
 
 

Delft University of Technology

Alkali-Activated Foams Coated with Colloidal Ag for Point-of-Use Water Disinfection

Bhuyan, Mohammad Amzad Hossain; Karkman, Antti; Prokkola, Hanna; Chen, Boyu; Perumal,
Priyadharshini; Luukkonen, Tero
DOI
10.1021/acsestwater.3c00711
Publication date
2024
Document Version
Final published version
Published in
ACS ES and T Water

Citation (APA)
Bhuyan, M. A. H., Karkman, A., Prokkola, H., Chen, B., Perumal, P., & Luukkonen, T. (2024). Alkali-
Activated Foams Coated with Colloidal Ag for Point-of-Use Water Disinfection. ACS ES and T Water, 4(2),
687-697. https://doi.org/10.1021/acsestwater.3c00711

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1021/acsestwater.3c00711
https://doi.org/10.1021/acsestwater.3c00711


Alkali-Activated Foams Coated with Colloidal Ag for Point-of-Use
Water Disinfection
Mohammad Amzad Hossain Bhuyan, Antti Karkman, Hanna Prokkola, Boyu Chen,
Priyadharshini Perumal, and Tero Luukkonen*

Cite This: ACS EST Water 2024, 4, 687−697 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Alkali-activated foams are ceramic-like materials
prepared at near-ambient temperature. This study investigates
them for point-of-use water disinfection, thus providing an
alternative to ceramic filters fired at a high temperature. Alkali-
activated foams with different compositions were characterized for
the porosity, mechanical strength, shrinkage, and microstructure.
The optimized foam, employing metakaolin as the raw material,
was coated with a colloidal Ag solution. The disinfection
performance and leaching behavior of the foams was followed in
a continuous 10 week experiment, where clean water with a weekly
pulse of contaminated water was distributed through the foam. The
average inactivation of Escherichia coli with the Ag-coated foam was
2.84 log10, which was 1.27 units higher compared to foam without Ag. A quantitative polymerase chain reaction analysis and
metagenomic sequencing verified that foams with and without Ag were both capable of reducing the microbial load. Furthermore,
the changes induced by the foam with Ag on the microbial community composition, antibiotic resistome, and metal and biocide
resistomes were significant. The leached concentrations of Ag, Na, Si, and Al were in accordance with the drinking water guidelines.
Finally, a life cycle assessment indicated the possibility of reducing the global warming potential and the total embodied energy in
comparison with a conventional ceramic filter.
KEYWORDS: alkali-activated materials, geopolymers, point-of-use water treatment, water disinfection, water supply

1. INTRODUCTION
Safe drinking water is a key part of the United Nations
sustainable development goal no. 6 (Ensure availability and
sustainable management of water and sanitation for all).
Specifically, the presence of pathogenic microbes in drinking
water is of great concern regarding health.1 Globally, almost
200 million people do not have adequate access to safe
drinking water.1 In this context, point-of-use (POU) drinking
water treatment using Ag-coated ceramic filters in households
has become an important practice in developing countries.2

Ceramic filters can remove or inactivate bacteria, protozoa,
and, to a limited extent, viruses.2−6 These filters are
manufactured using locally available raw materials (i.e., clay
and organic combustible materials) with added Ag and are
cost-effective in comparison with a centralized water treat-
ment.7,8 However, there are some issues associated with
ceramic filters, including difficulties in maintaining a high flow
rate over an extended service period, insufficient removal of
diverse water pollutants (e.g., toxic metals), and the need for
firing (at up to ∼1000 °C for several hours). The firing may
cause smog and particulate matter emissions, especially when
using low-quality fuels in firing kilns.7−9 To address these
issues, ceramic POU filters have been further developed

recently by replacing Ag with La(III) to improve bacteria and
virus inactivation.10−12 On the other hand, the flow rate in
such filters can be improved by carefully selecting a
combustible organic material, such as recycled paper fiber,
which has shown promising performance.13

