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Abstract

This work supports the circular economy and sustainable material by facilitating the cre-
ation of low-carbon materials with enhanced elimination of nutrients from wastewater,
thereby assisting in preventing eutrophication. Porous geopolymers, owing to their dis-
tinctive pore structure and numerous superior properties, including noise reduction and
thermal insulation, have a wide range of potential applications in the building sector,
chemical industry, and water treatment. Developing low-carbon-footprint porous geopoly-
mer materials is an important step toward creating multipurpose lightweight materials
that can serve as structural materials and, at the same time, as adsorbents. In this study,
it was revealed that the porous material created during the hydrothermal synthesis of
(lime-Portland cement-based aerated composition), by replacement of sand with wood
biomass bottom ash (WBA), can be used as porous aggregates (PA) for adsorbent devel-
opment. PA was produced with an apparent porosity of 65%, a density of 610 kg/m?,
and a compressive strength of 2.0 MPa. The effectiveness of employing an air-entraining
additive (AEA) and creating PA in geopolymers was tested. A different-molarity activator
was used, and wood biomass fly ash (WFA) and metakaolin (MK) waste were used as
precursors for the synthesis of porous geopolymers. Using an air-entraining admixture in
geopolymers allows for the production of lightweight geopolymers with densities up to
1400 kg/m?3, compressive strengths up to 8.0 Mpa, and apparent porosities up to 38.4%.
Such properties, together with their low cost, offer good prospects for geopolymers in
the construction industry. By utilizing PA in the geopolymer composition, a lightweight
geopolymer (GPA) with a density of 985 kg/m3 and a compressive strength of 3.9 Mpa,
with 42.0% apparent porosity, was obtained. The materials effectively removed phosphorus
from biologically treated wastewater: PA had an efficiency of up to 82.5%, the geopoly-
mer with AEA had an efficiency of up to 88.4%, and GPA had an efficiency of up to 97%.
The created GPA enhances the adsorbent’s sorption capacity, resulting in extremely high
phosphorus uptake efficiency.
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1. Introduction

Recent comprehensive evaluations have reinforced the appeal of geopolymer materials
as environmentally friendly construction materials. Porous geopolymers are an attractive
option for thermal insulation due to their favorable mechanical and physical characteristics.
As synthesis occurs through foaming at reduced temperatures and low energy usage, their
CO, emissions are reduced. Because of its distinctive pore structure and numerous superior
qualities, including noise reduction and thermal insulation, porous geopolymer has several
potential uses in the building, chemical, and water treatment industries [1]. Therefore, it is
crucial to synthesize porous geopolymers employing ash and slag as raw materials.

Water pollution is a significant worldwide environmental problem. However, the
quality of water is deteriorating mainly due to mineral extraction and overuse of synthetic
fertilizers in farming. Phosphorus is released into aquatic environments by a range of
human activities, including quarrying, commercial and agricultural processes, and rock
weathering. When water’s phosphate content exceeds 0.02 mg/L [2], it causes eutrophi-
cation, which lowers dissolved oxygen levels, hinders the growth of aquatic organisms,
and may even pose a significant health risk to humans [3]. Phosphorus is a major water
contaminant that contributes to the eutrophication of freshwater habitats [4].

Water quality may decrease due to eutrophication, caused by excessive phospho-
rus release into surface waters. Phosphorus removal is becoming increasingly necessary
as phosphorus pollution of water increases. High levels of phosphorus and other con-
taminants cause algae to grow rapidly, which diminishes the water’s light and oxygen
content, leading to “death zones” [5]. Phosphorus’s detrimental effects on the ecosystem
can be greatly reduced by wastewater treatment and phosphorus collection [6]. Therefore,
it Is crucial and necessary to recycle and reuse phosphorus from wastewater. Prevent-
ing eutrophication greatly depends on the development of inexpensive, highly effective
phosphate adsorbents [7,8].

The primary technique for recovering phosphorus from wastewater is adsorption [9].
Because of its high degree of versatility, it is considered among the more attractive tech-
nologies for eliminating phosphorus [10,11]. The anions’ affinity for the material’s surface,
the corresponding quantity, and the pH all affect the extent of adsorption. As an effective
method for eliminating anions, anion exchange has drawn attention [8]. The main benefit of
naturally occurring adsorbents is their affordability. However, their usefulness is limited by
their varied characteristics and often low efficiency, which is frequently less than 5 mg/g [4].
Bentonite has shown a low phosphorus adsorption capacity of 0.3 mg/g, while kaolinite
has a slightly higher capacity of 0.32 mg/g [12,13]. A variety of adsorbents, including
dolomite [14], mussel shells [15,16], and sludge [17], were tested for their phosphate ad-
sorption capacity. Despite the successful removal of phosphates, these adsorbents are not
widely used in practice because of their high cost (resin) or difficulty in separating from the
aqueous phase (red mud or bentonite fine particles) [18].

Among synthetic adsorbents, geopolymers are known for their remarkable adsorption
properties for heavy metals and organic-inorganic contaminants, such as dyes, ammonium,
radionuclides, surfactants, antibiotics, CO,, and more [19-22]. The ability of geopolymer
to completely or partially substitute other cations present in aqueous environments for
alkali metal ions within its structure is a noteworthy feature. Furthermore, the geopolymer
structure is inherently microporous and mesoporous. Because of its crystal-like architecture,
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composed of circular molecular bonds, geopolymer is the perfect, inexpensive adsorbent for
wastewater [3,8,23]. Geopolymers are amorphous aluminosilicates formed from silicate and
aluminum silicate precursors such as fly ash, slag, kaolin, and industrial waste [24,25]. With
an optimal removal rate of 85%, the tailored geopolymers prepared with varying ratios of
sodium hydroxide, binder, fly ash, and nanoparticles exhibited effective phosphate removal
from the liquid [26]. The crystalline structure of fly ash can be optimized, and the features
of geopolymers further improved by partially substituting metakaolin [27]. The physical
characteristics of geopolymers can be improved [28] and also improved [27] by preparing
fly ash and metakaolin mixes. Pretreatment of BFA plays a significant role in improving
its adaptability in geopolymers. The application of milled BFA in geopolymer systems,
together with metakaolin as an aluminosilicate source, increases the compressive strength
of the material from 14 to 40 mPa, compared with only 7.5 to 28 mPa when unmilled BFA is
used. The SiO;/Al,Os3 ratio in the system plays an important role. If too small or too large,
this ratio does not ensure mechanical properties. The most promising results are reached
when SiO, / Al,O5 ratios vary in the range of 8-16 [29-31].

A promising new class of environmentally benign binders for removing heavy metals,
contaminants, and chemical compounds from wastewater is geopolymers made from vari-
ous types of fly ash. Using wood biomass ash in geopolymers has been shown to reduce the
potential leaching of heavy metals and to enhance their sorption properties [32]. High-CaO
fly ash and biomass ash can be employed as raw materials to create geopolymer/zeolite-P
materials with SiO;/Al,O3; molar ratios of 6.0 and 8.0. Geopolymerization is followed
by a hydrothermal treatment at 100 °C for zeolitization. The presence of zeolite-P in
geopolymers essentially increases the material’s sorption properties [24,33,34].

