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Abstract: Carbon aerogels represent a distinctive category of high surface area materials derived from
sol-gel chemistry. Functionalizing these aerogels has led to the development of composite aerogels
with the potential for a wider range of applications. In this study, the technique of lyophilization was
employed to fabricate aerogel composites consisting of inorganic salts and cellulosic fibers. Cellulose
carbonization can occur through chemical dehydration by heat treatment in an inert atmosphere.
X-ray diffraction analysis spectra and scanning electron microscopy images indicate that the formed
polymeric composites contain partially carbonized cellulose fibers, amorphous carbon, and calcium
carbonates. CaCO3 primarily forms through the reaction of CaCl2, which moistens cellulose or
amorphous carbon fibers with CO2 in ammonia fumes. The water loss in 3D structures was analyzed
using thermogravimetric analysis, Fourier Transform Infrared Spectroscopy, and ultraviolet-visible-
near-infrared spectroscopy. Depending on the synthesis method, 3D structures can be created from
partially or completely dehydrated cellulose fibers. The aerogels were examined for their ability to
support the growth of bacterial biofilm and then adorned with metal silver and AgCl to produce
bactericidal products. Due to their open pores and CaCO3 content, these aerogels can serve as durable
and environmentally friendly thermal insulators with bactericidal properties, as well as a medium
for absorbing acidic gases.

Keywords: carbon aerogel; aerogel; composite aerogel; composite foam; carbon foam; biofilm;
bactericide foam; thermal insulation; silver decorated aerogel; hydrothermal aerogel

1. Introduction

Aerogels are open-cell, 3-dimensional assemblies of organic or inorganic particles of
extremely low density and high surface area [1]. Carbon aerogels represent an intriguing
three-dimensional (3D) monolithic porous material distinguished by exceptional physico-
chemical attributes. These properties encompass low density, extensive surface area, abun-
dant pore structure, heightened electrical conductivity, chemical robustness, environmental
compatibility, modifiable surface chemistry, and adjustable structural characteristics. Car-
bon aerogels have multiple applications in environmental remediation through adsorption
and catalysis [2,3]. Such versatile attributes equip carbon aerogels with outstanding adsorp-
tion and catalytic capabilities, rendering them indispensable in environmental chemistry
applications. They find widespread utility in purging pollutants, such as oils, toxic organic
solvents, dyes, and heavy metal ions within aquatic settings, as well as volatile organic
compounds (VOCs), carbon oxide (CO2, CO), nitrogen oxide (NOx), and hydrogen sulfide
(H2S) in the atmosphere. Carbon aerogels can be obtained from the carbonization process
of organic aerogels. Previously, several organic aerogels, such as melamine–formaldehyde,
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resorcinol–formaldehyde, polyisocyanurates, polyimide, polyurethane, and polyamide
poly-benzoxazine, have been employed to synthesize nanoporous carbon networks [4,5].

Aerogels based on graphene represent a particular class of aerogels due to their large
specific surfaces, low density, and electric conductivity. Graphene oxide is commonly used
as a precursor to these. Graphene oxide is produced through the oxidation of graphite,
which introduces oxygen-containing groups (such as hydroxyl, epoxide, carbonyl, and
carboxylic acid) onto the carbon surface [6]. These functional groups on the surface offer
the opportunity for reaction with different cross-linkers (such as isocyanates), leading
to the formation of covalently bonded three-dimensional networks of graphene oxide.
Alternatively, in another method, graphene oxide undergoes hydrothermal treatment or
freeze-drying to achieve physically interconnected three-dimensional networks through
π–π interactions [7]. The acidity provided by the deprotonation of oxygenated species
in acetonitrile played a crucial role in the formation of the resorcinol–formaldehyde [8]
network; in the latter, the hydroxyl and carboxylic acid groups present in GO reacted
with aromatic tri-isocyanates to form the poly(urethane-amide) network [9,10]. In another
approach, ascorbic acid has been utilized as a reducing agent to create porous networks
of rGO.

In a similar study [11], recycled paper-based carbon material effectively removes
antibiotics from water, despite lacking a specific structure. The study suggests that this
cheap, effective method could be applied to the medical field, potentially enhancing
antibiotic adsorption.

The combination of cellulose and graphene [12] can lead to the production of aerogels
with better mechanical properties. For instance, Shruthi et al. reported the graphene oxide-
induced gelation of cellulose networks with exceptional mechanical properties [13] These
covalently or physically linked GO networks are further subjected to thermal treatment
under inert conditions to form electrically conductive rGO/graphene networks.

The researchers in [14] successfully developed a method to make aerogels from bacte-
rial cellulose with specific properties, like density, strength, and thermal insulation. These
aerogels have potential uses in various biomedical applications, such as wound dressings,
acting like antibacterial bio-composites. Gan et al. provided a concise overview of carbon
aerogel (CA) synthesis for environmental remediation, focusing on CA-based adsorption
and catalysis [15]. They discussed various drying and carbonization techniques for CAs,
along with their applications in oil/water separation, organic compound removal, CO2
capture, and catalytic degradation of pollutants.

