed via scanning electron microscopy (SEM) in order to assess the microstructural
homogeneity. EDX patterns were obtained on Oxford Xmax50 EDS at 15 kV accelerating
voltage and X-ray count of 5200 cps.

The mineralogical analysis was conducted by X-Ray diffraction (XRD) on powdered
samples with a Siemens D5000 Diffractometer equipped with a Cu cathode ray tube
through an evaluation in a 2θ range from 3◦ to 85◦, at a scanning speed of 5◦/min and a
step of 0.020◦.

2.3.2. Mechanical Testing

The compressive and flexural strength of prismatic samples were measured by using
a universal testing machine (Zwick Roell, Ulm, Germany Series Z050) with a load speed
of 0.5 mm/min. A minimum of 3 samples for each batch was tested after 28 days-age
following the standard UNE-196-1 [45] for OPC.

2.3.3. Physical Testing

The true density was measured by using a pycnometer (Micromeritics AccuPyc 1330,
Norcross, GA, USA), operating on finely crushed samples. Geometric (apparent) density
was evaluated by considering the mass to volume ratio of samples and bulk density
was measured through the Archimedes method. The three density values were used to
compute the amounts of open and closed porosity, according to UNE-EN 12390-7 [46].
Pore size distribution data were obtained with a Micromeritics AutoPore IV 9500 Series
mercury porosimeter.

2.3.4. Behavior in Aqueous Media

In order to assess the chemical resistance of the GP and their stability in aqueous
environment, integrity test was performed. A sample of 5 g was immersed in 250 mL of
distilled water at room temperature for 24 h. The compactness of the GP confirmed the
occurring of efficient consolidation reaction after 28 days of aging [47].

The determination of leached ions was carried out using Methrom Compact IC plus
ion chromatograph. Granules with 3–4 mm sizes were immersed in distilled water (10 g/L).
Ion identification, pH and electrical conductivity were monitored at different contact times
for 24 h.

A more thorough pH monitoring was performed in an aqueous GP solution (120 g/L)
for 60 days. At this point, chemical GP treatments with water, 1 M HCl or 0.1 N glacial
acetic were considered to reduce the leachate pH.

2.4. Adsorption Testing

The selected formulation was crushed and sieved up to 4 to 12 mm size for batch and
continuous laboratory tests to assess the most favorable adsorption conditions.

In one hand, batch experiments were carried out in 250 mL erlenmeyer flasks using
deionized water at 22 ◦C under 125 rpm on Orbital Shaker (IKA KS 4000 IC Control)
with the following fixed conditions: contact time of 24 h, pH = 6, [NH4

+] = 65 mg/L and
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5 g/L of GP. The effect of the initial pH, adsorbent dose, contact time and initial adsorbate
concentration were evaluated.

The data obtained in the batch tests were used to fit different equations to obtain the
most representative isotherm and the kinetics models.

In isotherm models, the pollutant concentration at the equilibrium (c) is plotted vs.
the mass adsorbed per mass of adsorbent (q). Most of parameters, summarized in Table 2,
are common among the different equation models.

Table 2. Parameters of adsorption isotherms models.

Parameters Units Meaning

qm mg/g Maximum adsorption capacity
b Adimensional Indicative of adsoprtion energy (affinity of binding sites)
n Adimensional Heterogeneity of the adsorbent surface
k mg×L

1
n

g×mg
1
n

Adsorption coefficient/adsorption capacity

Five types of isotherm models were evaluated by RSME (error measure) and by R2

(goodness) using the iteration method:

(1) Langmuir [48]:

q =
qm × b× c
1 + b× c

(1)

(2) Freundlich [49]:

q = K× cn (2)

(3) Langmuir-Freundlich [50]:

q =
qm × (b× c)n

1 + (b× c)n (3)

(4) Redlich-Peterson [51]:

q =
qm × b× c

1 + (b× c)n (4)

(5) Tóth [52]:

q =
qm × b× c[

1 + (b× c)n] 1
n

(5)

In case of the kinetic studies, the common parameters are the following: qe (mg/g),
mass adsorbed per mass of adsorbent at equilibrium; qt (mg/g), mass adsorbed per mass
of adsorbent for a given time t. Four types of kinetic equations were evaluated:

1. Pseudo first-order [53]:

Ln(qe − qt) = Ln(qe)− k1 × t (6)

• k1 (1/min) = constant of the pseudo-first order equation.

2. Pseudo second order [54]:
t
qt

=
t

kp2 × qe2 +
t
qe

(7)

• Kp2 (g/(mg ×min)) = constant of the pseudo-second order equation.
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3. Elovich [55]:

qt =
ln(α× )

+
ln(t)

(8)

• α (mg/(mg × min)) = constant associated with the rate of adsorption on the
uncoated surface.