Although fly ash may yield intriguing outcomes, it can introduce unwanted ions into
the aquatic environment [4]. Porous geopolymers are produced via physical and chemical
foaming techniques and exhibit a large number of internal pores [1]. Because of their huge
surface area, porous geopolymers offer more active binding sites for the sorption of heavy
metals [3].

Foaming of geopolymers can be achieved through both physical and chemical meth-
ods [1,26]. Foaming in the physical method is caused by high water evaporation. Water in
the activator solution rapidly reaches high temperatures, evaporates quickly, and creates
foam within the mass [35]. The most straightforward and popular technique for foaming
geopolymer materials is chemical foaming, also known as direct foaming [36]. Direct
foaming typically involves a reaction in which various foaming agents and an alkaline
medium are used to initiate pore formation during geopolymerization [37]. To initiate pore
formation during geopolymerization, direct foaming typically involves a reaction with
multiple foaming compounds and an alkaline medium.

Using this method, blowing agents are introduced into the slurry, resulting in a foamed
slurry via either direct gas injection or mechanical frothing. The porosity structure and
characteristics of the final material can be controlled by choosing the foaming agent and
its amount in the geopolymer paste [37-39]. It is possible to generate high porosity up to
about 63 vol%,; the structure consists of intrinsic micro- and mesopores [40]. When different
foaming additives are used, a porous structure is formed through chemical reactions that
produce gaseous products, such as oxygen or hydrogen [41]. Hydrogen peroxide, silicon,
zinc, and aluminum powders, along with sodium hypochlorite and sodium perborate, are
recognized foaming agents for the synthesis of porous zeolite/geopolymer materials [42].

Commonly used foaming agents include H,O; [43,44] and metal powders, such as
Si [45] and Al [46,47]. In addition, sodium peroxide (Na,O;) [48] and sodium hypochlorite
(NaOCl) may also be used as chemical pore-forming agents [49]. However, most foamed
geopolymers have a low mechanical strength (up to 2.5 MPa), which makes their use as
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adsorbents difficult [50]. This is why creating balanced geopolymers is an essential task
for most researchers. Another major drawback in the production of such geopolymers
is the lack, compared to OPC, of established design codes, due to the variable chemical
composition of the used precursors.

By combining hydrogen peroxide, fly ash, metakaolin, and an alkaline solution, a
porous zeolite/geopolymers adsorbent was developed that successfully removed lead from
wastewater. According to the data, the absorption efficiency of lead increases with the
porosity of the geopolymers [23,51]. Nickel (II), arsenic (IIT), and antimony (III) removal
amounts are increased more by blast-furnace slag added to porous geopolymers than by
aluminosilicate geopolymers, rising from 0.331 to 4.421 mg/g, 0.179 to 0.52 mg/g, and 0.06
to 0.34 mg/g, respectively [52].

By adding the organic surfactant cetyltrimethylammonium bromide (CTAB) and H,O,
to the CTAB solution, a series of three distinct porous geopolymers was synthesized [53].
The mesoporous geopolymer produced using both CTAB and H,O, showed a notable
improvement compared to the geopolymer synthesized without any chemical agents. While
the geopolymer produced without additives exhibited a specific surface area of 79 m?/g
and a porosity of 0.087 cm?/g, the resulting mesoporous geopolymer prepared with both
CTAB and H,O, achieved a particular pore area of 126 m?/g and an evenly distributed
pore volume of 0.138 cm3/g.

Geopolymers tested for phosphate removal through adsorption—desorption and re-
generation demonstrated the highest porosity (57.2-83.2 vol%), the highest ratio of open
to total porosity (66.2-90.8%), and the highest compressive strength (3.4-10.1 MPa). The
adsorption capacity of the produced RO/GP structure reached 92.4 mg-P/g. [49]. Porous
geopolymers exhibit varying removal capabilities due to their high specific surface area
and varying porosity.

To assess phosphate adsorption capacity and examine its mechanism, metakaolin and
fly ash were used as base materials in the literature [3,8]. The removal effectiveness of
phosphate adsorption in wastewater using 0.8M activator was, on average, 30.33% greater
than using 1.2M activator. As a result, the fly ash and metakaolin mix, activated with 0.8 M
activator, had the highest phosphate adsorption capacity of 35.98 mg/kg and the highest
removal efficiency of 94.21% in wastewater. In the mineral phase of a fly ash-metakaolin
blend, new zeolite forms were created that could aid in the adsorption of phosphate
by geopolymers. The findings showed that surface complexation, ligand exchange, and
electrostatic gravitation were the underlying mechanisms of phosphate adsorption.

For improved sorption properties, designed aggregates are often used. The use of
porous aggregate is promising. Among known porous aggregate calcium silicate hydrates,
reticulated porous CSH has a sorption capacity of 152 mg/g, depending on production
technology and Ca/Si ratio [54]. Clay-mineral-based aggregate has a sorption capacity of
0.491 mg/g [55]. Porous calcium-silicate-hydrate composite [56-58] showed remarkable
adsorption up to 130 mg/g. The synthesis conditions for calcium silicate hydrates, includ-
ing CaO/SiO, ratio, water-to-solid ratio, and isothermal conditions for processing, ensure
the desired properties and environmental friendliness. The molar ratio of CaO to SiO,,
crystallinity, and other variables affect the ability of calcium silicate hydrates to adsorb
phosphorus [56].

Recently, different waste materials have been increasingly used for the synthesis
of calcium silicate. For example, biofuel bottom ash can be used as a component in
synthesis, replacing natural sand and helping conserve environmental assets. The viability
of substituting bottom ash from solid waste combustion for quartz sand in the design of
autoclaved aerated concrete (AAC) was examined, as noted in Ref. [59]. The density and
compressive strength of AAC increase with the fineness of bottom ash. The reactive silica
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content of bottom ash may affect the formation of tobermorite crystals and, consequently,
their sorption characteristics.

Therefore, novel, affordable, and efficient adsorbents still need to be developed to
address the issues listed above. Thus, the purpose of this work is, first, to create a porous
geopolymer suitable for the construction sector and, second, to create various adsorbents
(foamed and porous geopolymers by combining porous aggregates with geopolymers),
assess their adsorption properties, and compare their effectiveness. Prior investigations
have examined geopolymers” ability to adsorb various contaminants, demonstrating their
potential as an adsorbent for treating wastewater and restoring the environment. The
optimal preparation conditions for achieving the highest phosphate removal effectiveness
remain unknown, as does the impact of geopolymers made by combining these two
materials on phosphate adsorption in water.

In light of the aforementioned explanations, the goals of this study are to use fly ash
and metakaolin as precursors to synthesize geopolymers and to investigate the impact of
the modulus of the alkali activator on the adsorption properties of the geopolymers. On
the grounds of the hypothesis that a lower modulus improves sorption properties and
influences the highest phosphate removal efficiency in water, the potential adsorption
mechanism of phosphate is considered.