Alkali-activated materials (AAMs), including their subgroup
“geopolymers,” could provide an alternative to conventional
ceramic filters with potential benefits arising from their low-
temperature manufacturing process. AAMs are amorphous
aluminosilicates consisting of cross-linked chains or 3D
networks of tetrahedral AlO4 and SiO4 and charge-balancing
cations such as Na+.14,15 A wide range of materials, such as fly
and bottom ashes, calcined clay minerals, or metallurgical slags
with soluble Si and Al at alkaline conditions, can be used as
precursors in the preparation of AAMs.16 Depending on their
composition and preparation method, AAMs can exhibit low
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environmental footprint, cation exchange capacity, high water
permeability, and mesoporous structure.17−20 Highly porous
alkali-activated foams (AAFs) can be fabricated using the
direct foaming method, where a blowing agent (such as H2O2)
and a surfactant are added to fresh-state paste, resulting in pore
structure formation. Although the application of AAFs to
wastewater treatment as adsorbents has been widely
studied,21−25 their application to water disinfection has
received less attention. Antimicrobial properties can be
introduced to AAMs, for example, by the ion exchange of
charge-balancing cations (e.g., Na+) with Ag+.26 Also, it was
recently reported that a composite AAM structure with
bentonite containing Ag nanoparticles can be successfully
used in water disinfection. However, its disinfection efficiency
decreases quickly.14

In this study, AAFs were prepared using the direct foaming
method and functionalized by applying a colloidal silver
solution on their surface. The most promising foam sample
was studied as a POU water disinfection filter. The objectives
of this study are to (i) prepare and optimize AAFs representing
typical high-, low-, and medium-Ca gel compositions using
blast furnace slag, metakaolin, or a mixture of these two,
respectively, and compare their properties (i.e., mechanical
strength, porosity, and microstructure), (ii) characterize the
performance of the optimized foam sample after modifying the
colloidal Ag in Escherichia coli (E. coli) inactivation, and (iii)
investigate how the bacterial abundance and microbiome
composition are altered by AAFs with and without Ag using a
quantitative polymerase chain reaction (qPCR) analysis and
metagenomic sequencing, and (iv) evaluate the environmental
sustainability of AAFs in comparison to that achieved by
ceramic filters by conducting a life cycle assessment (LCA).

2. METHODS AND MATERIALS
2.1. Materials and Chemicals. Metakaolin (MK) and

blast furnace slag (BFS) were used as the aluminosilicate
precursors. Details of the composition of MK and BFS are
provided in the Supporting Information. A mixture of sodium
silicate solution (7.5−8.5 weight-% Na2O and 25.5−28.5%
SiO2, Merck) and sodium hydroxide pellets (98.7%, VWR) was
used as an alkali-activator solution with a molar ratio of SiO2/
Na2O ≈ 1.2. H2O2 (30%, VWR, w/v) and sodium dodecyl
sulfate (SDS) (10% aqueous solution, Merck) were used as a
blowing agent and a surfactant, respectively, in the foam
preparation using the direct foaming method. Acetic acid was
used to neutralize the residual alkalinity in the pore solution of
the foam. The foam was coated with colloidal Ag solution
obtained from Argenol Laboratories (Spain).
2.2. Preparation of Foam Samples and Ag Applica-

tion. Three types of AAFs, using BFS, MK, or a mixture of
BFS and MK as precursors, were prepared by applying the
direct foaming method.27 The weight ratios of the raw
materials are shown in Table S1 in Supporting Information.
To achieve a constant headwater permeability coefficient
comparable to that of conventional ceramic filters (i.e.,
∼0.0037 cm/s),28 the amount of H2O2 solution was varied,
as shown in Table S1. Based on the amount of H2O2 used,
AAFs are labeled as BFS-1, BFS-2, BFS-3, MK-1, MK-2, MK-3,
MK-4, BFS-MK-1, BFS-MK-2, BFS-MK-3, and BFS-MK-4.
The foam samples were characterized by compressive strength,
flexural strength, and shrinkage, and details of processes are
discussed in Supporting Information.

The pore solution of the optimized AAF sample (i.e., MK-1
in Table S1) was neutralized by distributing 2 L of 0.1 M acetic
acid with a flow rate of 1 L/h through the sample, followed by
deionized water flushing. Thirty mL of a colloidal Ag solution
(800 ppm) was applied to the optimized AAF sample using a
peristaltic pump to fill the pore space.29 Then, the sample was
left to stand at room temperature for approximately 17 h. Next,
the sample was flushed using 0.5 L of deionized water and used
in the disinfection experiment. A diagram of the preparation of
the foam samples and Ag application is shown in Figure S1
(Supporting Information).
2.3. Disinfection Experiment. A disinfection experiment

