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Technical Note 

Antimicrobial ceramic foam composite air filter prepared from Moroccan 
red clay, phosphate sludge waste and biopolymer 
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A B S T R A C T   

The COVID-19 pandemic has highlighted the importance of air sterilization and disinfection. Besides the regular 
cleaning and disinfection of surfaces it is at least as important to reduce the number of airborne microorganisms 
as they are known to play an important role in the spreading of different infections. 

Herein, we report a facile preparation of a porous air filter ceramic composite material, suitable for the 
effectively eliminating airborne microorganisms. The antimicrobial activity of the ceramic foam could be 
attributed to a thin chitosan biopolymer layer immobilized on the ceramic surface. Furthermore, as the ceramic 
foam was prepared on phosphate sludge waste and Moroccan red clay basis, this research opens new routes 
towards the valorization of solid industrial or mining wastes or other yet unused abundant materials, as well.   

1. Introduction 

The ongoing worldwide epidemic crisis and the emerging antibiotic 
resistance of pathogens urge the development of new disinfection 
technologies (Boldogkői et al., 2021; Abdelghafour et al., 2022). Besides 
finding the proper medications, the spotlight of related scientific 
research is shed on developing novel preventive measures meant to 
hinder the spreading of infections. Aside from the application of non- 
preferred potent biocides, such as sodium hypochlorite, most of these 
technologies use other reactive chemical species (e.g., ozone) (Borges 
et al., 2017), radiations (e.g., UV) (Tawema et al., 2016; de Oliveira 
et al., 2021), UV- light activated photocatalysts (such as TiO2) (Abdel-
ghafour et al., 2020; Boldogkői et al., 2021; Abdelghafour et al., 2022), 
noble metal nanoparticles (Noralian et al., 2021), metal salts (Parvin-
zadeh Gashti and Dehghan, 2020) and high-performance filters (HEPA) 
(Kim et al., 2021) to eliminate air- and waterborne pathogens before 
they can come in contact with the human body. 

Another preferred way can be the application of antibacterial 

polymers (Kamaruzzaman et al., 2019; Qiu et al., 2020). The antibac-
terial activity of polymers such as chitosan can be attributed to posi-
tively charged functional groups or sidechains (e.g., protonated amino 
groups), which contributes to the unfolding of bacterial membranes 
(Chung and Chen, 2008; Kamaruzzaman et al., 2019; Qiu et al., 2020). 

Besides preserving human health, the preservation of the environ-
ment is also of the highest priority; therefore, the efforts towards the 
valorization of abundant inorganic industrial waste materials show a 
globally emerging trend (Goodman, 2020; Hossain and Roy, 2020; 
Gautam et al., 2021; Wen et al., 2021). Potential examples of such 
materials are the phosphate sludge (PS) or the Moroccan red clay, which 
were previously utilized, e.g. as ingredients in ceramic membrane pro-
duction for wastewater purification (Mouiya et al., 2017; Mouiya et al., 
2018). To expand the application scope of porous phosphate sludge-clay 
(PS-clay) ceramic structures, preparation of ceramic foams would also 
be beneficial. The preferred routes of ceramic foam production are the 
different templating methods (Peng et al., 2000; Stipniece et al., 2020; 
Liu et al., 2021), that utilize sacrificial foam templates (e.g., sponges) or 
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porogenes (e.g., combustible organic materials, inorganic carbonates), 
which form pores during the firing process. The templating techniques 
offer good reproducibility and control over morphology with the 
slightest chance of foam collapse, which makes them more attractive 
than direct foaming scenarios, in which a foaming gas is bubbled 
through the ceramic suspension before drying and firing (Barg et al., 
2008; Ahmad et al., 2013; Li et al., 2014). 

To address the need for the valorization of two abundant inorganic 
materials and to achieve new options in air cleaning, we prepared 
ceramic foams on phosphate sludge and red clay basis in this work. To 
achieve structural integrity and homogeneity, an in-situ templating 
method was applied, exploiting the foam-forming capability of polyvi-
nyl alcohol (PVA) in the presence of sodium borohydride (NaBH4) 
(Nunes et al., 2016; Hall, 2019). The antimicrobial properties were 
elaborated upon coating the ceramic foams with chitosan biopolymer. 