2. Materials and Methods

2.1. Untreated Ingredients
2.1.1. Raw Materials

Pine sawdust processing bottom ash (WBA) and wood biomass fly ash (WFA) were
collected by the Ekobaze Waste Management in Vilnius, Lithuania from the energy power
plant by burning pine sawdust and chips. Before employment, WBA and WFA were milled
for 8 h to produce smooth particles, and the particle size distributions are presented in
Figures la and 2a. In the WBA morphologies shown in Figure 1b, the coarse particles
display irregular, heterogeneous shapes with rough surfaces. Most likely, these particles are
quartz, calcite, or wollastonite. Between coarser particles, smaller particles may belong to
portlandite, quartz, calcite, wollastonite, and unburnt wood residues. In the morphologies
of WFA in Figure 2b, it can be seen that the WFA particles are much smaller than the WBA
particles. Coarser particles belong to quartz, calcite, lime aggregates, and unburnt wood
residues. Predominantly, small particles may belong to portlandite, quartz, calcite, and
small unburnt wood residues.

100 5

Cumulative value (%)
Histogram value (%)

e -..|||||||||||HFTIT”H

10
Particle diameter (um)

(@)

Figure 1. WBA: (a) particle size distribution and (b) SEM image of particle morphology.
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Figure 2. WFA: (a) particle size distribution and (b) SEM image of particle morphology.

In the X-ray diffraction (XRD) patterns of the WBA shown in Figure 3a, quartz was
the main crystalline phase. In addition, calcite, portlandite, and wollastonite were also
identified. In the X-ray diffraction (XRD) patterns of the WFA shown in Figure 3b, quartz,
lime, and dicalcium silicate were the main crystalline phases; calcite and portlandite were
also observed. In the morphologies of WFA in Figure 2b, it can be seen that the WFA
particles are much smaller than the WBA particles. Coarser particles belong to quartz,
calcite, lime aggregates, and unburnt wood residues. Predominantly, small particles may
belong to portlandite, quartz, calcite, and small unburnt wood residues.
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Figure 3. Cont.
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Figure 3. XRD patterns of raw materials: (a) WBA; (b) WFA; (c) MK; (d) gypsum. Mineral phases
identified: Q—quartz, P—portlandite, C—calcite, W—wollastonite, L—lime, K—kaolinite, HG—
hemihydrate gypsum, A—anhydrite.

The aluminum silicate employed in this research on geopolymer synthesis was ob-
tained from metakaolin (MK) (Stikloporas Ltd., Vilnius, Lithuania). The MK was produced
at 820-850 °C during the foamy glass granule production. Particle size distribution of MK
is presented in Figure 4a. MK particles vary in dimension from 1.2 pum to 19.7 pm and are
flake-like in form (Figure 4b).
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Figure 4. MK: (a) particle size distribution and (b) SEM image of particle morphology.

In the provided X-ray diffractogram of the used MK (Figure 3c), the most intense
crystalline phase was quartz, and a wide range of amorphous phases was observed at
20-30 theta. The existence of the non-crystalline phase confirms the presence of amorphous
SiOz and A1203.

In this study, Portland cement CEM 1 42.5 R (PC), as per EN 197-1:2011, was used. The
injtial and final setting times were 142 and 186 min. The compressive strengths after 7 and

28 days were 29.9 MPa and 55.6 MPa, respectively. Particle size distribution is presented in
Figure 5.
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Figure 5. The distribution of PC particles by size.
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Gypsum was used for the production of autoclaved aerated materials. The content of
CaS0,4-2H,0 in the gypsum (Dolina Nidy Sp. z o.0., Pinczow, Poland) was 89.97%. The
particle size distribution is presented in Figure 6a. Figure 6b presents an SEM image of the
gypsum particles. The image shows that the gypsum consists of irregularly shaped, angular,
and plate-like (lamellar) particles that tend to form agglomerates. The particle surfaces are
rough and uneven, with visible microcracks and surface irregularities, typical of crystalline
CaS0O4-2H,0. This morphology indicates a relatively high specific surface area, which
is beneficial for reactivity in binder systems and may significantly influence hydration
processes and pore structure formation in autoclaved or alkali-activated materials.

100
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o

Histogram value (%)
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01

Particle diameter (um)
(a) (b)
Figure 6. Gypsum: (a) particle size distribution and (b) SEM image of particle morphology.

The properties of WBA and WFA, MK, PC, and gypsum, including their specific
surface area, bulk density after processing, and main particle size diameter (d50), are
presented in Table 1. The main chemical compositions (in mass%) are presented in Table 2.

Table 1. Particle characteristics.

S}K:;f;’c;g/lif;ce Bull; /?;QSHY’ Particle Size, pm
WBA 978 1.03 1443
WFA 835 0.57 11.83
MK 903 0.35 8.63
Gypsum 446 232 9.6

Table 2. Chemical composition of materials, %.

SiO, Al,O3 Fe, O3 CaO MgO K,O Na,O Other
WBA 50.25 9.20 1.90 19.99 6.44 5.71 1.19 4.76
WEFA 28.8 2.93 222 33.60 5.89 5.86 1.90 18.8
MK 46.1 37.2 1.10 0.20 0.20 0.20 0.50 14.5
PC 20.76 6.12 3.37 62.01 3.19 1.00 0.30 3.25

Based on particle size distribution data, the fineness of the raw materials varies
significantly. The coarsest are Al particles; wood biomass bottom ash has a smaller particle
size; and the smallest are metakaolin particles. Near metakaolin are Portland cement
and gypsum particles. The fineness of metakaolin significantly influences the rate of
geopolymerization and product formation.
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2.1.2. Activators

Commercially available sodium hydroxide (SH) was used to ensure the geopolymer-
ization reactions. Tianye Chemicals produces SH flakes. The purity of NaOH flakes was
(99% min). The density of sodium metasilicate solution (SM), which was made up of 50%
sodium silicate (SS) by mass, was 1382 kg/m?>. In the Na,SiO3 solution, the SiO, and Na,O
molar ratio was 3.2.

2.1.3. Quicklime

Quicklime, a chemical substance, is widely used across various sectors. It is produced
by calcining limestone in a furnace at elevated temperatures until it transforms into a
whitish powder. Quicklime, which contains more than 70% of active CaO and MgO, is best
suited for autoclaved aerated materials. The white quicklime powder containing more than
70% CaO was obtained from Lerochem (Klaipeda, Lithuania).

2.1.4. Alumina Powder

The aluminum powder (Benda-Lutz, Poland, grade 5-6380/80) had an average particle
size of 24.40 um. The aluminum suspension was prepared in a mixer by stirring aluminum
powder with a predetermined amount of water at 20 °C.

2.1.5. Air-Entraining Agent

“UFFAPORE TCO”, an air-entraining agent (AEA), is a white powder made from
sodium alkenes’ sulfonate. It ensures that the cement mix forms tiny air gaps. The producer
recommends 0.015-0.07% AEA in the paste, based on the OPC amount. It was reported
in [60,61] that 0.02% of OPC mass is the optimal amount of AEA for testing (to prevent loss
of strength).

2.1.6. Wastewater for Filtration

Wastewater for the studies was collected from small (flow rate up to 5 m®) individual
wastewater treatment plants (WTPs). Samples of treated wastewater were collected from
the WTP outlet pipe, and their temperatures were measured on site.