• ß (g/mg) = constant related to the extension of the surface.

4. Weber-Morris [56]:
qt = ki × t0.5 + C (9)

• ki (mg/(mg ×
√

min)) = intraparticle diffusion rate constant
• C = value of the equation for t = 0

Additionally, column tests with 89.33 g of GP granules were carried out under a
continuous flow of 6 mL/min, [NH4

+] = 250 mg/L and pH = 6 for 160 h to determine the
NH4

+ adsorption capacity of the produced GP.

2.5. Scale-Up in a Wastewater Pilot Plant

As final validation, the selected GP formulation was scaled-up in a pilot plant for
wastewater treatment located at Xiloga S.L. landfill site (As Somozas, Galicia, Spain). The
plant consists of 3 key locations:

(a) Tank containing the raw leachate. The composition of the leachate was monitored for
9 months.

(b) Two stripping columns convert part of the NH4
+ to NH3 with the addition of NaOH.

The gas phase is transferred to a trickling filter where is purified by the action of
bacteria. At the overflow, the fluid is conveyed by gravity to a pump.

(c) The leachate is pumped by vertical flow to the wetland containing 125 L of adsorbent
GP granules.

Data collected from [NH4
+], pH and electrical conductivity allowed to validate the GP

under real operating conditions.

3. Results
3.1. Geopolymer Characterization

GP samples were prepared following the procedure described in the experimental
section. The following amount of binder was used for the preparation of 4 prismatic
samples (4 × 4 × 16 cm3): 517.5 g MK, 899.3 g Na2SiO3 and 107 g 10 M NaOH. Different
GW additions were considered in the study as shown in Table 3. The GP were named as G
(without H2O2 addition) and P (with 1% H2O2 addition).

Table 3. GP formulations evaluated in this work.

Nomenclature GW (%) H2O2 (%)

G-0 0 0
G-10 10 0
G-20 20 0
G-40 40 0
G-60 60 0
P-20 20 1
P-30 30 1
P-40 40 1

3.1.1. Chemical and Microstructural Testing

Figure 1 shows FTIR spectra of geopolymer G-0, used as reference. The test was
performed to assure the proper alkaline activation of the MK.
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Figure 1. FTIR spectra of G-0.

According to the literature, the band identified at 3363 cm−1 was assigned to stretching
vibration of O-H groups, and that 1645 cm−1, were attributed to O-H bending, the water
molecules presented in the chemical structure of the geopolymer [57]. The presence of
weak carbonate traces at 1397.17 cm−1 was identified by the C-O bond stretching. [58].
Unreacted Na+ ions from the alkaline activator react with atmospheric CO2 to produce
NaCO3 in a process known as carbonation. The spectra showed as well a strong band at
967 cm−1 associated with T–O–Si (T:Al or Si) asymmetric stretching vibrations typical of
geopolymer reaction [57,59,60]. The feature at 674 cm−1 were characteristic symmetric
stretching vibrations of T-O-T bonds [57,60]. Additionally, the band positioned around
561 cm−1 was a characteristic feature attributed to the formation of double four-membered
rings in zeolite structure demonstrating the formation of this aluminosilicate as other
reaction products [56,61].

Figure 2 shows the SEM/EDX spectra for G-0 and G-20 formulations after 28 curing
days. There are no significant changes in the microstructure and composition of the GP with
the addition of GW. The actual composition of the geopolymer gel could not be measured
but the silicon to aluminum molar ratio can be estimated to be in the range between 1 and
3, as expected from the formation of a geopolymer material [62]. The results obtained were
Si/Al = 1.88 and Si/Al= 2.2 respectively for G-0 and G-20. The increment in G-20 is due to
the presence of GW particles, quartz-enriched, that are not part of the gel.

The uniformity of the geopolymer matrix is clearer in G-0 whereas unreacted GW
irregular and sharp angle particles appear accumulated in the amorphous for G-20 (points
1 and 2). These heterogeneities inside the microstructure reasonably are expected to cause a
strength decrease for this material. EDX spectrum collected from these particle aggregations
(point 3 and 4) confirmed the attribution to GW, according to the higher Si and Al content
and the presence of Fe.

EDX also confirms the presence of Na in both materials coming from the alkaline
activator, which is the main responsible for the ion exchange process. Na concentration is
slightly reduced in G-20 possibly due to a slower reaction progress and a higher amount
of unreacted NaOH, promoting the formation of NaCO3 (efflorescence) which is easily
removed through the open pores of the material [58].