2. Materials and methods 

2.1. Preparation of the PS-clay foams 

The used phosphate sludge-clay (PS-clay) powder mixture - which 
was kindly provided by the Condensed and environmental chemistry 
team (FSSM, UCA, Morocco) - contained 50 wt% Moroccan phosphate 
sludge and 50 wt% red Safi-clay. The major chemical composition of red 
clay given in weight percentages is the following: SiO2 (52.79%), Al2O3 
(17. 44%), Fe2O3 (5.85%) (Harech et al., 2021). The phosphate sludge is 
rich in P2O5 (16.83%) and CaO (31.44%). It also contains SiO2 
(27.48%), low quantities of Al2O3 (2.41%) and Fe2O3 (0.93%) (Harech 
et al., 2021). 

Polyvinyl alcohol (PVA) foam templates were prepared by adding 
NaBH4 (a.r., Reanal, Hungary) to 100 g/L aqueous PVA solutions (Mw =

~ 47 kDa, degree of hydrolysis: 86–89%, Nagart Ltd., Hungary) with 18 
mg NaBH4 to 3 mL PVA solution ratio. The NaBH4 was dispersed by 
vigorous stirring and the solutions were left for 1 h at room temperature 
to let the foaming of the formed crosslinked, gelous substance take place. 
To form PS-clay foams, 1.8 g of PS-clay powder mixture was added to 
each 3 mL of 100 g/L of PVA solution and thoroughly dispersed before 
the addition of the NaBH4 (18 mg NaBH4 / 3 mL PVA solution). 

The PS-clay/PVA foams were fired in an oven according to the 
following heating protocol: 250 ◦C (4 h; drying) ➔ 450 ◦C (1 h; 
annealing, decomposition of organic materials) ➔ 750 ◦C (1 h; dehy-
droxylation and calcination) ➔ 1100 ◦C (2 h; recrystallization anneal-
ing) applying 5 ◦C/ min heating rate (Mouiya et al., 2018). 

To form an electrostatically adhered antimicrobial polymer layer on 
the fired ceramics, the foams were dipped (100 g solids in 1 L dispersion) 
in 10 g/L Chitosan Medium (Chitosan-M; deacetylation degree: 75–85%; 
Sigma Aldrich) solution (containing 1 vol% acetic acid) for 24 h. The 
coated foams were then dried at 40 ◦C for 24 h. 

2.2. Methods of sample characterization 

The X-ray computed tomography (CT) analysis of the PVA foam, the 
initial PS-clay foam, and the Chitosan-M-coated PS-clay foam was per-
formed with a Multiscale X-ray nanotomograph (Skyscan 2211, Bruker), 
equipped with a CCD camera. The applied acceleration voltage was 80 
kV, while the pixel resolution was 2 μm. 

The X-ray diffractograms of the initial and fired PS-clay mixture and 
of the pulverized PS-clay foam were recorded using a Philips X-ray- 
diffractometer (XRD) with CuKα (λ = 0.1542 nm) as the radiation source 
at ambient temperature in the 2–70◦ (2Θ) range applying 0.02◦ (2Θ) 
step size. 

The surface morphology of the PVA foam, the PS-clay foam after 
firing and the PS-clay foam after adsorption of Chitosan-M were exam-
ined with a SEM − Hitachi S-4700 field emission scanning electron 
microscope (secondary electron detector, acceleration voltage: 15 kV). 
The elemental distribution was studied using a Röntec EDS detector. 

Surface charge values of the ceramic foam and Chitosan-M were 
measured by 

particle charge detector (PCD-04 Particle Charge Detector; Mütek 
Analytic GmbH, Germany) 

with manual titration. During the titration process the surface charge 
of ceramic particles in 10 mL c = 0.1 g/L aqueous suspension was 
compensated with 0.1 g/L cationic Chitosan-M solution (containing 
0.125 vol% acetic acid, pH = 4.26) and 0.01 g/L hexadecyl pyridinium 
chloride (HDPCl) solutions at 7.64 initial pH. The equimolar amounts of 
surfactant and polymer were calculated and specified to the amount of 1 
g examined specimen (eq/g). 

Thermogravimetric (TG) analysis (Mettler-Toledo TGA/SDTA 851e 
Instrument) was used to study the heat degradation of the initial PS-clay 
foam and the PS-clay foam after adsorption of cationic polymers. The 
heating rate of the sample was 5 ◦C/min from 25 to 500 ◦C in synthetic 
air atmosphere. 