Nitrite nitrogen (NO,-N), ammonium nitrogen (NH4-N), nitrate nitrogen (NO3-N),
ortho-phosphate phosphorus (PO4-P), suspended solids (SS), chemical oxygen demand
(COD), biochemical oxygen demand (BODy), and other characteristics, such as their pHs,
were tested after the samples had been allowed to settle.

Standard analytical techniques [62-69] were employed to establish these indicators’
readings.

The average measurements of the three tests conducted on every specimen are shown
(Table 3).

Table 3. Qualitative indicators of wastewater, average values.

t, °C

pH

COD, mg/L BOD7, mg/L SS, mg/L NO3-N, mg/L NO3-N, mg/L NH;4-N, mg/L PO4-P, mg/L

18+ 2

7.7 £0.15

23.0+£10 35+15 42+£25 25.09 £6.3 0.36 + 0.05 622+ 2.5 73+2

2.2. Methods of Testing
2.2.1. Particle Size Distribution

Particle size distribution was completed on a Cilas 1090 LD (Orleans, France) particle
size analyzer within the diameter range of 0.01-500 um.

https://doi.org/10.3390/su18042128
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2.2.2. Physical-Mechanical Properties
Formula (1) was used to determine the specimen’s apparent porosity Py:
W, —
Py = Nm = Pm (1)
Pw

where W, is the water absorption of samples by mass, p;; is the density of samples in the
dry state, and py, is the density of water.

Mercury intrusion porosimetry (MIP) using the Pore Master PM33-12 (Quantachrome
Instruments, Boynton Beach, FL, USA) equipment was used to examine the samples’ pore
size distributions after 28 days of curing at room temperature. The test sample was collected
from the interior layer.

At 20 £ 2 °C and 60 £ 10% relative humidity, the samples” mechanical and physical
characteristics were assessed.

Density was calculated with an accuracy of +5 kg/m? in accordance with [70]. The
samples” compressive strength was evaluated in accordance with [71].

2.2.3. XRD Analysis

X-ray diffraction (XRD) patterns of the powdered specimens were obtained on a Smart-
Lab X-ray diffractometer (Rigaku, Tokyo, Japan) over a 26 range of 10-60° to determine
the mineralogical phases of the raw materials and manufactured specimens. HighScore 3.0
software (PANalytical B.V., Almelo, The Netherlands) was used to identify the mineralogi-
cal phases. The tests were carried out using the Bragg—Brentano geometry with a graphite
monochromator on the diffracted beam. The step-scan mode had a step size of 0.02° (in 26)
and a 1 s per step counting time.

2.2.4. SEM Analysis

The microstructure of the raw materials and samples of various mixes was assessed
using the SEM EVO 50 EP (Carl Zeiss, SMTAG, Oberkochen, Germany, resolution 1.5 nm).

2.2.5. Wastewater Treatment

A laboratory bench (Figure 7) was used for wastewater research. The tested material
samples were placed in the filtration columns. The stand consisted of two 4.5 cm diam-

eter columns with valves at the bottom. The surface area of one filtration column was
0.00159 m2.

,,,,,,,,,,

Figure 7. Principal scheme for bench: 1—wastewater tank, 2—filtration columns, 3—wastewater
supply pump, 4—wastewater sampling point (before filtration), 5—filtrate collection point, 6—
overflow tube, 7—retaining layer, 8—filter media, 9—wastewater distribution pipe to columns.

A pump was applied to supply three filters with transported wastewater at a rate of
0.68 m/h (discharge of 0.96 L/h). Three filters were provided with delivered effluent at a
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rate of 0.68 m/h (discharge of 0.96 L/h) using a pump. To evaluate pH and POy-P, as well
as NO,-N and NHy4-N concentrations, filtration specimens were collected every 30 min.
Column packings (occupied a volume of 250 mL). The sorbent fillers used in the tests were
20-22 cm high, whereas the columns were 60 cm tall. The material fraction (0.5-1.25 mm)
and the grain volume (250 mL) were poured into a filtration column (diameter 45 mm)
on a supporting layer of pebbles. Wastewater was fed into the columns so that the fillers
remained submerged at all times, and filtration occurred from the top down.

2.3. Paste Design and Sample Preparation
2.3.1. Porous Aggregate Preparation

The porous aggregate (PA) was based mainly on cement, quicklime, and gypsum.
They were used as calcareous materials. WBA and WFA were used for 2 purposes: as
calcareous materials and as a source of silicon oxides. The PA preparation method was as
follows: First, water and WBA were poured into the laboratory mixer and mixed. Later,
the other ingredients, such as OPC, quicklime, and gypsum, were added, and everything
was mixed well at 40 rpm for 3 min. The last step was to add the aluminum powder
suspension. Aluminum paste (aluminum paste to water ratio 1:20) was added to water
at 20 °C and homogenized by mixing for 5 min to achieve even particle distribution and
mass swelling. Since the mass swells during hardening, it was filled to about 2/3 of the
autoclave’s capacity [72]. The ambient temperature was kept at 25 °C or higher, and the
mass swelled and attained its initial strength. The mass swelling lasted about 30—40 min.
As the binding material hydrated, the molding mixture gained plastic strength, which was
sufficient to prevent the mass from collapsing while also preventing the porous structure
from collapsing. After this, the autoclave started the curing process. At this stage, the
products were only heated. During the autoclave hardening process, the sample was
heated to 65-100 °C for 4 h. It took 1.5 h to reach 65 °C, and over 2.5 h the temperature
increased from 65 to 100 °C. After 4 h had passed, heating in saturated water vapor was
initiated. The autoclave temperature reached 185 °C over the next 4 h. During this time,
the pressure was increased to 1.3 MPa. The sample was kept at 185 °C and 1.3 MPa
for 9 h. Then, the samples were cooled to 30 °C for 24 h under reduced pressure. The
cooled samples were removed from the molds (measuring 70 mmx 70 mmx 70 mm) and
dried to constant weight at 105 £ 5 °C. After this, the physical-mechanical properties were
tested. After testing, samples were crushed and sieved through sieves to collect the fraction
(0.5-1.25 mm). Table 4 displays the composition of the created aggregate (WBA).

Table 4. The mixing composition of WBA in g.

Composition of PA, g Oxide Ratio
WBA OPC Quicklime Allﬁtl‘:t‘e“a Gypsum Water ALO3/Ca0  ALO3/Si0;  SiO,/Al,03
67.0 15.0 15.0 0.14 2.86 78.8 0.049 0.098 10.53

2.3.2. Alkaline Activator Solutions Preparation

Different concentrations of alkaline activator solutions (ACS) were produced by di-
luting the alkaline activator with distilled water in the amounts required for testing with
6M, 5M, and 4M NaOH solutions. A modified activator was a sodium metasilicate solution
(dry-matter mass ratio 3/1) combined with a 6M, 5M, and 4M NaOH solution. ACS was
prepared by mixing all components for 60 min with a magnetic mixer. The pH of the
activators used ranged from 13.35 to 13.2.
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2.3.3. Fresh Alkali-Activated Material
Preparation with AEA

The mix design presented in Table 5 was used to make fresh alkali-activated material
(AAM) pastes. The total water amount in the compositions was stable. All raw materials
were stored at ambient temperature for 24 h before treatment. The mixing process was
performed at 20 = 1 °C. The dry-mixed WFA and MK components were combined with the
ACS, and the paste was stirred for three minutes at 140 rpm. AEA was dissolved in 1/3 of
the required water, then mixed for 30 s by hand mixer at 40 rpm. Then, the remaining water
was added to the AEA solution, and the mixture was immediately mixed for 60 s with
a hand mixer at 40 rpm. After this time elapsed, the prepared foamed AEA was poured
into the paste, and mixing was continued for 3 min at 40 rpm. Next, samples measuring
70 mm X 70 mmx 70 mm were filled with the paste and vibrated for 5 s. The samples were
heated in a preheated oven at 80 °C for 24 h, then cooled and tested. After testing, samples
were crushed and sieved through sieves to collect the fraction (0.5-1.25 mm).