DRX patterns for G-0, G-10 and G-20 are depicted in Figure 3. The microstructure
of G-0 is mainly amorphous, presenting the typical hump located between 20–35◦ 2θ
which corresponds to the aluminosilicate gel that forms the main binding phase of the
GP matrix, responsible for the mechanical strength. A crystalline peak is clearly revealed
when GW is introduced in the mixture, at a 26◦ 2θ. This sharp peak is the main signal
of quartz (SiO2) which intensity increases with GW incorporation, affecting the GP gel
microstructure and, in consequence, the mechanical strength as will be seen in the fol-
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lowing section. Other mineral phases identified with the introduction of GW are biotite
(K(MgFe)3AlSi3O10(OH,F)2), muscovite (KAl2(Si3Al)O10(OH,F)2) and albite (NaAlSi3O8),
typically found in granitic rocks.
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3.1.2. Mechanical Testing

Figure 4 shows the compressive and flexural strengths obtained for the different GPs
after 28 days-age. The results revealed that GW additions do not significantly affect the
mechanical strength of the GP up to 20% of additions. The mechanical strength is reduced
by 5%, according to the slight structural changes observed by SEM. Particularly noteworthy
is the value reached with 20% of GW (58 MPa) for the compressive resistance.
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However, the decrease is dramatic with additions of 40% and 60% (39% and 87%
respectively). The presence of unreacted GW particles and the consequent reduction of the
amorphous gel fraction led to lower mechanical strengths.

As expected, the foaming agent addition promoted a dramatic drop of the mechanical
strength as well. Porous samples presented smaller values of both flexural and compressive
resistance. For the case of 20% of GW, the compressive strength decreases down to 6.7 MPa
(P-20), 93% lower than the non-porous G-20. The pores act as the stress concentration points
and are prone to failure when load is applied [63]. Therefore, it is expected a strong linking
between mechanical performance and density and porosity depicted in Table 4.

Table 4. Bulk density, true density and total porosity of G and P formulations with different GW additions.

Nomenclature True Density (g/cm3) True Density (g/cm3) Total Porosity (%)

G-0 1.34 2.08 35.67
G-10 1.71 1.82 6.24
G-20 1.67 1.78 6.21
G-40 1.65 1.76 6.4
P-20 0.71 1.73 58.99
P-30 0.86 2.18 60.46
P-40 0.9 2.24 59.96

3.1.3. Physical Testing

Bulk density increased with GW additions; the filler occupied the empty voids and
promoted a decrease in the porosity values. In contrast, with the 1% introduction H2O2, the
porosity % increased by a factor of 10 and the bulk density decreased due to the air voids
formation obtaining a lighter material [64].

Additionally, porous GPs with different GW additions were immersed in water for
24 h to validate the chemical integrity of the formed gel matrix. This test allowed to
confirm that GP (non-porous and porous) with GW additions up to 20% maintained the
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consolidation after the immersion time. On the contrary, GPs with higher GW content
(>20%) were turned into dust after testing revealing a non-acceptable GP gel reaction due
to the high crystalline contribution of the GW. Therefore, they were discarded, and P-20
formulation was selected as the material for further adsorption studies.

Figure 5 presents the aspect of the GP P-20 and Table 5 summarizes the synthesis
parameters and their properties.
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Table 5. P-20 synthesis parameters and properties.

Ms
(SiO2/Na2O) SiO2/Al2O3 GW H2O2

Curing
Temperature

1.5 2 20% 1% 25 ◦C

Flexural
strenght

Compression
strenght Bulk density Total porosity Hardening time

1.6 Mpa 6.1 MPa 0.71 g/cm3 58.99% 24 h

The pore size distribution of P-20 is illustrated in Figure 6 by a differential volume
intrusion graph with the corresponding critical pore size. The critical pore size is located
between 0.1–0.4 µm for this material at 28 days-age. The results indicated that meso-
pores (6–50 nm), macropores (0.05–5 µm) and air voids (>5 µm) [65] dominated the pore
distribution, resulting in an average pore size of 0.27 µm.
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Larger pores (air voids) were microscopically identified formed by a phenomenon
called coalescence. With the introduction of oxygen bubbles by chemical foaming, the
nucleation particles become weaker, and the bubbles start to coalesce, thus increasing the
overall pore size and interconnectivity [66].

3.1.4. Behavior in Aqueous Media

Leaching tests of P-20 (10 g/L) were performed to determine the release of ionic
species in aqueous solution. The aim is to guarantee the absence of NH4

+ over time and
identify the potential pH increase due to the alkalinity (OH− release) of the material. The
results are detailed in Table 6.

Table 6. Leaching results from sample P-20.