During the liquid-phase TOC (Total Organic Carbon) adsorption 
experiments, 0.2 g ceramic foam was dispersed (100 g/L) in 2 mL acidic 
chitosan solutions (acetic acid) with varying concentrations (g/L; with 
the corresponding acetic acid contents in brackets): 0.625 (0.78), 1.25 
(1.56), 2.5 (3.13), 5 (6.25) and 10 (12.50). After 24 h adsorption time at 
room temperature (homogenization via continuous shaking), the liquid 
phase of the mixtures was sampled, and the adsorbed amounts of or-
ganics was determined applying the TOC method (Analytik Jena multi 
N/C 2100S TOC instrument). 

The solid-phase Total Carbon (TC) determination experiments were 
performed by the same instrument, equipped with a horizontal double 
furnace solids module. The measurements were run at 900 ◦C, applying 
10 min integration time and 36 mg portions of the coated ceramic foam. 

The FT-IR spectra of the initial PS-clay powder mixture, Chitosan-M 
powder and the pulverized ceramic foams were recorded applying a 
Jasco FT-IR 4700 instrument (Jasco Inc., Maryland, United States) in 
attenuated total reflection (ATR) mode. The measurement parameters 
were the followings: 2 cm− 1 optical resolution, 2 mm/s scanning speed, 
500–4000 cm− 1 wavenumber range. 

2.3. Antimicrobial studies 

The antimicrobial experiments were based on our previous publi-
cations (Deák et al., 2015; Tallósy et al., 2016). In our antibacterial tests 
on Chitosan-M solutions, Escherichia coli ATCC 29522 was used as test 
microorganism. During the experiments 0.1 mL portions of bacterial 
suspension with a concentration of 9.7 × 108 CFU/mL (CFU: Colony 
Forming Units) were used to inoculate Mueller-Hinton media in a Petri 
dish. Under the applied experimental conditions, the initial surface 
bacterial concentration was 1.79 × 106 CFU/cm2. Then, a dilution series 
were prepared from the initial aqueous Chitosan-M solution in the 
concentration range of 0–10 g/L. Ten microliters from each sample were 
pipetted onto the surface of the bacterial biofilm. Finally, the media 
were incubated at 37 ◦C overnight, and the minimum inhibitory con-
centration (MIC) value of Chitosan-M was determined from the size of 
the emerging inhibition zones (cm). 

The antimicrobial air-filtering effectivity of Chitosan-M-coated 
ceramic foams was studied at indoor conditions (in an office with di-
mensions of 5.5 m × 3.5 m × 3.8 m), applying two 8 cm × 5 cm × 2 cm 
foam pieces as filters, placed atop the sampling hole of an RCS PLUS air 
sampler (Bio-Test Ltd., Budapest, Hungary). Parallel experiments were 
also run without the Chitosan-M-coated ceramic foam filter. 

The air sampler was adjusted to collect 1000 L of air transmitting to 
the agar strips (Merck, Budapest, Hungary) on which the microorgan-
isms (airborne bacteria and fungi) can adhere and form visible colonies 
after an incubation time of 16 h at 37 ◦C. 

The colony forming units (CFU/m3) were counted on nutrient agar 
strips and compared to the null-point sample (initial point of the 
experiment). Three parallel experiments were carried out in each case, 
and the counts of different adhering microorganisms (CFU/m3) were 
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averaged. 

3. Results and discussion 

3.1. Preparation and physicochemical characterization of ceramic foams 

The templates of the ceramics were prepared through the direct 
crosslinking and foaming of PVA by NaBH4, as it is shown in Fig. 1. Upon 
the addition of NaBH4 to aqueous PVA solutions, borate ions form 
(crosslinking), and H2 gas evolves (foaming) (Nunes et al., 2016), while 
PVA does not undergo any chemical transformation. If PS-clay powder 
mixture is dispersed in the initial PVA solution, the foam itself acts as a 
fireable template to the final ceramic product. The resulting PS-clay 
powder-containing borate-crosslinked PVA foams were fired at 
1100 ◦C according to an already published method, previously applied 
on similar ceramics [15]. 

As the SEM- and CT-imagery in Fig. 2 show, the PVA foams have an 
open pore structure with heterogenous pore size distribution, falling 
within the 0.1–1 mm diameter-range (porosity: 93.9%). In comparison, 
the fired ceramic foams preserve a similar open structure and pore size 
range (porosity: 93.9%), which proves the excellent templating capa-
bility of the crosslinked PVA foam. Furthermore, upon the XRD analysis 
of the pulverized PS-clay foams, the characteristic major crystalline 
phases of PS-clay ceramics (Mouiya et al., 2017; Mouiya et al., 2018) 
were found in the sample (the diffractograms and their further expla-
nations can be found among the Supplementary Materials; Fig. S1), such 
as quartz (JCPDS: 46–1045), hematite (JCPDS: 86–055) and fluorapatite 
(JCPDS: 01–076-0558). 