was conducted to evaluate the mechanical durability, leaching
of ions, and disinfection performance of the foam samples over
a 10 week period. On a daily basis, 5 L of deionized water were
distributed through the foam samples (⌀ = 4.3 cm, height =
10.2 cm) with or without Ag using a peristaltic pump (flow
rate: 1 L/h). Thus, the empty bed contact time was ∼9 min. A
diagram about the experimental setup is shown in Figure S2
(Supporting Information). A daily sample of deionized water
obtained after filtration was collected and analyzed for Ag, Si,
Al, and Na using XSeries II ICP−MS (Thermo Fisher
Scientific), according to the ISO 17294-2:2016 (ISO, 2016)
standard.30 Also, its pH was measured using a Hach HQ11d/
PHC10101. Each day, after 5 L of deionized water was
pumped, the pump was stopped and the water was allowed to
stand in the foam until the next day. Once per week, a 1 L
pulse of tertiary-treated nondisinfected municipal wastewater
(collected weekly from the Taskila wastewater treatment plant,
Oulu, Finland, for which the process has been described in ref
14) was distributed through the foam samples. A duplicate
sample of wastewater was collected before and after filtration in
sterilized plastic containers and analyzed for E. coli, according
to the ISO 9308-1 (ISO, 2014) standard.31 The samples were
preserved at ≤4 °C, and the analysis was initiated within 24 h
of sampling. Foam samples were further analyzed before and
after the disinfection experiment by using a field emission
scanning electron microscope (FESEM) and X-ray photo-
electron spectroscopy (XPS). XPS spectra can be found in the
Supporting Information. The wastewater samples used in the
experiment were assessed for absorbance at 256 nm, total
solids, total organic carbon (TOC), seven-day biological
oxygen demand (BOD7), and turbidity within 2 h of sampling
(Table S2). Details are provided in the Supporting
Information.
2.4. DNA Extraction, qPCR, and Metagenomic

Sequencing. 200 mL of wastewater were collected before
and after POU filtration and filtered through a 0.2 μm tract-
etched membrane (Whatman). The filter papers were
preserved in a freezer at −10 °C until DNA extraction. DNA
was extracted from the filtration membranes using a DNeasy
PowerWater kit (Qiagen) according to the manufacturer
protocol. Bacterial 16S rRNA gene copy numbers were
quantified using qPCR and primers pA and 358R.32,33 A
standard curve for qPCR was constructed using a 10-fold
dilution series of linearized pUC57 plasmid DNA containing a
1542-bp fragment of E. coli 16S rRNA gene.34 All qPCR
reactions were run in triplicate on a 96-well plate using a
QuantStudio 3 System (Thermo Fisher Scientific). The mean
and standard deviation of the technical replicates were used in
all of the further analyses. Metagenomic sequencing was
conducted for all samples. For a detailed description of the
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qPCR and metagenomic sequencing, see text in Supporting
Information.
2.5. Bioinformatic Analysis. Sequencing adapters were

trimmed using Cutadapt v.3.5.35 The microbial community
composition was analyzed using MetaPhlAn v.4.0.3.36 Anti-
biotic resistance genes (ARGs) were annotated by mapping
reads against the ResFinder database v.2.0.037 using Bowtie
v.2.4.438 and Samtools v.1.16.1.39 Metal and biocide resistance
genes (MBRGs) were annotated using Diamond v. 2.0.1540

and the BacMet2 database.41

2.6. Statistical Analysis. All statistical analyses were
conducted using R v. 4.2.2.42 The 16S rRNA gene
quantification with qPCR was used as a proxy for bacterial
abundance in the samples and for calculating the absolute
abundance of features. The difference between bacterial counts
between wastewater and the two filtrates was tested by
employing a linear mixed-effect model using function lmer
from lme4 v.1.1-31.43 The counts were log-transformed. The
sampling week was used as a random effect, and the sample
type was used as a fixed effect. For a pairwise comparison,
Tukey’s posthoc test was performed using function glht from
multcomp v.1.4-22.44 The changes in the community
compositions were tested by performing a permutational
multivariate analysis of variance using Euclidean distances with
function adonis2 from vegan v.2.6-4.45 The p-values were
corrected for multiple testing via the BH method using p.adjust
in stats.42 Ordinations were constructed with function cmdscale
from stats42 using Euclidean distances calculated with vegdist.45