Time (h) Conductivity
(ms/cm) Final pH Na+ (ppm) Cl− (ppm) SO4−2 (ppm) NH4

+ (ppm)

1 27.13 9.1 6.03 3.91% 3.56 <DL
2 36.67 9.5 10.84 3.7 3.54 <DL
4 35.77 9.5 11.39 3.69 3.56 <DL
6 45.4 9.8 16.63 3.78 3.57 <DL

24 115.37 10.1 47.88 3.71 − <DL

It can be observed that within the first hour of contact there was a considerable
increase in pH from 5.6 (initial condition) to 9.1. This was due to the unreacted NaOH
which was physically adsorbed or weakly bonded and easily leached through the GP
microstructure [10,30]. pH increased over time until it reached a value of 10.1 after 24 h of
immersion. Alkalis leaching could also be demonstrated by the increase of [Na+] over time.
Same time-dependent behavior was verified by Aly et al. [67]. As expected, an increase
in the electrical conductivity was also obtained due to the leaching of ions, especially the
Na+. Small traces of Cl− and SO4

−2 were also found in this test, but NH4
+ ion leaching

was not detected.
A pH control test was carried out in deionized water in a solution with 120 g/L of

P-20 and for 60 days. The results are shown in Figure 7.
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The initial pH was 11 according to the higher concentration of P-20 in comparison with
the previous test (10 g/L). A significant increase was detected during the first 24 h up to
pH = 11.6. The trend continued to increase until 25 days, where a maximum of pH = 12.27
was reached. In good agreement with the previous leaching tests, the initial increment can
be explained due to the presence of unreacted NaOH release.

Then, an asymptotic behavior was achieved up to 60 days. A similar tendency was
found by Novais et al. [10,68] suggesting the potential pH-buffering effect of the porous
MK-based GP since they could enclose free leachable alkalis in the pores. The mechanical
integrity of P-20 remained intact after 60 days.

It is clear that this increasing pH trend is going to be dependent on factors such as the
nature and concentration of the activator [69], geopolymers porosity [68], H2O2 content [68]
and liquid-to-solid ratio [70].

However, initial alkali leaching supposes the most critical issue to implement the
material in wastewater treatments since legislation pH limits (pH between 5.5 and 9)
represent a fundamental requirement for waste-derived products. Thus, rinsing treatments
for pH decreasing were evaluated before the material implementation.

Figure 8 shows the effect of the cyclic immersion of P-20 granules in water.
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Figure 8. P-20 treatment cycles with water.

The proposed cleansing treatment induced a slow pH drop after each cycle. The pH
value was reduced by one unit each monitored day (0, 2, 4 and 7). However, the tendency
is increasing over time (from 0 to 7 days), so P-20 continued to leach alkalis at lower
concentrations.

In order to diminish the P-20 effect on the leachate pH, two alternative acid treatments
have been considered. It is well-known the good acid resistance properties of GP [71],
maintaining their consistency and mechanical integrity after acid attack. Based on this, P-20
was immersed for 2 h in (a) 0.1 N glacial acetic acid (weak acid) and (b) 1 M hydrochloric
acid (strong acid) during 4 cycles. Results obtained after 7 days are depicted in Figure 9.
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The acetic acid (pH = 2.9) produced a complete neutralization of the structure from
the beginning of the test, reaching a pH close to 7. In the case of 1 M HCl (pH = 0) the drop
was even more appreciable. According to Aly et al. [67], when GP is introduced into an
strong acid solution (pH = 0), almost the 100% of the Na+ ions are released. It is possible to
promote an ion exchange between Na+ and H+, and the protons to become part of the sialate
structure of P-20. However, it is observed that the predominant trend over time (0→7 days)
is an increase in pH for both acids, so alkalis leaching is still present. As demonstrated by
Zechynska-Hebda et al. [72], one month after hydrochloric acid immersion is required to
stabilize at pH~7.

The results suggested that P-20 can be rinsed to drop the leachate pH without GP
degradation in line with the environmental regulations for different wastewater streams,
although further studies will be carried out on this regard.

3.2. Adsorption Testing

The effect of different variables in the adsorption process was measured, including the
initial water pH, adsorbent dose, contact time and initial adsorbate concentration. Figure 10
illustrates the initial pH effect on the adsorption capacity of P-20. There were no significant
differences between the range of study (pH 4 to pH 8), however the more acid media
suggested a slight improvement in the adsorption capacity (q) and NH4

+ removal. There
was a twofold explanation for this phenomenon: firstly, the more acidic medium promoted
the greater Na+ release and thus, the more active sites available for NH4

+ adsorption [67].
Secondly, the equilibrium ammonium-ammonia (NH3 
 NH4

+) is pH-dependent. A
decrease in pH caused a displacement of the equilibrium favoring ammonium production
generating a higher amount of adsorbate available for the adsorption process. However, it
should not be ruled out that H+ ions may also act as competing cations, as Yi Liu et al. [73]
showed with a phosphoric acid-based geopolymer that decreased its efficiency in acidic
medium to remove Pb(II), Cd(II) and Ni(II). Therefore, further studies are needed to clarify
the effect of pH on NH4

+ removal.



Clean Technol. 2024, 6 352Clean Technol. 2024, 6, FOR PEER REVIEW  15 
 

 

 
Figure 10. Effect of pH on the adsorption process. 