The ceramic foams (like most oxide and phosphate ceramics (Mullet, 
1997; Nakamura et al., 2002; Árki et al., 2019)) possess a negative net 
surface charge (or point of zero charge around pH = 7), as it was proven 
by surface charge titration measurements (Fig. 3.). This means that 
positively charged molecules or particles can be electrostatically 
adsorbed on their surfaces. An ideal candidate for such experiments is 
the antibacterial chitosan (Chung and Chen, 2008; Kamaruzzaman et al., 
2019; Qiu et al., 2020), which possesses net positive charge in acidic 
media due to the protonation of its amino groups (− NH2) (Reis et al., 
2021; Sirviö et al., 2021). As Fig. 3. shows, it was shown that during 
surface charge titrations, that the positively charged chitosan can 
neutralize the negative charge (− 8,5 × 10− 6 eq/g measured with 
cationic HDPCl at pH = 7.66) excess of ceramic foam surfaces (charge 
neutrality at 1.47 mg/g; madsorbed Chit-M/mceramic foam), which indicates 
electrostatic interactions between the oppositely charged ceramic foam 
and the antibacterial macromolecules. As the result of this, electrostatic 
chitosan adsorption is preferred on the ceramic surface: the adsorbed 
amounts are displayed in Fig. S2. As it can be seen, until around ce = 5 g/ 

L equilibrium chitosan concentration, ~1.5 mg/g chitosan was adsorbed 
on the surface of ceramic foam which is in good agreement with the 
surface charge titration results (1.47 mg/g, Fig. 3.). However, further 
increasing the chitosan concentration (ce > 5 g/L) a significant increase 
can be observed on the adsorbed amount of chitosan. This multi-stage 
adsorption of polymers in porous media and its concentration depen-
dence is well- known from the literature (Al-Hajri et al., 2018) which is 
plausibly due to the entanglement of the macromolecules through their 
tails and loops (Zhang and Seright, 2013). 

The adsorbed amount of chitosan on ceramic foam was also deter-
mined via TG and solid- phase TC and TOC measurements, as well 
(Fig. S3): in the case of the adsorption from a 10 g/L (1%) Chitosan-M 
solution, the resulting coated ceramic product contained 0.9 wt% 
adsorbed polymer (9.4 mg polymer/g ceramic foam). During the ex-
amination of the dry, coated (adsorption from 10 g/L or 1% Chitosan-M 
solution) ceramic foam (solid-phase TC), the polymer content was 
calculated to be 0.30–0.36 wt% (3.0–3.7 mg polymer/g ceramic foam), 
based on the given 75–85% deacetylation degree of the product. 

Besides examining the solid product, the chitosan adsorption was 
studied via liquid-phase TOC-measurements, as well: according to this 
approach, the adsorbed amount of the polymer fell within the 0.5–5.0 
mg/g range (The determined adsorption isotherm can be found in the 
supplementary material Fig. S2), which is in good accordance with the 
solid-phase TC- or TG results, and with the results of particle charge 
titrations, as well. (Fig. 3.) 

The chitosan coverage of the surfaces was studied via EDX- 
spectroscopy (The EDX-spectra can be seen in Fig. S4). As Fig. 4. 
shows, according to the spectral analysis, the initial ceramic foam only 
consists of inorganic elements (oxygen, silicon, aluminium, and calcium 
in higher amounts), while the surface of the Chitosan-M-coated ceramic 
foam contains 15.36 at.% carbon, indicating a relatively high and ho-
mogenous surface coverage by the organic material. As the EDX mea-
surements gave a slightly different result, one must consider that EDX 
provides spectral information exclusively from the surface layer (upper 
1–2 μm), while the other determination techniques take the whole 
amount of the adsorbent into account. 

Despite they bear no quantitative information, the recorded FT-IR 
spectra (Fig. S5) also showed the presence of Chitosan-M on the 
ceramic foam surfaces, which was indicated by the high relative in-
tensity of the C–O stretching band with the maximum adsorption at 
1024 cm− 1 (Socrates, 2001). 