In a recent publication, Keshavarz et al. presented a comprehensive review of aerogel
synthesis, encompassing carbon-based material aerogels, specifically for CO2 adsorp-
tion [16]. The most common methods for synthesizing aerogels include the use of super-
critical drying. Supercritical drying of wet gel with carbon dioxide prevents the delicate
lattice from collapsing while retaining the desirable physical features of high surface area
and porosity. In another study the authors [17] introduce a new method to create a special
carbon aerogel using bacteria and biomass material. This aerogel is highly compressible
and bounces back to its original shape even after repeated squishing. Organic brominated
and iodinated by-products formed during chlorination can have an impact on human
health, while ozonation by-products, such as bromate, can be carcinogenic [18].

A recent study [19] analyzed the effectiveness of carbon aerogels doped with silver in
removing bromide and iodide from natural waters. The study also investigated the influ-
ence of operating parameters and the mechanisms involved in the process, demonstrating
the use of aerogels in wastewater treatment.

Our team has demonstrated the production of silver nanowire-coated foams based on
polyurethane, which exhibit both the capability to absorb H2S from the air and the aptitude
to electrochemically activate this composite [20]. Thus, synthetic aerogels provided the
foundation for low-cost H2S sensors. We constructed a similar form of foam decorated
with silver nanowires, which were used as pressure sensors [21].
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In this new study, lyophilization was used to create aerogel composites made of
inorganic salts and cellulosic fibers. These aerogels possess open pores and CaCO3 content,
making them ideal for use as durable and environmentally friendly thermal insulators.
According to our knowledge, synthetic cellulose aerogels are the only ones in which
the carbon fiber/CaCO3 compound is formed in the hydrothermal environment by a
gas–solid reaction.

This new approach has several advantages related to the distribution of CaCO3 parti-
cles on the surface of fibers and the ability of carbonate to harden the entire structure. The
aerogels were also tested to support the growth of bacterial biofilm and were decorated
with metal silver and AgCl to obtain products with bactericidal effect. The charging of
aerogels with silver ions was performed through an ionic exchange process that allows
the synthesis of silver compounds with different solubilities, and implicitly the control of
bactericidal activity through the pH value.

2. Materials and Methods
2.1. Aerogel Synthesis

The following solutions were prepared for the synthesis of the aerogel:
Solution 100 mg of agarose was dissolved in 19.1 g of 3.5% CaCl2 solution. After

complete dissolution, 0.6 g of methylcellulose powder (Sigma Aldrich, St. Louis, MO, USA)
was dispersed by mixing on a magnetic stirrer.

Suspension 1:Preparation of fiber suspension—19.17 g of cellulosic fibers from fast
filter paper (M. FiltrakTM), consisting of flat fibers with a width of approximately 20–40 µm,
a thickness of 1–5 µm, and a variable length usually greater than 500 µm, were mixed with
240 mL of double-distilled water and a suspension with a concentration of about 7.4% wt.
cellulose was obtained. The cellulosic fibers were placed in a beaker on the magnetic stirrer
at 80 ◦C. Suspension 1 was diluted with solution 1 until reaching a concentration of 5%
cellulose, obtaining suspension 2. This was poured into parallelepiped molds and frozen at
−25 ◦C. After freezing, the samples were lyophilized using a condenser temperature of
−50 ◦C and a sample temperature in the secondary drying stage of about 40 ◦C.

After removal from the lyophilizer, the samples were kept in a desiccator over a bed
of dry silica gel at room temperature. The raw lyophilized sample is called C1. Two other
samples were heat treated in an inert 5.0 argon (Linde Gas, Dublin, Ireland) environment,
using a gas flow rate of 2 cm3/s, at temperatures of 300 ◦C and 600 ◦C for 3 h, resulting in
samples C2 and C3. The heating rate in both cases was 10 ◦C/minute, and the cooling was
rapid under a stream of air. For this purpose, an inert atmosphere furnace (GSL-1500X-MTI
Corporation, Richmond, CA, USA) was used. Three samples (C1, C2 and C3), were placed
in glass vials in autoclaves along with 300 mg of ammonium bicarbonate and 0.1 mL of
water. Water and ammonium bicarbonate did not come into contact with the aerogel and
were placed next to the open glass container so that only the gases formed reacted with the
aerogel. The purpose of these reactions is to create a basic environment that will promote
the CaCl2 reaction. The samples were kept in the oven for 24 h, after which they were
removed and allowed to cool to room temperature. The autoclaves were placed in an oven
preheated to 180 ◦C.