The optimal adsorbent dose (g P-20/ L) was also evaluated in Figure 11. On one hand, 
the results showed that the increase of the adsorbent dose up to 5 g/L promoted an incre-
ment of the NH4+ removal up to 80%. From this point, at higher GP dose, the removal 
levels kept similar according to Luukkonen et al. [44]. On the other hand, adsorption ca-
pacity reached a maximum of 25.17 mg/g at 0.44 g/L and then decreased gradually. This 
trend was aĴributable to over-crowding of the adsorption sites and more unsaturated ac-
tive sites on the adsorbent surface as the adsorbent dose increased [74]. 

 
Figure 11. Effect of P-20 dose on the adsorption process. 

The effect of the contact time (1→1000 min) between the adsorbent and the adsorbate 
is depicted in Figure 12. The removal efficiency and adsorption capacity increased rapidly 
in the first 200 min obtaining 65.5% of NH4+ removal and q = 24 mg/g. Thereafter, the 
adsorption efficiency increased slowly reaching maximum adsorption capacity of 28.18 
mg/g at 1000 min. Therefore, the general trend was growing, being faster at the beginning 
of the procedure. These results improved the results reported in [43] and [44] reaching a 
stabilization/saturation at 30–90 min and 120 min respectively whereas P-20 started to 
partially saturate after 200 min. 

Figure 10. Effect of pH on the adsorption process.

The optimal adsorbent dose (g P-20/ L) was also evaluated in Figure 11. On one
hand, the results showed that the increase of the adsorbent dose up to 5 g/L promoted an
increment of the NH4

+ removal up to 80%. From this point, at higher GP dose, the removal
levels kept similar according to Luukkonen et al. [44]. On the other hand, adsorption
capacity reached a maximum of 25.17 mg/g at 0.44 g/L and then decreased gradually.
This trend was attributable to over-crowding of the adsorption sites and more unsaturated
active sites on the adsorbent surface as the adsorbent dose increased [74].
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Figure 11. Effect of P-20 dose on the adsorption process.

The effect of the contact time (1→1000 min) between the adsorbent and the adsorbate
is depicted in Figure 12. The removal efficiency and adsorption capacity increased rapidly
in the first 200 min obtaining 65.5% of NH4

+ removal and q = 24 mg/g. Thereafter, the ad-
sorption efficiency increased slowly reaching maximum adsorption capacity of 28.18 mg/g
at 1000 min. Therefore, the general trend was growing, being faster at the beginning of
the procedure. These results improved the results reported in [43,44] reaching a stabiliza-
tion/saturation at 30–90 min and 120 min respectively whereas P-20 started to partially
saturate after 200 min.
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In the same experiment, the drop in [NH4
+] and the increase in [Na+] were monitored

(Figure 13). The NH4
+ concentration decreased from the initial 65 mg/g to 15.9 mg/g

whereas [Na+] increased from 14.3 to 89.50 mg/g following a similar correlation. These
results clearly showed that the ion exchange process between NH4

+ and Na+ was tak-
ing place.
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Figure 13. Variations in [NH4
+] and [Na+] during the contact time test.

Adsorbent characteristics of P-20 were measured by varying the initial ammonium
concentration from 10 mg/L to 1000 mg/L and was represented in logarithmic scale in
Figure 14. When the initial NH4

+ concentration increased, the NH4
+ removal efficiency

decreased from 60 to 10%. However, the adsorption capacity increased from 1 to 24.8 mg/g
as the initial NH4

+ concentration increased. Sanguanpak et al. [43] obtained the same effect
and determined that higher initial NH4

+ concentrations enhanced the adsorption uptake
as the mass transfer driving force of NH4

+ between the geopolymer adsorbent and the
aqueous solution increased.
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Figure 14. Effect of NH4
+ initial concentration on the adsorption process.

These experimental data were used to carry out the adsorption mechanism characteri-
zation (isotherm and kinetics).

Typically, adsorption processes are studied from equilibrium equations denominated
adsorption isotherms. These equations allow to know, at equilibrium, the amount of
adsorbed ion, as a function ion concentration at a constant temperature. The data from
the initial contaminant concentration effect test will be used to fit the different isothermal
models using the iteration method. Five isotherm models (two parameters: Langmuir [48]
and Freundlich [49]; three parameters: Langmuir-Freundlich [50], Redlich-Peterson [51]
and Tóth [52]) were tested for modelling the adsorption mechanisms of P-20. The pa-
rameters shown in these isotherms are mostly common to the different models: (a) the
maximum capacity (qm), (b) the dimensionless parameter b, indicative of the adsorption
energy and (c) the dimensionless parameter n which represents the heterogeneity of the
adsorbent surface.