The differential abundance of features was tested in a pairwise
manner by employing linear mixed-effect models using
function Maaslin2 from Maaslin2 v. 1.12.0.46 The results
were visualized using the ggplot2 v. 3.4.0,47 patchwork
v.1.1.2,48 and microViz v.0.10.449 packages. Only results with
a p-value <0.05 were reported as significant. For a detailed
description of the statistical methods used, see text
(Supporting Information).
2.7. Life Cycle Assessment (LCA). LCA was conducted to

compare the environmental impact of alkali-activated POU
foam samples and that of a conventional ceramic POU water
filter reported earlier.9 LCA focused on the global warming
potential (GWP) and the embodied energy (EE) due to the
lack of data provided by other indicators for rice husk ash.
LCA was performed according to the ISO 1404050 and EN
1580451 standards. The functional unit selected was 1000 g of
the POU foam/filter material. The cradle-to-gate LCA, which
only deals with the raw material supply and manufacturing
process in the production stage, was performed according to
three scenarios (Table 1). The manufacturing process
considers the thermal curing of a MK foam sample and firing
of a ceramic water filter. Scenario 1 (GP1) represents the
optimum mixture used in this study (the physical form or
composition of some raw materials was slightly changed to
match them with the database materials). Scenario 2 (GP2) is
similar, but the sodium silicate solution was replaced with rice
husk ash and sodium hydroxide. Scenario 3 (CER) represents
the typical ceramic filter raw materials and the firing process
reported earlier.7,9 For a detailed description of LCA, see the
text and Table S3 in Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Comparison of Aluminosilicate Precursors and

Optimization of the Foam Sample Porosity. To compare
the different AAF samples, their constant head water

permeability coefficient was adjusted to a value similar to
that representing the upper bound of values reported for
conventional POU ceramic filters, that is, ∼0.0037 cm/s
[Figure 1a].28 In Figure 1a, the light blue region indicates the
typical constant head water permeability coefficient range for
the conventional POU ceramic filters. The water permeability
depends on the porosity and pore structure of the material. In
AAFs, the amount of a blowing agent can be controlled (i.e.,
H2O2 in this case). H2O2 decomposes into O2 gas bubbles at
high-pH conditions of a fresh-state alkali-activated paste.18 In
addition, a surfactant prevents the escape and coalescence of
gas bubbles from the fresh-state alkali-activated paste by
reducing the surface tension of the air−paste interface (i.e.,
reducing the Laplace pressure) and stabilizing them inside the
paste.52,53 At the same time, the gas bubbles are joined
together into interconnected voids by the action of the
surfactant (i.e., SDS in this study) and eventually form the pore
structure upon hardening.18 By decreasing the amount of
H2O2, the porosity and pore sizes of the foam samples
decrease, thus, reducing the water permeability. Figure 1a
shows that the dose of H2O2 required to achieve the desired
water permeability varies depending on the foam composition.
This is probably due to the differences in alkalinity, rheology,
and setting behavior of the foam samples.54

The porosity of the POU filter materials also contributes to
the physical separation of pathogens. It has been estimated that
conventional ceramic filters can separate up to 99.97% of E. coli
without employing Ag.29,55,56 Furthermore, it has been
suggested that ceramic filters without Ag can develop biofilms
and filter cake on their surface, thus enhancing the microbe
separation.57 Based on the optimization of the H2O2 amount,
foam samples BFS-1, MK-1, and BFS-MK-1 were selected for
further investigation. From now on, foam samples BFS-1, MK-
1, and BFS-MK-1 will be referred to as BFS, MK, and BFS−
MK, respectively.
3.2. Shrinkage. Shrinkage in AAF samples when used as

filters for POU water treatment is important, because it can
lead to cracking. Shrinkage can be mitigated by decreasing the
filter dimensions or by using fiber reinforcements. Drying
shrinkage is the result of evaporation of weakly bound water
molecules, whereas autogenous shrinkage is the result of water

Table 1. Materials and Curing/Firing Process Used for the
Preparation of Alkali-Activated Foam Samples and Ceramic
POU Water Filters

material [wt ratio] metakaolin-based water filter
ceramic

water filter

scenario 1
(GP1)

scenario 2
(GP2)

scenario 3
(CER)

metakaolin 1 1
kaolinite clay 1
rice husk ash 0.33
saw dust 0.32
laterite soil 0.03
sodium silicate (solution,
SiO2/Na2O = 3.5)