3.2. Antibacterial effect of ceramic foams on indoor air 

Although the antimicrobial activity of chitosan is well known from 
the literature (Fei Liu et al., 2001; Chung and Chen, 2008; 

Fig. 1. Preparation and application scheme of Chitosan-M-coated, PVA-templated antimicrobial ceramic foams.  
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Kamaruzzaman et al., 2019; Qiu et al., 2020), the reported efficiencies 
can vary with the experimental conditions (bacterial strain, inoculation 
medium etc.). According to our test results, the antimicrobial activity of 

Chitosan-M solutions was considerable only above 10 and 5 g/L (0.5–1 
mixed%) (1 mixed% = 1 g solute/0.1 L solution) of chitosan concen-
tration (Fig. 5 a), at which zones of inhibition could be observed (d =

Fig. 2. Structure of PVA-foam and fired PS-clay ceramic foam in SEM (right) and CT (left) images.  

Fig. 3. Surface charge titration curves of fired PS-clay ceramic foam titrated with cationic HDPCl surfactant solution a) and negatively charged PS-clay ceramic foam 
titrated with Chitosan-M polycation solution b). 
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Fig. 4. EDX-SEM elemental mapping (for C and Si) and the corresponding elemental composition (magnification: 1000×) of Chitosan-M-coated and initial PS-clay 
ceramic foam surfaces. 

Fig. 5. Experimental setup of antimicrobial measurements against airborne microorganisms a) inhibition zones of Chitosan-M solution (10 μL) with different 
concentrations (0–10 g/L, or 0–1 mixed%) on Escherichia coli ATCC29522 b), bacterial and fungal colonies from filtered and unfiltered air c), evaluation of the 
antimicrobial effect of the Chitosan-M-coated PS-clay foam in air d), and antibacterial susceptibility testing on surface as a function of concentration of the Chitosan- 
M solution e). 
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~0.5 mm). As Fig. 5 b) shows, the Chitosan-M-coated ceramic foams 
(coated in 10 g/L Chitosan-M) could reduce the number of colony 
forming units during air filtration experiments (illustrated in Fig. 5 c) 
from 119 ± 19 CFU/m3 to 5 ± 4 CFU/m3 indicating the desired anti-
microbial character. The obtained CFU values are comparable to those 
of similar air-filtration experimental setups in the literature, as well 
(Napoli et al., 2012). 

Despite numerous examples of antimicrobial ceramic filtration 
bodies are present in the literature, most of the attention is paid to water 
cleaning (Chaukura et al., 2020; Ferreira et al., 2021), while the air 
disinfection (Dutheil de la Rochère et al., 2019; Wang et al., 2021) and 
the utilization of waste- and abundant clay materials in such systems are 
somewhat marginalized subjects. Therefore, the presented ceramic 
composite offers a novel, greener approach towards air-cleaning. 

4. Conclusion 

Herein we reported the preparation and characterization of efficient 
antimicrobial filter material, made of Moroccan red clay, phosphate 
sludge, and biopolymers (PVA, Chitosan Medium). 

The ceramic foams were obtained through in-situ templating via the 
foaming of PVA in the presence of NaBH4 and the subsequent high- 
temperature (1100 ◦C) firing. The porous (93.90% porosity) foam 
structures were examined by SEM and X-ray micro-CT techniques, while 
the composition was studied by XRD and EDX-spectroscopy. 

According to the results of antimicrobial test, the room air, filtered 
with the ceramic foam samples, coated with ~10 mg/g (~1 mixed%) 
Chitosan-M only could produce significantly lower numbers of airborne 
bacteria and fungi (119 ± 19 CFU/m3 to 5 ± 4 CFU/m3) on the model 
inoculation medium. This highlights that we managed to fabricate an 
efficient air-cleaning porous ceramic-based nanocomposite material by 
using cheap and abundant inorganic raw materials and biopolymers in 
an easy and environmentally friendly process that successfully enables 
the valorization of phosphate sludge deposits. Besides achieving anti-
microbial character, the present selection of starting materials is in line 
with the general burgeoning interest for the development of greener and 
more cost-efficient infection prevention technologies. 

Although this paper only discusses the preparation and character-
ization of a specific type of coated foam, the scope of application and/or 
the antimicrobial efficacy could be fine-tuned by changing the porosity 
or the chitosan coverage by adjusting the preparation conditions e.g., 
crosslinker content in the templating PVA foam, different Chit-M con-
centrations during dip-coating and we suggest that these aspects should 
be thoroughly investigated. 
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Janáky, C., Duda, E., Dékány, I., 2021. Visible Light-Generated Antiviral effect on 
Plasmonic Ag-TiO2-based Reactive Nanocomposite Thin Film. Front. Bioeng. 
Biotechnol. 9 https://doi.org/10.3389/fbioe.2021.709462. 
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