Table 5. The mixing composition of AAM in g.

Components, g Oxide Ratio
AAM  WFA MK NaOH Na,SiO3 Total Water Content AEA  Al;03/Na,0 Al,03/CaO Al,03/Si0; SiO,/Al,03
G6 20.0 80.0 24.0 8.00 170.0 0.01 1.10 17.2 0.66 1.51
G5 20.0 80.0 20.0 6.65 170.0 0.01 1.47 1.72 0.68 1.46
G4 20.0 80.0 16.0 5.30 170.0 0.01 1.84 17.2 0.69 141
Preparation with PA
Fresh AAM paste, named GPA, was prepared from the created PAs according to the
mix design in Table 6. All used raw materials were maintained at an ambient temperature
for 24 h before testing. Using a mixer, the dry materials were combined for 3 min at
30 rpm, then for 5 more minutes at 40 rpm. The ACS was added to the dry mixture,
and the paste was mixed for 3 min at 40 rpm using a mixer. Next, samples measuring
70 mm x 70 mmx 70 mm were filled with the paste and vibrated for 5 s. The samples were
heated in a preheated oven at 80 °C for 24 h, then cooled and tested. After testing, samples
were crushed and sieved through sieves to collect the fraction (0.5-1.25 mm).
Table 6. The mixing composition GPA (AAM with PA) in g.
Components in g Oxide Ratio
WFA PA MK NaOH Na25i03 Total Water Content A1203/Si02 A1203/Na20 A1203/Ca0 SiOZ/A1203
60.0 30.0 10.0 16.0 5.30 210.0 0.21 0.23 0.15 4.75
3. Results

3.1. The Density of PA, Foamed Geopolymers, and Porous Geopolymers

Autoclaved aerated concrete (AAC) has an open-cell structure with air pores. Only
high-density AAC, more than 550 kg/m?, can possess pore distances large enough for
a closed-cell structure of air pores to be formed [73]. The density of autoclaved aerated
concrete typically ranges from 500 to 650 kg/m? [1,74,75]. The density of the created PA
is 610 kg/m3 (Figure 8). The curing process is important for determining the properties
and the structure formation. The strength and structural characteristics of AAM pastes
are significantly impacted by the curing process. As noted in the literature [76], curing
at temperatures ranging from 40-50 °C to 80-85 °C for 448 h is one of the essential
requirements for the sintering of alkali-activated materials. For G6 samples prepared with
6M ACS, the density is 1410 kg/m?; for G4 samples prepared with 4M ACS, the density
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is 1360 kg/m? (Figure 8). The lower molarity in the mixtures results in a lower sample
density [53,77]. As expected, the density of the GPA sample with porous PAs is lower than
that of the G6 and G4 compositions and reaches 985 kg/m?.
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Figure 8. The density of the samples, depending on the ACS molarity.

3.2. Apparent Porosity

An apparent porosity test of the samples confirmed the density test results (Figure 9).
With a PA density of 610 kg/m3, the apparent porosity was 65.21%. As noted in the
literature [73], the pore volume in AAC products ranges from 64.5% to 91%. Depending on
the density of autoclaved aerated concrete (600-700 kg/m?), air pores occupied 50-60%
of the samples. The apparent porosity also depends significantly on the density [1]. As
noted in this research, HO,-foamed geopolymers exhibit apparent porosities of 69.6%,
84.6%, and 86.5% for samples with densities of 708 kg/m?, 359 kg/m3, and 210 kg/m3,
respectively. In the case of geopolymers, some trends are observed. A decrease in the
molarity of ACS leads to lower viscosity [78] and, consequently, a greater ability to retain
more air bubbles in its structure during mixing. Higher ACS molarity in the composition
results in higher density and lower apparent porosity in the samples. Molarity is the
primary factor influencing the density and apparent porosity of geopolymers after curing
and aging, according to research. Water serves as a solvent during the dissolution and
rearrangement of aluminosilicate precursors to form a geopolymer; it does not enter the
geopolymer framework. The development of pores was initiated by water removal during
the setting process [79]. There may also be interactions between chemical compounds and
the precursor that can affect the air void structure of geopolymer, including submicron
pores in the range of 0.1-10 pm [80,81].
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Figure 9. Apparent porosity of samples.
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3.3. The Samples” Pore Structure and Microstructure

The presented images (Figure 10a,b) of the pore size distribution and microstructure
of the specimens essentially confirm the apparent porosity results. In the PA sample, the
most significant proportions of pores are those with diameters of 0.01-0.1 pm (28.5%) and
60-350 um (45%). A smaller proportion of pores (approximately 26%) have diameters larger
than 0.3 mm. The pore size distribution is multimodal, with an average pore size of 53 um.
The sample microstructure is presented in Figure 10b. Tobermorite is the primary phase in
the aerated autoclaved products produced. Numerous studies [54,59,82,83] have shown
that adding waste materials or industrial by-products to aerated autoclaved products can
alter reaction outcomes. The inclusion of WBA promotes the development of tobermorite.
The morphology of tobermorite is greatly impacted by the substitution of WBA for quartz
sand, which aids in the creation of tobermorite. As reported in the research [82], increasing
the amount of WBA caused plate-like tobermorite to replace needle-like tobermorite in
the control sample. In our case, both forms of tobermorite are evident in the sample.
Additionally, some unreacted WBA particles are visible on the surface.
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Figure 10. Sample PA: (a) pore structure and (b) microstructure.

In the ACS, the molarity was 6 M, and the observed pore distribution in the samples
was uneven. In the sample, pores with sizes from 0.003 to 0.03 accounted for 20% of the
total (Figure 11a,b). In the PA sample, such a size was not detected, particularly in the
G6 structure-dominated pores (0.1 to 3.5 um; 48%), which were absent. Additionally, the
amount of pores with a size of 60 to 100 um was 10%, and the amount of pores with a size
larger than 0.3 mm decreased to 13%. Higher ACS molarity leads to faster geopolymer gel
formation [1,84], resulting in smaller pores. The average pore size was 2.2 um. The sample
structure was compact and dense, consisting of a gel phase, some unreacted particles, and
several pores in the matrix. The same observations are presented in the literature [85].