2.2. Silver Decoration of Aerogels

Two pieces of samples C4 and C5 with a mass of 15 (+/−1.0 mg) were placed in 5 mL
aqueous AgNO3 solution of 0.5 M concentration. This aerogel was impregnated for 16 h
in 0.5 M aqueous silver nitrate solution under vacuum for the first 10 min, after which
the excess nitrate was extracted from the pores by washing 3 times with 10 mL water and
then the samples were kept for another 20 h in 10 mL water in the dark. After this, the
samples were again washed 3 times with water. The pieces were immersed in ethanol for
20 h, then extracted and air dried at 80 ◦C resulting in C4A and C5A samples, which were
characterized by XRD, SEM, and EDX. About 10.0 mg of dry thermal sterilized C4A and
C5A samples were immersed in borosilicate glass vials containing about 4.0 mL of sterilized
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distilled water, the air being extracted from the pores of the aerogel by vacuuming at a
pressure of less than 25 mBar. After the immersion of aerogels for more than 36 h in aqueous
solutions and 20 h in ethanol, they maintained structural integrity, which demonstrates the
aerogel resistance in aqueous solutions. For this reason, we tried to grow bacterial biofilms
on C5 and C5A samples.

2.3. Static Biofilm Growth

The bacterial species employed was Pseudomonas aeruginosa (P. aeruginosa), chosen
for its well-known ability to form biofilms even under nutrient-depleted conditions, such
as those found in hospital water systems [22]. The standard strain P. aeruginosa ATCC
27853 was inoculated on Columbia agar with 5% sheep blood (Oxoid Ltd., Hampshire,
UK) in 90 mm Petri plates and incubated aerobically at 37 ◦C for 24 h. A 0.5 MacFarland
(1.5 × 108 CFU/mL) bacterial suspension in tryptone soy broth (Oxoid Ltd., UK) was pre-
pared from this culture using a densitometer. Each sample was placed in a polypropylene
tube, partially submerged in bacterial suspension, and incubated aerobically at 37 ◦C for
5 days. The bacterial suspension in the tubes was refreshed every 24 h, and the previous
day’s suspension was assessed through light microscopy (Gram stain) as well as inocu-
lated on solid media-Columbia and Brilliance UTI agar (Oxoid Ltd., UK) and incubated
aerobically at 37 ◦C for 24 h. After incubation, the samples were low-frequency vortexed
for 1 min in 0.9% sterile saline solution to dislodge any planktonic bacteria from the sam-
ples’ pores and rinsed thoroughly resulting in samples C5B and C5AB. Figure 1 depicts a
schematic representation of the aerogel manufacturing process. After 5 days, all the culture
medium in contact with the aerogel was extracted, the matter in suspension was separated
by centrifugation at a speed of 10,000 RPM, it was redispersed three times in 2 mL of
distilled water with separation by centrifugation under the same conditions, and then it
was redispersed in double-distilled water. Approx. 50 µL of suspensions were placed on
aluminum foil and prepared for SEM/EDX analysis by drying with nitrogen (4.6).
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Figure 1. Workflow representation of sample synthesis.

2.4. Epifluorescence Microscopy Characterization

Staining was performed with a Live/Dead™ BacLight™ (Thermo Fisher Scientific,
Waltham, MA, USA) viability stain kit containing the SYTO 9 and Propidium Iodide nucleic
acid stains, targeting bacterial cells. A second protocol was utilized to visualize the biofilm
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matrix, employing Concanavalin A conjugated with Alexa Fluor 488 (1 mg/mL (w/v)) for
matrix polysaccharides, and SYPRO™ Ruby stain for matrix proteins. Staining followed
the manufacturer’s instructions.

2.5. Scanning Electron Microscopy Characterization

After being kept for 120 h in the bacterial suspension, parts of the C5B and C5AB
samples were extracted and washed twice with 2 mL of distilled water and vortexed for
300 s in distilled water. Samples containing water were extracted and immersed directly
in liquid nitrogen. Immediately after this, the samples were freeze-dried for 24 h using
a condenser temperature of −50 ◦C. The freeze-dried samples were cut, mounted with
carbon-based double adhesive tape on aluminum supports, metalized by depositing a gold
layer by thermal evaporation and then characterized by scanning electron microscopy. The
rest of the samples were not metalized before the SEM characterization.

2.6. Equipment Used

X-ray diffraction (XRD) studies were conducted employing an X’Pert PRO MPD ap-
paratus (PANalytical, Almelo, The Netherlands) employing Ni-filtered Cu Kα radiation
(λ = 1.54 Å). FTIR spectra were collected using a Vertex 70 FTIR instrument (Bruker, Et-
tlingen, Germany). Scanning electron microscopy (SEM) analysis was performed utilizing
a Quanta FEG 250 (FEI, Hillsboro, OR, USA) equipped with an energy-dispersive X-ray
(EDX) spectrometer and Inspect S microscope (FEI, Eindhoven, The Netherlands). Thermo-
gravimetric analysis (TGA) was executed with a TG 209F1 Libra instrument (Netzsch, Selb,
Germany), while UV–VIS measurements were conducted using a UV–VIS–NIR Lambda 950
spectrophotometer (PerkinElmer, Waltham, MA, USA) equipped with a 150 mm integrating
sphere (Spectralon served as the reflectance reference) using the DRS technique. Bacterial
cell concentration was determined using a DEN-1 McFarland Densitometer, (Biosan SIA,
Riga, Latvia), Optical microscopic imaging was conducted on a Zeiss Axio Lab A2 micro-
scope using a 100×/1.25 oil objective and a 470 nm LED for excitation, a 515 nm long pass
emission filter and an Erc 5s camera for image acquisition.