1.19

NaOH pellets 0.18 0.30
silver (as 100% metal) 4.74 × 10−5 4.81 × 10−5 3.7 × 10−5

50% H2O2 6.19 × 10−3 6.18 × 10−3

surfactant (10% solution) 1.99 × 10−3 2.02 × 10−3

water 0.77 0.49
curing or firing temperature
and duration

60°C, 4 h 60°C, 4 h 800°C, 10 h
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consumption during the formation of new mineral phases such
as alkali or alkaline earth metal aluminosilicate gels.58

Therefore, shrinkage (i.e., length change) in AAFs using the
optimum H2O2 amount was studied at ambient conditions up
to the point it reached a constant value [Figure 1b]. For
example, the porosity, composition, and curing conditions of
the material affect the length change.59 The BFS-based foam
sample clearly exhibited the highest shrinkage compared to the
other two foam samples. Earlier studies that compared MK and
BFS-based AAMs have shown that in the BFS foam, water can
be lost through mesopores, causing internal capillary stress.60

This stress is higher in BFS-based AAM samples than that in
MK-based AAM samples and can contribute to a higher length
reduction (or shrinkage) in a BFS foam sample than in an MK
foam sample.60 The measured shrinkage in high- and medium-
Ca foams, BFS, and BFS−MK foams was higher than that in
low-Ca foams. These results are similar to those reported in an
earlier study.58 Based on the shrinkage results, the MK foam
was selected for disinfection and further study.
3.3. Mechanical Strength. A compressive strength in the

0.9−1.7 MPa range and a flexural strength in the 1.0−4.7 MPa
range are considered sufficient for materials intended for POU
water treatment since these values ensure integrity in operating
conditions.61−65 These values can be obtained for all mixtures
of foam samples [Figure 1c,d]. The mechanical strength of the
porous body is dependent on the pore structure. i.e., large
pores or high porosity decrease the mechanical strength.66 The
highest average compressive strength was observed in the
MK−BFS mixture (i.e., the medium-Ca mixture). The lower
porosity of BFS−MK mixture (≈58%) compared to BFS foam
(≈70%) and MK foam (≈77%) could explain this. The
differences in the gel structure, that is, the coexistence of
zeolite-like phases in the low-Ca mixture and tobermorite-like
phases in the medium-Ca mixture, were mainly responsible for
the higher compressive strength and flexural strength values of
the BFS−MK mixture compared with those of the MK and
BFS foam samples.67 Also, the average compressive strength of

the BFS foam sample was higher than that of the MK foam
sample. This difference can be explained by the more compact
microstructure of the BFS foam compared with that of the MK
foam and the presence of Ca in the BFS foam.60 Additionally,
the low compressive strength of the MK foam sample can be
attributed to its high water demand and water evaporation.60

The flexural strength follows a trend similar to that of the
compressive strength.
3.4. Disinfection Performance. 3.4.1. Enumeration of

Viable E. coli. To inactivate E. coli, the MK foam was modified
using Ag. From an XRF analysis, the Ag loading was
determined to be approximately 0.024 wt % (0.24 mg/g).
Modified and nonmodified foam samples have been referred to
as MK−Ag and MK foam samples, respectively. The
inactivation of E. coli using the MK−Ag foam sample remained
high (log10 reduction > 2.5) until the fifth week. During this
time, ∼180 L of water was treated (i.e., 1208 empty bed
volumes), of which 5 L was contaminated water and 175 L was
clean water to demonstrate the leaching stability of the filter. It
should be noted though that during the first 3 weeks, the
accurate quantification of logarithmic E. coli inactivation could
not be achieved since the E. coli enumeration results were <100
CFU/100 mL (CFU: colony-forming unit) due to reasons
related to the sample dilution. Nevertheless, the qPCR results
confirmed that the bacterial load and inactivation results
during the first 3 weeks were comparable to those in week 4
[Figure 2a]. Another important observation was the significant
variation in the wastewater E. coli amount (range: 800−
170,000 CFU/100 mL). The E. coli amount of the present
study is comparable to some contaminated river water reported
in the literature.68 By increasing the influent E. coli amount, the
log10 inactivation value also increased, indicating that the foam
was capable of coping with variable loads. The MK foam
followed a trend similar to that of MK−Ag, except that the
log10 reduction was ∼50% lower until week 7. From then on,
the E. coli inactivation using both foam samples was
approximately the same, indicating that the Ag coating was