The isotherms models were evaluated by RSME (error measure) and by R2 (goodness).
The best fit was achieved with the Redlich-Peterson (RP) equation according to the high
value of correlation coefficient as detailed in Table 7 and Figure 15.

Table 7. RSME and R2 of the different isotherm models.

Langmuir Freundlich Langmuir-
Freundlich

Redlich-
Peterson Tóth

qm 23.98 k = 2.02 26.098 18.35 27.645
b 0.013 − 0.01 0.02 0.016
n − 0.36 0.858 0.9 0.719

RMSE 1.201 1.98 1.148 1.096 1.119
R2 0.97 0.92 0.973 0.975 0.074
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RP is an empirical isotherm incorporating three parameters and combines elements
from both Langmuir and Freundlich equations; therefore, the mechanism of adsorption is a
mix and does not follow ideal monolayer adsorption. With this model, equation number
10 was obtained with the following values for the parameters: qm = 18.35 mg/g, lower
than if compared to the experimental data (28.18 mg/g and 24.8 mg/g in contact time and
initial [NH4

+] experiments respectively); b = 0.02, indicative of the affinity of the binding
sites, and n = 0.9 (this value, close to 1, indicated that the adsorption on the surface was
homogeneous which supported Langmuir assumption [75]).

q =
18.35 ∗ (0.02 ∗ c)0.9

1 + (0.02 ∗ c)0.9 (10)

Previous reported works on heavy metal adsorption with GPs [34,76] have shown the
good fit of the RP isotherm to explain the adsorption process.

These results contrast with those reported by Sanguanpak et al. [43] and Luukkonen et al. [44].
The former obtained that the best isotherm was the Freundlich model while P-20 did not
show an acceptable fit. The latter obtained the best fit with the Langmuir-Freundlich (i.e.,
Sips) model. In this work, Sips isotherm could also explain the adsorption process, as
well as Tóth. With these two models, qm = 26.098 mg/g and 27.645 mg/g were obtained
respectively, as summarized in Table 8. These values were higher than the capacity obtained
with RP model and closer to the experimental data. The shape of the curve in the three
best models (RP, Toth and Sips) indicated that the NH4

+ was disposed on the GP surface as
a monolayer and with strong attraction between molecules. However, it did not become
asymptotic at high concentrations, so a physical-chemical adsorption mechanism was
suggested [77].

Table 8. Goodness of the different kinetic models.

Pseudo-First
Order

Pseudo-Second
Order Elovich Weber Morris

RMSE 0.916 0.9332 0.9137 0.9871

The value of qm obtained with the RP isotherm model was higher than that of
most natural zeolites: clinoptilolite (2.27 mg/g and 6.96 mg/g) [78,79], clinoptilolite-
morderite (1.65 mg/g) [80], clinoptilolite-heulandite zeolite (14.42 mg/g) [42] and morderite
(14.56 mg/g) [81] and some of synthetic zeolites: gismondite (3.17 mg/g) [82], NaP1, K–F
and K-phillipsite/K-chabazite (7.02 mg/g) [83], zeolite 13× (8.61 mg/g) [84], thermal-
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treated clinoptilolite (10.61 mg/g) [79], microwave-treated clinoptilolite (11.59 mg/g) [79]
and Na–P zeolite (16.36 mg/g) [85].

The equilibrium obtained with the above isotherm requires some time to be reached.
The ions go through a series of processes until they reach the adsorbent surface, and the
slowest ones determined the kinetics of the reaction. Adsorption kinetics provide insight
into the reaction rate and the sorption mechanism involving mass transfer, diffusion, and
reaction on the adsorbent surface during adsorption. The adsorption kinetics include
3 mass transfer processes [86–88]:

(1) External diffusion (or film diffusion): the transfer of adsorbate in the liquid film
around the adsorbent.

(2) Internal diffusion (or intraparticle diffusion): the transfer of adsorbate (NH4
+) through

the pores of the adsorbent.
(3) Adsorption onto active sites.

Various adsorption kinetic models such as pseudo-first-order, pseudo-second order,
Elovich and Weber-Morris [53–56] were tested in this case. Figure 16 and Table 8 detail the
R2 of the fit with Weber Morris equation presenting the best results.
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The Webber-Morris equation is the following:

qt = ki ∗ t0.5 + C (11)

According to the data of this study, the Equation (12) is obtained:

q = 0.2658 ∗ t0.5 − 0.003 (12)

The value of C (value of the equation for t = 0) close to 0 revealed that the limiting
process was the intraparticle diffusion. Furthermore, the fit of the data did not present
multilinearity. Considering the high porosity identified in P-20, the internal diffusion
through porosity was identified as the limiting process [86,88].