3. Results

The properties of the materials synthesized in this study are described in parallel with
carbon aerogels mentioned in the literature and summarized in Table A1 (Appendix A).
These studies share common elements, including the investigation of biofilm growth on
aerogels, the cellulosic nature of the precursor, the presence of slightly soluble inorganic
compounds in the aerogel, the aerogel’s resistance to temperature and liquid environments,
the methods of investigation, and the microorganisms used.

3.1. XRD

For the C1 and C2 samples, the existence of diffraction maxima (Figure 2a) is not
observed although, in the case of sample C1, this was expected. Specific peaks of CaCl2
do not appear because calcium chloride, which is in low concentration, being hygroscopic,
can dissolve in the atmospheric absorbed water, which leads to the absence of maxima in
the XRD spectrum. In the case of sample C2, this proves that the carbonization of cellulose
does not produce significant amounts of CO2 at a temperature of 300 ◦C, a gas that can
react with CaCl2. Heating the aerogel to 600 ◦C leads to complete decomposition of the
cellulose with the formation of CO2 [23], which reacts with CaCl2 to form CaCO3 according
to the r1 reaction:

Cellulose → CO2 + H2O + carbonized fibers + by products (r1)

(NH4)2CO3 → 2 NH3 + H2O + CO2 (r2)

2NH3 + H2O + CO2 + CaCl2 → CaCO3 + 2NH4Cl (r3)

CaCO3 → CaO + CO2 (r4)
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Another cause of CaCO3 maxima in the temperature range of 300–600 ◦C may be
the crystallization of calcium carbonate formed at temperatures between 100 and 300 ◦C.
The quantities of calcium carbonate formed by this reaction are extremely small. In the
TG curve shown in Figure 3 the decomposition of this crystalline phase (see r4) cannot be
observed for sample C1.
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Figure 3. EDX spectra and the atomic ratio of C:O and Ca:Cl corresponding to samples C1–C6.

In the case of the C4 and C5 samples, CaCO3 was formed according to the r3 reaction,
especially because of carbon dioxide resulting from the decomposition of ammonium
carbonate according to reaction r2. Adding CaCO3 enhances the mechanical strength of
the aerogel specifically when carbonized at 300 ◦C. This allows for subsequent coating
with silver salts from water-based solutions. Furthermore, the aerogels synthesized at
300 ◦C exhibit excellent long-term stability in liquids, as demonstrated by their resilience to
repeated washing cycles (Figure 4). The ammonium chloride present in the C4, C5, and C6
samples is very evident in the XRD spectra, being formed in the pressurized reactor by the
r3 reaction.

For the C6 sample, CaCO3 present in the sample is due both to the cellulose car-
bonization process and to the carbon dioxide resulting from the breakdown of the ammo-
nium bicarbonate (r2). For the samples impregnated with silver nitrate, the XRD spectra
(Figure 2b) show the appearance of AgCl (cubic) maxima formed according to reaction
r5, Ag2CO3 according to reaction r6 (only for C5A sample), and metallic silver formed
according to reaction r7.
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Figure 4. Photographic images of C4A and C5A samples before and after washing the Ag-decorated
aerogel with distilled water.

The reactions that occur when impregnating the aerogel with silver nitrate are:

NH4Cl + AgNO3 → AgCl + NH4NO3 (r5)

CaCO3 + 2AgNO3 → Ag2CO3 + Ca(NO3)2 (r6)

AgNO3 + reductant → Ag + by-products (r7)

3.2. EDX

The EDX spectra for the C1–C6 samples always indicate the existence of calcium and
chlorine as we can observe in Figure 3.

For the samples C1–C3, the C:O ratio increases by about 6 times, which is due to
the elimination of water in the carbonization process. For samples C1 and C2, the Ca:Cl
atomic ratio is close to the theoretical value of 0.5. For sample C3, it increases slightly by
approximately 30%. This shows that the samples do not lose HCl up to the temperature of
300 ◦C, and above this temperature the loss is small. In samples C4, C5, and C6, the process
of carbonization leads to the increase of the C:O atomic ratio, and the process of CaCO3
formation leads to its decrease, both processes taking place simultaneously (Figure 3).
After immersing the aerogels in an AgNO3 solution and repeatedly washing, only the C5A
sample preserves its shape, while the C4A sample partially decomposes. For this reason,
C5 and C5A samples were employed in bacterial biofilm growth assays.