Figure 1. (a) Effect of the amount of H2O2 on the constant headwater permeability coefficient in AAFs. The targeted value of the coefficient is
shown with the blue area in the figure: (b) comparison of length change in three different AAFs (BFS, MK, and BFS−MK) with time, (c)
comparison of compressive strength (MPa), and (d) comparison of flexural strength (MPa).
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leached out of the material (see Section 3.5), which also
happens in conventional ceramic filters. The XPS analysis of
the foam material before and after the disinfection experiment

confirmed that ∼90% of Ag was leached out of the filter. The
XPS spectrum of Ag in the MK−Ag foam sample before and
after the disinfection experiment is shown in Figure S3

Figure 2. (a) E. coli bacteria inactivation in wastewater during a 10 week disinfection experiment using MK-based geopolymer foam with and
without colloidal Ag on its surface. (*The log reduction values in the first 3 weeks were not accurately known, i.e., the E. coli enumeration results
were <100 CFU/100 mL due to reasons related to sample dilution; thus, the indicated values refer to a minimum log10 reduction.) (b) Leaching of
Ag, Na, Si, and Al obtained from the alkali-activated MK foam over a 10-week experiment. (c, d) SEM micrograph of MK-Ag foam before and after
disinfection experiment. (e) Total microbial counts, antibiotic resistance gene (ARG) counts, and metal and biocide resistance gene (MBRG)
counts in input wastewater (raw) and in MK foam-based filters with (MK−Ag) and without (MK) Ag. Counts are based on 16S rRNA gene qPCR
results.
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(Supporting Information). In the end of the 10 week
experiment, the log10 reduction values for the MK-based
foam sample with and without Ag were 0.59 and 0.40,
respectively. The disinfection efficiency could be likely revived
by reapplying the Ag colloidal solution to the foam surface
similarly as with conventional ceramic filters.69 The pH of the
wastewater pulses before and after filtration remained stable in
the 6−7 range throughout the 10 week experiment.
The E. coli inactivation using nonmodified foam probably

represents the capability of foam to physically separate
bacteria. The highest E. coli inactivation using the Ag-coated
foam was 2.84 log10 (∼99.9% removal), and that using the MK
foam without modification was 1.57 log10 (∼96% removal).
The bacterial inactivation using the Ag-coated foam was

higher than that reported in ref 14, where the log reduction
using the Ag-modified foam was up to 2.4 log10, and it
decreased after 7 h when in contact with the wastewater used
in our study. The improved performance achieved in our study
indicates that the changes in the pore structure (smaller pores)
were caused by an amount of blowing agent (H2O2) lower
than that used in previous study.14 Also, by applying the Ag
colloidal solution to the surface of the foam instead of applying
bentonite−Ag nanoparticles to the fresh-state paste during
preparation contributed to an improved and long-lasting
inactivation.
The results obtained in our study are comparable to the

log10 reduction results of E. coli (typical range: 2−5 log10
8,29,69)

obtained from a POU ceramic filter prepared at high
temperature and modified with colloidal Ag. In that case, Ag
was applied to the filter by brushing or the filter was
submerged into the colloidal Ag solution, which is essentially
a method similar to that applied here. The SEM micrographs
showed no visible differences, indicating that after 10 weeks of
conducting the disinfection experiment, the pores of the MK−
Ag foam sample were not clogged. In addition, no physical
disintegration of the foams was observed. The micrographs are
shown in Figure 2b,c.
3.5. Quantitative PCR and Metagenomic Sequencing.

To better understand how the prepared MK-based geopolymer
foams MK and MK−Ag altered the bacterial abundance and
microbiome composition, we quantified the 16S rRNA gene
using qPCR and characterized the entire microbiome
composition using short-read metagenomic sequencing. We
determined the microbial community (bacteria and archaea)
composition using metaphlan4 and annotated ARGs and
MBRGs using the ResFinder and BacMet2 databases,
respectively. As sequencing data are compositional by nature,70

we combined the 16S rRNA gene copy numbers obtained from
qPCR with the microbial abundances obtained from the
metagenomic sequencing to determine and compare the
absolute abundances of the microbial taxa in our samples.
Microbial species can have several copies of the 16S rRNA
gene, and the number of copies is, at best, an approximation of
the total abundance. However, we do not expect the average
number of copies per cell to change dramatically among the
communities in the different samples. Also, although there are
tools to correct the variation in the number of copies, these
tools rely on known genomes and often do not perform
optimally.71