The distribution of pores in sample G4 was less consistent across volumes (Figure 12a).
The overall number of smaller pores (0.003 to 0.07 um) was 27% higher than in the G6
sample. In the structure, pores with a size of 0.3 to 3.5 um (39%) dominated. The pores
with sizes 10 to 300 pm occupied (15.7%) and pores with sizes larger than 300 pm occupied
(14.1%), which was caused by less viscous paste and the entrainment of larger air bubbles
in the paste during mixing. The average pore size was 3.4 um. The structure of the sample
was less compact than the G6 sample structure. The same gel phase and some unreacted
particles were observed. Many small pores existed in the sample structure. Such pores
most likely formed during sample synthesis, as water vapor escaped from the sample
structure [86].
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Figure 11. Sample G6: (a) pore structure and (b) microstructure.
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Figure 12. Sample G4: (a) pore structure and (b) microstructure.

The sample GPA structure presented with three main pore size distributions. The
first peak belonged to pores with sizes 0.003 to 0.07 pm, accounting for 14% (Figure 13).
The second had pores 0.3 to 3.5 um in size, accounting for 29%. The third peak was
observed in pores 30-330 pum, accounting for 36%. The average pore size was 20.6 um. The
sample structure was not compact, consisting of a gel phase and plate-like tobermorite [87].
However, different pore sizes were present in the sample structure, which can form during
both component mixing and the synthesis process due to water evaporation.
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Figure 13. Sample GPA: (a) pore structure and (b) microstructure.

3.4. Mechanical Properties

Porosity, water absorption, and mechanical strength are related. The sample PA
compressive strength was 2.04 MPa. According to one study [87], autoclaved aerated
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concrete with fly ash replacing quartz sand can have a compressive strength of 2-2.5 MPa.
The pozzolanic activity of fly ash increases the tobermorite formation in autoclaved aerated
concrete. The bulk density of foamed geopolymers is critical and strongly correlated to the
compressive strength [41]. The mechanical properties of geopolymers were determined
after curing at 80 °C and aging for 28 days. During the production of foamed geopolymers,
the bulk density is mainly controlled by the gas-foaming rate and the specific gravity of
the constituent materials [88]. The specific gravity of the component substances and the
gas-foaming speed are the primary factors influencing the bulk density throughout the
manufacturing of foamed geopolymers.

We can see that higher ACS concentrations in the pastes result in higher compressive
strengths in the specimens after 28 days (Figure 14). Such tendencies are also concluded
in [83]. When foamed geopolymers are 505 kg/m?3, the compressive strength reaches
1.6 MPa [41]. For 1100 kg/m?3, the compressive strength is 2.9 MPa; for higher densities
(13001500 kg/m?3), it is 3.6—4.2 MPa. According to research [89], higher NaOH molarity
results in higher compressive strength than lower molarity. The compressive strength data
on the 28th day showed the biggest growth, reaching 10%. The samples’ compressive
strength drops by 19% as the molarity of ACS drops. The literature [90,91] confirms similar
findings, demonstrating that AAM strength increases with increasing ACS molarity. An
increase in the Na/Al ratio in metakaolin-based AAM can accelerate polymerization and
increase the compressive and flexural strengths of the samples, as reported by Ref. [92].
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Figure 14. Mechanical property changes in the samples, depending on composition.

A higher concentration of NaOH in a solution reduces insoluble metakaolin residues
and improves the compressive strength of the prepared AAM specimens [93]. In GPA
samples, the addition of lower-density PAs reduces compressive strength by up to 38%
compared to G4 samples. However, this value is sufficiently high and can ensure the
mechanical strength of adsorbents [1].

We can see that mechanical properties correlate with porosity and structure develop-
ment research, which shows that lower ACS increases porosity and decreases compressive
strength. The porous geopolymers prepared using ACS at different molarities exhibit
strengths ranging from 8 to 6.5 MPa. Such properties enable the use of the porous geopoly-
mers created to serve as structural, lightweight components in building enclosures.

The employment of PA in geopolymers enables the manufacture of materials with
sufficiently high strength up to 4 MPa, but not sufficient for construction needs. Thus, the
use of this type of geopolymer as an adsorbent is promising.
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3.5. XRD Test

The mineral composition of the PA sample was evaluated using XRD analysis
(Figure 15). According to test results, the PA is mostly composed of 1.13 nm tobermorite,
quartz, and dicalcium silicate. The basic reaction in aerated concrete is CaO from quicklime
reacting with silica to form 1.13 nm tobermorite. It is known that the minerals of the
tobermorite group determine the mechanical properties of aerated concrete [94]. The WBA,
which is mainly quartz, also participates in the formation of tobermorite [59]. As reported
in the research, replacing quartz sand with bottom ash increased tobermorite formation.

Intensity (a.u.)

10 20 30 40 50 60
2Theta (degrees)

Figure 15. PA sample XRD analysis (CSH: tobermorite, Q: quartz, D: dicalcium silicate).

The mineral composition of specimens G6 and G4 with 6M and 4M ACS was evaluated
by XRD analysis after storing at 80 °C (Figure 16). According to XRD data, both G6 and
G4 samples include the same crystalline phases: quartz (SiO;), which appeared from
raw metakaolin [95], N-A-S-H, which appeared while metakaolin was being activated,
and hydroxide sodalite (1.08NayO-Al,03-1.685i0,-1.8H,0), which belongs to the sodalite
group of zeolites. Higher ACS molarity in the samples resulted in higher hydroxide
sodalite crystallization rates, which are by-products of the geopolymerization reaction. The
hydroxide sodalite diffraction peak intensities in G6 samples are higher than in the G4
samples. Additionally, the quartz diffraction peak intensity is noticeably lower in the G6
samples than in the G4 samples. N-A-S-H formation during the alkali activation process is
characterized by a shift to higher degrees of halo at 10-30 2Theta (degrees), indicating an
amorphous phase in the raw materials [96,97]. These investigations support the findings of
the compressive strength test and show that a larger ACS molarity in the mixes can have a
substantial impact on mineral creation and, in turn, the samples” mechanical and physical
characteristics.

3.6. Sorption Test

Figure 17 presents the results of research into the removal of phosphate from wastew-
ater using various adsorbents. The quantity of phosphate elimination was almost 97% at
a phosphate loading of 7.3 mg/L on GPA, while it reached just 82.5% for PA during the
first hour.

It is challenging to remove phosphorus from less-polluted wastewater. For example, a
coagulant for phosphorus removal from municipal wastewater reduced phosphate loading
from 34 mg/L to 1.98 mg/L after 1 h of testing. In our case, there is an opportunity to
reduce the phosphate loading from 7.3 mg/L to 0.2 mg/L over the same test duration [98].
As reported in the literature [99], phosphate adsorption by biofuel fly ash increased rapidly
at the onset of sorption and reached saturation within 2 h. The explanation of this behavior
is as follows: in the composition of biofuel fly ash, alkali oxides, such as K,O and Na;O, are
readily dissolved and raise the solution’s pH throughout the adsorption process [100,101].
It is believed that the rise in pH that results from the dissolution of these oxides improves
the adsorption of phosphate by biofuel fly ash [102].
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Figure 17. PO, sorption in different composition samples.
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In our case, all adsorbents increased the pH of the filtered wastewater from 7.7 to 8.7.
According to the Lithuanian Republic Wastewater Management Regulation, wastewater
may be discharged into the natural environment only when its pH is within the range of
6.5-8.5. However, this applies to regular (frequent) discharges, i.e., when more than 10% of
the total wastewater volume is discharged within one hour. Instantaneous pH values in the
range of 8.4-10 are permitted when the discharge duration within one hour does not exceed
6 min. When tertiary treatment (using the sorbents investigated in this study) is applied in
individual treatment units, the Regulation’s requirements would be met. Compared with a
commercial phosphorus retention sorbent (Filtralite P), our investigated sorbents exhibited
higher phosphorus removal efficiency, while pH remained similar [103].