3.3. SEM

The obtained samples were characterized by analyzing SEM and from Figure 5a–h.
We observed in Figure 5a that the aerogel consists of cellulosic fibers forming pores

with a maximum diameter of 100–120 µm. As the temperature increases, it can be seen from
the SEM images that the structure becomes more fragile, the fibers having a superficial
shell, and the inside presenting a porous structure. This is probably because, as the
temperature rises, the calcium chloride dissolves in the hydration water, wetting the fibers.
When the temperature rises above 150 ◦C, the process of carbonization of the fibers begins
simultaneously with the loss of water of crystallization of calcium chloride, as we can
observe in Figure 5b,c. Since the carbonization takes place with the removal of CO2, it
reacts with CaCl2 with the formation of calcium carbonate, as indicated by the XRD spectra
in the case of sample C3. Since the formation of CaCO3 is not observed from XRD, in the
case of sample C2, we can deduce that the mentioned reaction takes place in the temperature
range 300–600 ◦C. For samples C4 and C5 from Figure 5d,e, a strongly different structure is
not observed from that of samples C1 and C2 from which they come, except for the average
pore size, which seems smaller due to the contraction of the sample during the cellulose
decomposition. However, no distinct crystals are observed, but particles with sizes on the
order of a few microns can be observed, suggesting that the samples are heterogeneous.
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Figure 5. SEM micrographs for (a) C1, (b) C2, (c) C3, (d) C5, (e) C5, (f) C6, (g) C4A, (h) C5A samples.

In the case of sample C6 (Figure 5f), a very fragile structure of carbon fibers covered
with inorganic particles, some of them agglomerated, can be observed. At higher magni-
fication, particles with a size of 1–2 µm are observed heterogeneously distributed in the
aerogel mass. The C4A sample (Figure 5g and Appendix A, Figure A1a) is strongly covered
with a thick layer composed of Ag and AgCl nanoparticles, with this coating being uneven.
The aspect of the C5A sample (Figure 5h and Appendix A, Figure A2a,b) is markedly
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different, as the fibers are uniformly covered with submicron particles ranging between
30 and 300 nm, sizes larger than those in the case of the C4A sample.

3.4. TGA and DRS

The C1 aerogel sample was also characterized by thermal analysis in an Argon 5.0
environment, at a temperature increase rate of 10 ◦C/min. The TG analysis (Figure 6a)
highlights two stages of mass loss, the first due to water loss from the CaCl2–H2O system,
up to the temperature of 150 ◦C [24] and the second to the cellulose dehydration process,
a process that is almost complete at the temperature of 450 ◦C. The endothermic effect
associated with the first process is greater. At a temperature of approximately 850 ◦C, a
broad and small endothermic effect is observed, which is most likely due to the melting
of CaCl2 salt that occurs at 772 ◦C. The DRS spectra presented in Figure 6b–d show
the carbonation of the cellulose fibers for the C2–C6 samples. For hemicellulose and
cellulose in the C1 sample, the absorption band in the range 1400–1660 nm is linked to
O–H stretching (first overtone) [25]. Water absorption coefficients in the NIR region are
shown in Figure 6b-inset [26]. Heat-treating the cellulose at 300 ◦C resulted in incomplete
carbonization (Figure 6c), leaving behind C=O and O–H bonds. The band observed at
approximately 1920 nm can be attributed to –OH and –C=O groups [27]. The signal at
approximately 2100 nm is confidently attributed to the combination of stretching vibrations
of O–H and C–H [28]. After heat treatment at 600 ◦C the FT–IR spectra indicate almost
complete carbonization of the cellulose fibers by the almost complete disappearance of the
absorption bands (Figure 6d).
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3.5. FT–IR

C1–C6 samples were analyzed by FT–IR and represented in Figure 7. The typical
bands attributed to cellulose were observed in the region 1530–900 cm−1 [29]. The band at
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1063.58 cm−1 in the case of sample C4 is specific to the vibration of the C–O– of secondary
alcohols and ethers, functions existing in the cellulose chain. The strong decrease in band
intensity is attributed to carbonization of cellulose only by hydrothermal treatment at
180 ◦C. This carbonization corresponds to the decrease in diffuse reflectance intensity in the
visible range (Figure 6b) for the C4 sample. The absorption band at 1585.89 cm−1 and the
maximum at 3468.28 cm−1 are due to vibrations of the O–H group in CaCl2 · xH2O [30],
because these bands are not split, as in the case of crystalline CaCl2. The absorption bands
at 713.21, 876.42 and 1425.37 cm−1 for samples C3–C6 belong to vibration modes υ4, υ2
and υ3 of CaCO3–calcite [31]. The FT–IR spectrum shows the formation of traces of CaCO3
through the absorption band at 1425.37 cm−1 even after heat treatment of the aerogel at
300 ◦C; the process is strongly intensified with increasing temperature and especially after
treatment of the material in CO2. The appearance of vibration bands of N–H groups in the
range 3000–3200 cm−1 highlights the formation of NH4Cl [32] after treatment in a CO2 and
NH3 atmosphere, confirming XRD analysis.
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3.6. Growing of Biofilms on Aerogels