The treated wastewater, which was obtained from the
Taskila wastewater treatment plant and used as input water in
this study, exhibited a varying microbial load and heteroge-
neous microbiome composition during the study. This can be

observed in the bacterial load measured using the 16S rRNA
gene quantification [Figure 2d] and in the community
composition (Figure S4, Supporting Information). In the
statistical analysis, this variation in the input water was taken
into consideration in the assessment of changes in the
microbial number of copies using linear mixed-effect models
(LMM) and considering the sampling week as a random effect.
Based on the LMM and posthoc tests, both types of foam
samples were capable of reducing the microbial load in the
input water (MK: log fold change −1.07, p-value <0.01; MK−
Ag: log fold change −1.57, p-value <0.001, Table S4 in
Supporting Information). Although MK−Ag achieved a better
reduction in the microbial load than that achieved by MK (as
measured by the 16S rRNA gene number of copies), the
microbial load was not statistically significant between the
effluents from these two types of foam (Table S4 in Supporting
Information). The reduction in the total microbial load was
less than the viable E. coli reduction presented in this study or
the reduction in intestinal enterococci using similar types of
foam reported earlier.14 As molecular methods do not
differentiate between live and dead cells and the number of
bacteria mentioned above is only a minor fraction of the total
community, which can include resilient members, this is
somewhat expected. The foam samples prepared in this study
achieved similar results in reducing the ARG and MBRG
abundances [Figure 2d and Table S4 in Supporting
Information]. The reduction effect of the foam without Ag
was insignificant only for the ARGs (log fold change of −0.84,
p-value = 0.07).
In addition to the overall reduction in the microbial load, the

MK-based foam samples changed the microbial community
composition of the input wastewater. The ordination plots
clearly showed that the community composition of the input
wastewater varied between weeks and that the change after
filtration was robust over the weeks (Figure S4 in Supporting
Information). We tested the changes in the community
composition, antibiotic resistome, and metal and biocide
resistome using a permutational multivariate analysis of
variance with permutations restricted to each week due to
the heterogeneity of the initial material. The results were in
line with those obtained for the total abundances. In all cases,
the MK-based foam sample with Ag had a significant effect on
the microbiome. The change in the community composition
was insignificant only in the case of the antibiotic resistome
and the MK foam-based filter without Ag. The microbiome
exhibited no difference in the community composition,
antibiotic resistome, or metal and biocide resistome between
the MK and MK−Ag foam samples (Table S5 and Figure S5 in
Supporting Information).
Although the MK foam-based filters reduced the overall

abundance of microbial taxa, ARGs, and MBRGs, our objective
was to identify the microbial taxa and individual resistance
genes that could be enriched during filtration. Ag resistance
genes can be found in the same genetic elements as ARGs, and
thus can be coselect for antibiotic resistance.72,73 We also
determined whether the MK foam-based samples with Ag
would select for Ag resistance genes and whether they could
have coselected for ARGs. Antibiotic resistance is of global
concern, and, especially, fecal contaminated water, such as
municipal wastewater, is rich in ARGs that can act as
dissemination routes.74,75 As expected from the total
abundance results, both MK foam-based filters reduced the
abundance of several microbial taxa and resistance genes.
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However, there was a clear increase in the abundance of
Ralstonia pickettii and Asinibacterium sp. for both types of foam.
These two taxa were not detected in the influent water but
were abundant in both filtrates (Table S6 in Supporting
Information). However, care should be taken when interpret-
ing the fold changes in these taxa, as the results were based on
pseudocounts added before the log transformation. These
bacteria have shown tolerance to high concentrations of heavy
metals and other contaminants76,77 but their abundance was
not significantly different between the filtrates, suggesting that
Ag was not the selective agent for these two taxa; rather, both
taxa were more abundant in foams without Ag than those with
Ag, although the difference was not statistically significant.
Two additional taxa were enriched, Luteibacter anthropi and
Aquabacterium sp. in the filtrates obtained from the MK foam-
based filters with and without Ag, respectively (Table S6 in
Supporting Information).
Regarding the ARGs, only two β-lactamase genes, blaOXA-