Figure 17 shows the results obtained of the column test carried out for 160 h with an
initial concentration of 250 mg/L of NH4

+. It can be observed that the concentration of
NH4

+ ions dropped sharply at the beginning of the test, around 17 mg/L, obtaining an
outstanding NH4

+ removal of 93% during the first hours. However, this value grew up to
123 mg/L at 25 h, being 50% the NH4

+ removal. From then on, the output solution had an
increasing concentration of contaminant, reaching almost an asymptote at 110 h indicating
that the GP hardly retained NH4

+ from the solution becoming saturated. Therefore, a
regeneration process of P-20 for reuse should be considered after 110 h of adsorption
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treatment. The adsorption capacity obtained in this experiment was 25.24 mg/g similar to
Langmuir-Freundlich and Tóth isotherms.
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Figure 17. P-20 column test.

3.3. Validation in a Real Wastewater Pilot Plant

The pilot plant for wastewater treatment was designed at Xiloga S.L. landfill. The
plant consisted of three key points as it can be seen in Figure 18.
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Figure 18. Pilot-plant: (a) tank (b) air stripping system (c) vertical wetland.

The pilot plant started from the (a) tank containing the leachate detailed in Table 9.
The composition presented a large content of suspended solids, organic matter and possible
competitive ions. The temperature, pH and EC conditions were also very changeable as
shown by the high standard deviation. The [NH4

+] was high and variable with a mean
value of 1978 mg/L. The (b) Air stripping system, the first filter of the plant, required high
pH levels for high ammonium removal efficiency [89,90]. Ammonium reacts with water to
form ammonium hydroxide. Thus, in ammonia stripping, lime or caustic is added to the
wastewater until the pH reaches to 11.5–12.0 which converts ammonium hydroxide ions to
ammonia gas (NH4OH→ NH3 + H2O). The last area of the designed plant consisted of a
(c) vertical wetland where 125 L of P-20 were deposited.
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Table 9. Main composition of the leachate at Xiloga S.L. landfill after 9 months monitoring.

Parameter Unity Average Standar Deviation

T ◦C 26.85 3
pH pH units 8.1 0.4
CE mS/cm 27.9 5.5

Solids in suspension mg/L 204 161
Sedimentable solids mg/L 1.1 0.9

Alcalinity mg/L 13397 2677
Hardness mg CaCO3 548 37

Total organic carbon mg/L 2853 1888
Dissolved organic carbon mg/L 2575 1798

DQO mg/L 6380 2960
DBO5 mg/L 2400 1061
NTK mg/L 2145 613
NH4

+ mg/L 1978 276
Phosphorus mg/L 25 13

Chloride mg/L 2768 933
Fluoride mg/L 7 2

The results were monitored for 5 days at those three outlets points (a), (b) and (c).
The NH4

+ removal efficiencies and the pH and electric conductivity (EC) variations were
measured as detailed in Figures 19 and 20.

NH4
+ concentration decreased from 91 mg/L to 17 mg/L at day 0 which supposed

an initial removal of 81% of NH4
+. After one day, P-20 still showed a good performance

reducing the NH4
+ concentration from 140 mg/L to 53.45 mg/L, which represented a

total elimination of 61.82%. It is observed that the efficacy decreased with time as the
active sites of the P-20 begin to be saturated. After 2 days, P-20 adsorption decreased
from [NH4

+] 223.2 mg/L to 172.4 mg/L which represented an efficiency of 22.75%. The
contaminant removals on day 3 and 4 are 10.95 and 5.92% respectively. P-20 showed a
similar performance in column tests which reflected the suitability and high selectivity to
NH4

+ even under real operating conditions.
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The NH4
+ removal at the beginning was similar or even higher than that reported

for natural zeolites: mesolite (55%) [91], Turkish sepiolite (60%) [92], Romanian volcanic
tuff (83%) [93] and Gordes clinoptilolite (85%) [94]; and it is even similar to many artificial
zeolites: ceramic adsorbent (19.4%) [95], NaOH modified mordenite (81%) [96], ultrasound
modified zeolite (84.6%) [97] and magnetic zeolite NaA (85%) [98]. However, these results
reported for zeolites correspond to tests carried out in synthetic solutions.

It is worth to note the increment in the electrical conductivity and pH during the
treatment. As shown in Figure 20, the pH increased sharply when passing through the
stripping system (from 8 to 12 units). After passing through P-20 the pH > 13 which
represented a gradient of approximately 1 unit with respect to the stripping. This was
due to the alkalis leaching to the wastewater effluent. This effect could be modified as
demonstrated in the results obtained in Section 3.1.4. According to the same reason, the EC
also increased in values around 10–28 mS/cm.