For sample C5B, the biofilm architecture appears heterogeneous, with different degrees
and distributions of bacterial viability (Figure 8a). Due to the porous nature of the aerogel,
the biofilm may exhibit distinct microenvironments with differential nutrient availability,
oxygenation levels, and metabolic activities, influencing bacterial viability and distribution.
No viable bacteria can be detected for the Ag and AgCl decorated sample (Figure 8b). The
P. aeruginosa biofilm can be visualized in the pores of the C5B sample. There is a clear
predominance of polysaccharides over proteins within the biofilm matrix. This is expected
given that P.aeruginosa is known for producing alginate-rich biofilms (Figure 8c). No biofilm
or similar structure could be visualized on the C5AB sample (Figure 8d). SEM images
(Figure 8e,f) confirm the presence of bacterial biofilm in C5B and its absence in C5AB. The
presence of AgCl in the sample is indicated by the specific chlorine peaks in EDX spectra
(Figure 8g), after maintaining the biofilm in the nutrient medium for over 120 h.
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fluorescence (Propidium Iodide); Concanavalin A-stained polysaccharides—green (ConA), matrix
proteins—red (SYPROTM RUBY) for samples (c) C5B and (d) C5AB; SEM images of (e) C5B and
(f) C5AB samples; (g) EDX spectra of C5B and C5AB samples.

The bacterial suspension was consistently free of bacteria after 24 h of contact with the
C5AB sample. The suspension in which C5AB was submerged had 0 UFC/mL after the
fifth day of contact with refreshed bacterial suspensions, compared to 5 × 105 UFC/mL for
the C5B sample. Taking into account the initial inoculum of 1.5 × 108, this corresponds to a
2.477 log reduction for C5B and complete bacterial elimination for C5AB.

The aerogel serves as a porous and opaque support throughout the UV–VIV–NIR
range, preventing the photochemical reduction of AgCl. This results in a high concentration
of Ag+ ions in both the aerogel pores and the nutrient medium.

4. Discussion

In the absence of CaCl2, the pressure obtained by the decomposition of ammonium
carbonate and the evaporation of water was calculated to be about 11 bar at a temperature
of 180 ◦C. Therefore, this synthesis can be used to create three distinct types of samples
that are based on three-dimensional structures of cellulose fibers: partially carbonized
cellulose fibers, amorphous carbon, and calcium carbonate in combination with the latter
two. Although the decomposition process of CaCO3 is endothermic, in the absence of mass
loss, TG–DTA analysis demonstrates the physical rather than chemical nature of the process.
Due to the high heating rate, necessary for DTA identification of minor thermal processes,
and the low thermal conductivity coefficient of the aerogel, the peak has a rather large width
between 780 and 920 ◦C and a shift of approximately 50 ◦C compared to the theoretical value.
Therefore, the amounts of the important CaCO3 are achieved mainly through reaction with
CO2 gaseous in a hydrothermal environment and to a very small extent by reaction between
CaCl2 and CO2 produced by the carbonization of cellulose, due to the absence of a basic
medium and the low contact time between CaCl2 and CO2 in the case of reaction at ambient
pressure. EDX analysis of samples C2–C6 indicates that the higher the amount of carbonate,
the lower the C:O ratio. This is the explanation for why the C:O ratio in the C6 sample is
lower than that of the C3 sample from which it originates. For the same samples, the Ca:Cl
ratio increases strongly with increasing temperature, which demonstrates the fact that
the cellulosic fibers retain less ammonium chloride the more advanced the carbonization.
The Ca:Cl ratio increases strongly after treatment of C2 and C3 samples in CO2 and NH3
although the XRD spectra indicate the appearance of strongly crystallized ammonium
chloride which forms in samples C5 and C6. FT–IR analysis indicates the presence of
NH4Cl through bands in the range 3000–3200 cm−1. This phenomenon is unexpected, but
it is due to the relatively large crystals of high solubility NH4Cl, uniformly distributed, and
the small crystals of CaCO3 with low solubility, uniformly distributed. The heterogeneous
nature of the samples therefore affects the EDX analysis, by different total cross-sections of
particles belonging to the various crystalline phases with the excitation electron beam.

The FT–IR analysis highlights, as expected, the disappearance of the broad band of
water in the range 3000–3700 cm−1 for all samples treated in CO2 medium but not in
samples treated at 300 and 600 ◦C only. Since at 600 ◦C the carbonization of the cellulose
fibers is complete, as shown by both the TG curve and the DRS spectra, the absorption
band in the range 3000–3700 cm−1 is due to the CaCl2 hydration water for the samples
C1–C3. Due to the highly hygroscopic nature of this substance and its distribution on the
surface of the fibers, it rapidly absorbs water from the atmosphere. After treatment in CO2
and NH3 vapor, CaCl2 reacts with the formation of non-hydroscopic CaCO3, the specific
O-H vibration bands in the range 3000–3700 cm−1 disappearing.