For the G4 adsorbent, phosphate removal was 88.4%. The produced geopolymers,
consisting of fly ash and metakaolin, show adsorption efficiencies of 20-30% over 2 h,
increasing to 30-50% over 3—4 h [49,104]. Zeolites show greater effectiveness in phosphorus
removal, as modified natural zeolites achieved the same efficiency (62-85%) in phosphate
removal [105]. It is evident that phosphate removal rates are fast, and equilibrium is
reached in 3-3.5 h for all adsorbents.

In summary, all materials effectively removed phosphorus from phosphates in biologi-
cally treated wastewater: G4 efficiency ranged from 88.4 to 72.2%, PA from 82.5 to 61.8%,
and GPA from 93 to 97%.

Standard water treatment techniques, such as flocculation and coagulation, struggle
to remove nitrate, a stable, highly soluble ion. The most popular technique for eliminating
nitrate from water is ion exchange. In order to exchange nitrate ions for chloride ions
until the resin is depleted, nitrate-loaded water is passed through a bed of strong-base
anion-exchange resins. The highest nitrate retention capacity (13.01 mg/g) was achieved
using Relite A490 resin [106].

The removal of NO3 from wastewater using the aforementioned adsorbents is shown
in Figure 18. The NOj removal with the tested adsorbents is much lower than that for
phosphorus removal. For the GPA adsorbent, NO3 removal was 16.7% at NO3 loadings of
24 mg/L, and for the PA, it was less than 0.01% during the first hour. For the G4 adsorbent,
NOj3 removal was 10.8% at the same time. It is evident that the NO3; removal rate is slow,
and equilibrium is reached in 2 h for all adsorbents. As reported in the literature [107],
NOj3 removal is a complex process. In the best adsorbent composition (enriched zeolite), a
removal of total nitrogen of 10.91 + 4.23 mg N/L was achieved.

30

(] [
(=)} (o]
1 1

(]
o+
e
s
= 1
\p Y
. ]
3T
1
1
OO0

o
1

1]

Concentration (mg/L)

20 7 % i i i
/ Initial
184 G4
164 PA
GPA
14 25758477
0.5 1 1.5 2 2.5 3 3.5

Time (h)

Figure 18. NOj sorption in different composition samples.
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Another study [108,109] shows that using biological carriers carried into the carbon-
limited anoxic zone reduced NO3 emissions from 5.20 £ 2.71 to 0.82 £ 0.37 g-N/ (m3-d).

Generally, it can be concluded that nitrate nitrogen removal from the tested wastewater
was insignificant, and the efficiency of the used adsorbents was low (Figure 18). It is
concluded that none of the tested adsorbents reduced nitrate concentrations in filtered
wastewater. There may be several reasons for this. As noted in the literature [110], higher
Si/ Al ratios (above 2) decrease the concentration of negatively charged aluminate sites
([AI0*]7) available for anion exchange, thereby lowering NO;~ sorption capacity via
surface complexation. Anions such as nitrate and nitrite may form coordination bonds or
electrostatic interactions with hydroxyl groups on the surface (e.g., -Al-OH and -Si-OH).
Increasing porosity positively affects diffusion by reducing the number of Al sites, which
are crucial for binding anions such as nitrate [111].

On the other hand, as the filtration columns operate for a longer period, bacteria
accumulate in their fillings, forming a film. Bacteria accumulate in the columns from
filtered wastewater, i.e., the activated sludge microorganisms remaining after biological
treatment. Since the column fillings are submerged, the bacteria carry out nitrate respiration
(denitrification); thus, the concentrations of nitrate nitrogen (NO3-N) and nitrite nitrogen
(NO»,-N) in the filtered wastewater decrease.

The removal of NH4-N from wastewater using the aforementioned adsorbents is
shown in Figure 19. The amount of NH4-N removal was almost 96.1% at an NH4-N
loading of 6.22 mg/L on GPA after 0.5 h. For both, PA and G4 removal was 92.9% during
the first 0.5 h. Particularly in high-porosity materials, nitrogen species physically diffuse
into the geopolymer’s pores and become trapped. In our case, GPA samples exhibit
higher porosity and a greater abundance of 10-300 pm pores, which can lead to higher
adsorption properties.

Concentration (mg/L)

Time (h)

Figure 19. NH, sorption in different composition samples.

Research has shown that by introducing the flow electrode after 60 min of procedure,
the elimination of NHy4* for synthetic zeolite, NaCl-zeolite, and EDTA-2Na-based zeolite
was achieved >80%, although the elimination of Na* was approximately twenty percent
(23.84%, 20.2%, and 22.64%) [112]. EDTA-2Na is an exceptional Na salt, and the EDTA
anion may form a complex with metal cations [112,113]. Zeolites treated with EDTA-2Na
have been the subject of numerous previous investigations. Through ion exchange with
exchangeable cations like Ca?* in the zeolite, it was discovered that the protonated N atoms
in EDTA improve the adsorption of EDTA on the zeolite surface [114]. Additionally, by
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extracting Al from zeolite while preserving crystallinity, EDTA anions can create additional
pores. Pristine Na-P1 zeolite has an ion-exchange capability of 470 meq NH;* /100 g [115].

In addition, alkali concentration significantly affects ion-exchange capacity values.
The greatest ion-exchange capacity requires an alkali activator quantity of 15% [116]. Over
the next 3 h, the initial wastewater NH4-N concentration decreased from 6.22 to 4.3 mg/L.
The main decrease in the initial wastewater NH4-N concentration occurred after 2 h, when
it dropped to 4.6 mg/L. All three tested adsorbents removed ammonium nitrogen from
wastewater for a while (2 h), with GPA effectiveness of 59%, PA effectiveness of 26.1%, and
G4 effectiveness of 13%.

This behavior can be attributed to the rapid occupation of easily accessible surface
and near-surface adsorption sites during the initial stage, followed by partial desorption
and re-equilibration of ammonium ions as the system approached adsorption—-desorption
equilibrium. Additionally, the limited availability of high-affinity sites and competition
effects within the pore structure may contribute to the observed decrease in apparent
removal efficiency over time. During 3.5 h of filtration, the NH4-N concentration in the
filtrates of columns filled with G4 and PA changed slightly. GPA turned out to be a more
effective adsorbent for removing ammonium nitrogen from water: after 3 h of filtration, its
NH;4-N retention efficiency was 40%.