22 and blaOXA-60, were significantly enriched after the
application of the MK foam without Ag. Both genes are
chromosomally encoded oxacillinases from R. pickettii,77,78

which explains the enrichment of these ARGs. Similarly,
regarding the MBRGs, few genes were enriched due to
filtration with MK foam-based filters without Ag, and most of
these genes were related to heavy metal resistance systems and
originated from the genus Ralstonia based on BacMet
annotations. It is evident that the added Ag did not select
for Ag resistance, and hence there was no coselection for
antibiotic resistance either. The enrichment of all resistance
genes detected in this study was due to the enrichment of
specific taxa, rather than the selection of the genes themselves.
The environmental conditions related to the selection of these

specific taxa can only be speculated and further studies are
needed.
3.6. Leaching of Ag, Na, Si, and Al from Foam

Samples. The leaching of the main elements of the MK-based
foam samples, namely, Na, Si, Al, and Ag was monitored on a
daily basis until they were clearly stabilized [Figure 2e]. The
leaching was measured using deionized water, which was
distributed through the foam samples for approximately 5 h
per day. The pH of the deionized water remained unchanged
in the 8.1−8.8 range before and after distributing the deionized
water through the foam samples. The leaching levels of each
element stayed well below those recommended for drinking
water, i.e., <100 μg/L for Ag,79 <30−60 mg/L for Na to
prevent taste,79 and <0.2 mg/L for Al.80 For Si, there is no
recommended value. The leaching of Ag was less than that
reported for a ceramic filter (a disk with a 5.1 cm diameter and
a 1.5 cm thickness) coated with nano-Ag81 and Ag nano-
particle containing a ceramic water filter.56,82

3.7. Life Cycle Assessment. The GWP and EE calculated
for the MK−Ag, that is, an alkali-activated MK foam with an
alkali activator consisting of sodium silicate and sodium
hydroxide (GP1, scenario 1), a side-stream-based alkali
activator, rice husk ash, and sodium hydroxide (GP2, scenario
2), and a conventional ceramic water filter (CER, scenario 3)
are compared in Figure 3. The impact of a ceramic water filter
on the environment is mainly caused by the calcination process
(Figure 3). Compared with the ceramic filter, the alkali-
activated MK foam-based water filter prepared in scenario 1
did not decrease the GWP and EE. The use of sodium silicate
in scenario 1 dramatically increased the GWP and EE of the
MK foam sample, which is typical with AAMs.83 The GWP
and EE in scenario 2 were smaller than those in the ceramic

Figure 3. Global warming potential (GWP) and embodied energy (EE) for different types of water filter: (a) material and methodology
contribution to the GWP in kgCO2 equivalent. (b,c) EE in MJ/kg.
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filter. In this scenario, sodium silicate was replaced by rice husk
ash and sodium hydroxide.

4. CONCLUSIONS
Alkali-activated foams, which can be used as an alternative
solution to POU ceramic filters, were prepared using low-,
medium-, and high-Ca aluminosilicate precursors, namely,
metakaolin, a mixture of metakaolin and blast furnace slag, and
blast furnace slag, respectively. The amount of H2O2 was
optimized regarding porosity to obtain water permeability
similar to that of conventional ceramic filters. The obtained
compressive strength values of the optimized foam samples
were 2.99, 4.58, and 5.91 MPa for MK, BFS, and BFS−MK,
respectively. On the other hand, the obtained flexural strength
values were 1.08, 1.54, and 2.03 MPa, respectively. Shrinkage
studies showed that the BFS-based foam exhibited a higher
shrinkage compared to the other two foam samples. Based on
this observation, the MK-based foam was selected for
modification using a colloidal Ag solution. The modified
foam exhibited low leaching of Ag, Na, Si, and Al. The
inactivation of E. coli bacteria using the MK-based foam with
and without Ag was studied for 10 weeks. The inactivation
performance of both foams was promising, indicating that the
porosity of the foam significantly affects the inactivation along
with the inactivation caused by Ag. The maximum log
reduction values of the foam with and without Ag were 1.57
and 2.84, respectively. The results obtained using DNA-based
methods demonstrated the efficiency of both foams (with and
without Ag) in the reduction of the microbial community.
LCA indicated that the MK-based foam prepared with sodium
silicate does not exhibit any advantage over ceramic water
filters in terms of energy consumption and carbon footprint.
However, the replacement of sodium silicate with side-stream
rice husk ash reduced the carbon footprint below that of a
conventional ceramic water filter. The replacement of raw
materials by more readily available options would also be
important to enable the production of alkali-activated filters in
developing countries. This study demonstrated that alkali-
activated foams can be a technically and environmentally
feasible alternative solution to prepared disinfecting POU
ceramic filters.
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