After immersing aerogels with considerable levels of calcite in an AgNO3 solution, we
observed that there was no Ag2CO3 in the C4A sample due to aerogel decomposition in
the liquid.
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During aerogel decomposition, CaCO3 particles detach from the surface of the fibers
and are lost during washing. The size of Ag and AgCl nanoparticles was calculated from
Scherrer’s relation. The Debye–Scherrer equation was utilized to estimate the average
crystallite sizes (D) of both Ag and AgCl.

D = Kλ/βcosθ

In this equation, K is a constant associated with crystallite shape (assumed to be 0.9
for spherical or cubic crystallites), λ represents the X-ray wavelength, β represents the
line broadening of the peak at half of the maximum intensity (FWHM) post-instrumental
line broadening subtraction (the instrument’s line broadening was determined using a
polycrystalline silicon standard), and θ indicating the Bragg angle. For sample C4A, the
average crystallite sizes were calculated to be 9.2 nm for Ag and 46.1 nm for AgCl while,
for sample C5A, the respective sizes were 10.7 nm for Ag and 230.3 nm for AgCl. The
small size of Ag particles leads to the idea of multiple heterogeneous nucleation centers
on the surface of AgCl fibers or nanocrystals. The average size of AgCl nanocrystals
increases more than 5-fold when aerogel integrity is preserved after immersion (case of
C5A). This is probably due to the slower diffusion of AgNO3 into aerogel pores during
impregnation, which increases the concentration gradient between the inside and outside
of the aerogel. As the FT–IR spectra show, the surface of the fibers obtained at 300 ◦C is less
hydrophilic than that obtained at 180 ◦C, the aqueous solution wetting the aerogel cells
more slowly. Inside the aerogel, the concentration of AgNO3 is lower than outside, the
solution supersaturation is lower and the density of nucleation centers is lower. This leads
to the formation of larger AgCl crystals. The density of heterogeneous nucleation centers
on the fibers is also higher in the case of the C4A sample due to the higher density of polar
groups of type R–OH, C=O, etc. which can stimulate the initial heterogeneous nucleation
process. In the case of C4A, the AgCl precipitate sediments, with a large part of the particles
not having access to the electrolyte solution. This inhibits the AgCl recrystallization process,
as the particle size is smaller. In contrast, in the case of the C5A sample, the particles are
distributed three-dimensionally in the aerogel cells in a thin layer, which facilitates the
recrystallization process. The strongly rounded edges of the AgCl cubes suggest that the
silver reduction process can also take place on the surface of these large AgCl cubes, which
become embedded in a mass of very fine silver particles.

Details of the morphology of C4A and C5A samples at higher magnifications are
given in Appendix A. A very interesting aspect observed in the SEM images of the C5A
sample (see Figure A2a,b) is that most of the particles attached to the fibers are spherical
in shape and are generally smaller than 500 nm in size and rarely agglomerated, while
the particles not attached to the fibers are between 200 nm and 1.5 µm in size, sometimes
having a cubic shape with rounded corners and edges. These particles form extended
three-dimensional agglomerations. It is therefore possible that carbon fibers represent
heterogeneous nucleation centers for the crystallization of silver nanoparticles. Cubic
submicron particles support XRD data showing AgCl crystallization in cubic systems with
average crystal sizes larger than 100 nm.

Upon keeping the C5A sample in the culture medium, the faces of the cubic particles
have been observed to partially collapse towards the inside of the cubes in several cases.
This phenomenon is visible in the C5AB sample (Figure 8f inset) but not in the C5A
sample (Figure A2a,b). The formation of a metallic silver shell on the outside of the
particle through the reduction of AgCl with organic substances in the culture medium is
likely to be the cause of this phenomenon. Another explanation is the dissolving of AgCl
inside the cubic particles due to the silver complex with poly-carboxylated ligands in the
culture environment.

Due to the dissolution of the inside of the cube, the silver walls of the cubes collapse.
Bacteria of the Pseudomonas family are known to concentrate nitrogen and phosphorus
in the culture medium [33]. EDX revealed a relatively large amount of N and P in the
biofilm-positive ample (C5B). This finding can be explained by the known presence of
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nitrogen in biofilms, in molecules such as amino acids and nucleic acids which can be
found in both bacteria and the extracellular matrix (commonly formed of polysaccharides,
proteins, and extracellular DNA) [34]. While P. aeruginosa is not known to fixate nitrogen,
this mechanism has been described in the closely related P. stutzeri [35]. P. aeruginosa can
uptake phosphorus during biofilm formation [36] and can accumulate phosphorus granules
under phosphate-depleted conditions [37]. On the aerogel surface, silver-coated fibers
inhibit the development of bacterial biofilms as well as planktonic (free-floating) bacteria.