The presence of the created zeolitic hydroxide sodalite structure also enhances sorption
properties. Geopolymers act like zeolites, adsorbing NH,* via ion exchange: the negatively
charged AlO,/SiO4 framework captures the positively charged ammonium ions, which
are balanced by alkali cations from the activator. According to the literature, lower Si/ Al
ratios, as in cases G6, G5, and G4 (1.51, 1.46, 1.41), should lead to more AlOy tetrahedra,
resulting in a higher negative charge density and, consequently, more cation-exchange sites
for NH4*. However, in our case, the most effective adsorption properties are observed for
GPA composition with a Si/ Al ratio of 4.75, possibly due to a high porous aggregate pore
volume and a high specific surface area.

Created zeolites reduce the concentration of NH4-N in water due to their special
crystalline structure, which acts as an ion-exchange sieve, selectively absorbing ammonium
ions from water into their pores and replacing them with other ions, such as Na ions.
Further study of the produced adsorbents will allow them to be modified in the future
to improve their mechanical and durability properties, as well as water absorption and
porosity [117].

Given the costs and technological limitations, producing foamed geopolymers poses
several challenges. Although the production of geopolymers reduces the CO, footprint
compared to OPC, they are flexible in the use of waste materials, but they also have
drawbacks, such as high curing temperatures, limited design codes, and expensive ac-
tivators [118-120]. Conventional geopolymer curing often requires high temperatures
(60-80 °C), which increases energy costs. However, the practical value of this work lies
in the creation of a foamed geopolymer suitable for treating polluted waters. The need
for such adsorbents worldwide is great, and the proposed production method is simple
and easily replicable. This means that in the future, synthesis can be scaled up and costs
will decrease.

There are several ways to regenerate the adsorbent. The adsorbent created, saturated
with phosphorus and other compounds, should be regenerated or further used in accor-
dance with the principles of the circular economy. The cleaning process for adsorbents is
usually very expensive, as it may require solvent rinsing, heating, electrochemical, ultra-
sonic, or plasma treatment, which can be selected based on the adsorbent and contaminant
properties [121]. The best possible solution is to use the contaminated adsorbent directly
without additional treatment. The use of adsorbents in agriculture, as fertilizers, could
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be considered. However, such a solution requires extensive additional research, which is

planned for the future.

4. Conclusions

1.

The study of MK-based foamed geopolymers shows that using an air-entraining
admixture and different-molarity ACS allows the creation of lightweight geopolymers
with densities of 1360~1400 kg/m?>, compressive strength of 6.5-8.0 MPa, apparent
porosity of 35.0-38.4%, and water absorption of 16.9-18.7%.

During the geopolymer sintering, the structure develops more quickly in foamed sam-
ples with greater ACS molarity in the MK-based geopolymer. Following geopolymer
synthesis at 80 °C, the foamed samples’ density and compressive strength increased
with increasing MK-based geopolymer ACS molarity, whereas apparent porosity
decreased.

Reducing the ACS molarity and raising the Al;O3/NayO and Al,O3/SiO; ratios
in the compositions, respectively, results in a nearly 20% decrease in the samples’
compressive strength and an increase in apparent porosity due to the development
of hydroxide sodalite, a synthesis product. However, decreasing the ACS molarity
increases water adsorption. An increased ACS molarity in the composition results
in a more intense geopolymerization and the development of a greater amount of
reaction product hydroxide sodalite. XRD results validate the compressive strength
test results.

Compared to sample G4, a higher molarity of ACS in the G6 sample led to the
formation of a lower (up to 27%) amount of smaller pores (0.003 to 0.07 pm) and a
higher amount (up to 20%) of pores with sizes 0.3 to 3.5 pm and coarser than 10 pm.
The greater formation of pores with sizes of 0.3 to 3.5 um at a lower molarity of the
activator (4M) led to its selection for further studies on the development of lightweight
composites with a PA.

The research conducted for porous material hydrothermal synthesis revealed that
WBA can replace the use of sand in the composition without degrading the main
properties of the material. Using WBA as the raw material, a porous material with
a density of 610 kg/m?3, a compressive strength of 2 MPa, an apparent porosity of
65%, and a water adsorption of 35% was obtained. Pores occupy the most significant
percentage of the porous material PA, with diameters ranging from 60 to 350 um (45%)
and higher than 0.3 mm (26%)—pores with diameters ranging from 0.01 to 0.1 um
occupied (28.5%) of PA. Synthesized by hydrothermal treatment, porous material can
be used alone and in geopolymer composition for sorption purposes.

By utilizing PA as a porous filler in geopolymer composition, a lightweight geopoly-
mer material with a density of 985 kg/m3, compressive strength of 3.9 MPa, apparent
porosity of 42.0%, and water absorption of 33.2% was obtained. The sample GPA
structure is presented with three principal pore size distributions. The most significant
percentage of pores in the lightweight geopolymer material GPA is occupied by pores
with diameters ranging from 30 to 330 pm, accounting for 36%. Pores with a size of
0.3 to 3.5 um occupied 29%, and pores with a size of 0.003 to 0.07 um occupied 14%.
Due to a significant decrease in the Al,O3/CaO ratio to 0.15, Al,O3/SiO; ratio to
0.21, and Al,O3/Na,O ratio to 0.23 in the GPA composition, the geopolymerization
reaction and the formation of the reaction product, are reduced. However, the phase
composition of the GPA sample contents includes both a geopolymeric matrix and
PA minerals, such as quartz and 1.13 nm tobermorite. The combination of hydroxide
sodalite, 1.13 nm tobermorite, and newly formed sodium aluminum silicate hydrate
ensures sufficient mechanical properties at a low GPA density.
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7. This research demonstrated that porous material synthesized by hydrothermal treat-
ment can be used in geopolymer technology for the development of lightweight
adsorbents. In summary, by incorporating AEA and PA into the composition, geopoly-
mers with high phosphorus adsorption capacity were produced. All created materials
effectively removed phosphorus from biologically treated wastewater: G4 had an
efficiency of 88.4-72.2%, PA had an efficiency of 82.5-61.8%, and GPA had an efficiency
of 93-97%. The greater percentage of pores in the 0.3-3.5 um size range in the G4
sample matrix resulted in better sorption properties in the G4 and GPA samples. The
created porous material, PA, improved phosphorus uptake efficiency. The investiga-
tion revealed that adsorption duration affects the adsorption capacity for ammonium
nitrogen. All three tested adsorbents removed ammonium nitrogen effectively from
the wastewater for 2 h, but the adsorption capacity of G4 and PA did not change
significantly thereafter. GPA proved to be a more effective adsorbent for removing
ammonium nitrogen from wastewater: after 3.5 h of filtration, the retention efficiency
was 40%.

8. By encouraging the reuse of industrial by-products, lowering dependency on tradi-
tional Portland cement-based materials, and facilitating effective phosphorus removal
from treated wastewater, the developed ash-derived lightweight geopolymer adsor-
bents help achieve sustainability goals while also aiding in eutrophication control and
circular nutrient management. By facilitating the removal of nutrients from wastew-
ater and encouraging the reuse of industrial by-products, the suggested strategy
supports the UN Sustainable Development Goals (SDGs 6 and 12).
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