An economic assessment of the adsorbent developed was carried out for comparative
purposes. Considering the composition of P-20, the final cost was estimated on 0.4ckg−1/
0.43 USD kg−1. The most expensive component was the foaming agent (11ckg−1) followed
by the alkaline activator (0.9 ckg−1) and finally the MK (0.3 ckg−1). However, the H2O2 has
a low impact on the total cost (13%). The Na-silicate was the product with the highest impact
(59%). Considering the current adsorption technologies, P-20 was found less expensive than
reported MOFs (~70 k USD kg−1) [99] and activated carbon (1.8–2.1 USD kg−1) [100] and in
the price range reported for biochar (0.35–1.2 USD kg−1) [100]. Clay-based adsorbents are
still the cheapest option (0.04 USD kg−1) [29]. Alkaline activating solutions in geopolymer
manufacturing are not only one of the most expensive components but also the main
responsible for the material carbon footprint according to reported LCAs [101]. Thus,
recent researchers are focused on replacing traditional sodium silicates with other waste-
based activators to alleviate both the cost and emissions of the final GP [102–104].

4. Conclusions

A porous GP material (P-20) based on MK was developed, characterized and eval-
uated as potential adsorbent material. The introduction of 20% of GW minimized the
environmental impact and the cost of the final product, contributing to the sustainability
of the process. High porosity (60%) was established by the addition of H2O2 (1%) as a
foaming agent. The GP structure presented a main macropore distribution with critical
pore sizes between 0.1–0.4 µm. The produced material is a lightweight GP (0.71 g/cm3)
with a compressive strength of 6.7 MPa at 28 days-age.

The effect of pH, P-20 concentration, initial NH4
+ concentration and contact time

were assessed in batch tests. In the contact time experiment, the maximum capacity was
obtained (qm = 28.18) and it was confirmed that ion exchange between NH4

+ and Na+
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occurred. The experimental data were fitted to different isotherm models, with the Redlich-
Peterson (slightly superior), the Langmuir-Freundlich and the Tóth were able to predict
the adsorption at equilibrium at 22 ◦C. The qm obtained from the models were higher than
many of the natural and synthetic zeolites. The curve profile indicated that the NH4

+ could
be disposed on the GP homogenous surface as a monolayer and with strong physical-
chemical attraction between molecules. The kinetics followed the Weber-Morris equation
rate indicating that the intraparticle diffusion through the pores was the limiting mass
transfer mechanism. Continuous laboratory experiments indicated an outstanding 93% of
NH4

+ removal during the first hours and q = 25.24 mg/g.
The material was also validated in a relevant full-scale pilot plant where 120 L of

P-20 were disposed in a vertical wetland for wastewater treatment. The material showed
encouraging results of adsorption capacitance reaching up to 81% overall NH4

+ initial
removal, similar to natural zeolites. After one day, P-20 still showed good performance
reducing the concentration from 140 to 53.45 mg/L. The efficacy decreased over time as
the active sites of the GP became saturated. The pH and electrical conductivity increments
obtained in the plant could be alleviated with the application of the proposed cleansing
treatments with acids.

This study allows to conclude that P-20 is a sustainable, low-cost (0.4 ckg−1) and
easy-to-install material that can be effectively used for NH4

+ treatments due to its high
selectivity in a real wastewater effluent.

Future investigations will be focused on the alkalis leaching reduction, the early
saturation of the material and the substitution of the traditional alkaline activating solutions
with waste-based ones.
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87. Svilović, S.; Rušić, D.; Bašić, A. Investigations of different kinetic models of copper ions sorption on zeolite 13X. Desalination 2010,
259, 71–75. [CrossRef]

88. Wang, J.; Guo, X. Adsorption kinetic models: Physical meanings, applications, and solving methods. J. Hazard. Mater. 2020, 390,
122156. [CrossRef]

89. EPA. United States Environmental Protection Agency, Wastewater Technology Fact Sheet Ammonia Stripping. Available online:
https://www3.epa.gov/npdes/pubs/ammonia_stripping.pdf (accessed on 10 October 2023).

90. Wu, C.-Q.; Zhang, Y.; Chen, X. Ammonia removal mechanism by the combination of air stripping and ultrasound as the function
of pH. IOP Conf. Ser. Earth Environ. Sci. 2019, 344, 012051. [CrossRef]

91. Thornton, A.; Pearce, P.; Parsons, S. Ammonium removal from solution using ion exchange on to MesoLite, an equilibrium study.
J. Hazard. Mater. 2007, 147, 883–889. [CrossRef]

92. Balci, S.; Dinçel, Y. Ammonium ion adsorption with sepiolite: Use of transient uptake method. Chem. Eng. Process. Process Intensif.
2002, 41, 79–85. [CrossRef]

93. Marañón, E.; Ulmanu, M.; Fernández, Y.; Anger, I.; Castrillón, L. Removal of ammonium from aqueous solutions with volcanic
tuff. J. Hazard. Mater. 2006, 137, 1402–1409. [CrossRef] [PubMed]
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