No colonies were observed on agar plates inoculated with bacterial suspension after
24 h of contact with the C5AB sample, demonstrating a practically infinite log reduction, not
only on the initial inoculum but on each of the five subsequent daily replacements of fresh
bacterial suspension. EDX analysis also shows no evidence of nitrogen and phosphorus,
which supports the SEM observations for C5AB sample. The persistent disinfection capacity
and the inhibition of biofilm development demonstrated through fluorescence microscopy
suggest a potential for biological water purification using the silver-coated aerogel. The
silver-free aerogel, by comparison, inhibited bacterial growth by log 2.477, which is too
small of an effect to be considered disinfectant, and allowed the formation of a biofilm on
its surface, thus not being suitable for most filtering applications.

The SEM images and EDX analysis of the particles in suspension, separated after
5 days from the liquid culture medium in contact with Ag-decorated surfaces, did not
reveal the presence of bacteria, bacterial biofilm, or phosphorus. Instead, only micrometric
and sub-micrometer particles containing silver, chloride, and some fragments of carbonized
fibers were observed (see Appendix A, Figure A3). Ag particles can be formed according to
reaction r7, where organic substances from the culture medium or the cell membrane act as
reducing agents. Some of the carbonized materials and Ag particles found in suspension
could originate from aerogel fiber dislocation. The colorless suspension indicates a low
concentration of particles. These analyses are consistent with the culture assessment,
which did not show bacterial colony development. This demonstrates that the microbes in
contact with the aerogel were completely inactivated shortly after contact, preventing both
planktonic bacterial growth in the liquid culture medium and the formation of bacterial
biofilms on the aerogel’s surface.

Further, the use of this type of aerogel in water disinfection processes and the produc-
tion of composite aerogels containing various metal salts for the adsorption of toxic gases
in low-pressure drop gas filters is considered.

5. Conclusions

In this paper, complex aerogel composites based on carbonaceous fibers obtained by
carbonization of cellulose fibers in an inert medium have been synthesized and studied.
These aerogels were decorated with CaCO3 by a process rarely encountered in the literature
of hydrothermal treatment of aerogels in a gas mixture containing CO2, NH3, and H2O
under pressure. Aerogels have been characterized by XRD, SEM, EDX, DRS, TG/DTA, FT–
IR, and epifluorescence microscopy, to determine the mechanisms, and chemical reactions
underlying the materials and the effects of aerogel compositions on the development of the
bacterial biofilm of P. aeruginosa.

Using ion exchange reactions, the aerogels were then decorated with Ag, AgCl, and
Ag2CO3, proving the possibility of obtaining numerous composite aerogels by this type of
reaction. Bacterial biofilm growth tests were performed on silver and silver-salt decorated
and undecorated aerogels, proving by SEM, EDX, and Epifluorescence microscopy the abil-
ity of silver-free aerogels to support bacterial biofilm formation and the strong bactericidal
properties of silver-decorated aerogels, respectively.
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Appendix A

Table A1. Properties of the materials synthesized described in parallel with carbon aerogels men-
tioned in the literature.

Reference 1M.Bac.eff.det 8BGonA 9IISinA 10HTR 11LR 12A.Type Organism

Henschen et al., 2016 [38]
5BCA;

97–99% no no no yes Cellulose/Poly-vinylamine +
polyacrylic acid E. coli

Uddin et al., 2017 [39]
5BCA;

≈50–> 99% no no no yes Cellulose/CNF, Lysozyme, Ag E. coli;
S. aureus.

Zhang et al., 2019 [40]
6Impreg;

>99% no yes no yes Cellulose/NaClO S. aureus;
E. coli

Revin et al., 2020 [14]
7Inhib. Z.;

>99% (at 3 mm) no yes no NA Cellulose of bacterial origin/Na
fusidate. S. aureus.

Wang et al., 2022 [41]
7Inhib.Z

>99% (at 3 mm), no yes no NA Cellulose/AgO E. coli;
S. aureus

Proctor et al. 2023 [42]
2EFM

5BCA, ≈99% yes no no no PVA/furaneol and sotolon P. aeruginosa.

Yue et al., 2018 [43] no no no yes yes Carbon from cellulose no

This work
3SEM/4EDX; 2EFM;

5BCA, >99% yes yes yes yes Carbon from cellulose/Ag, Ag+ P. aeruginosa

Abbreviations: 1Method for determining the bactericidal effect (M.Bac.eff.det); 2Epi-Fluorescence Microscopy
(EFM); 3Scanning electron microscopy (SEM); 4Energy Dispersive Spectroscopy (EDX); 5Bacteria Cultivation
on Petrifilm (Agar) (BCA); 6Aerogel impregnation with bacteria suspension (Impreg.); 7Measurement of the
inhibition zone on the plates (Inhib. Z.); 8Biofilm growth on aerogel (BGonA); 9Insoluble inorganic salts in aerogel
(IISinA); 10High temperature (300 ◦C) resistance (HTR); 11Long term aerogel structure integrity in liquid media or
resistance in liquid (LR); 12Type of aerogel (A.Type).
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Figure A1. SEM micrograph of the C4A sample.
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Figure A2. (a) SEM image of C5A sample 30 µm. (b) SEM micrograph for C5A sample 30 µm. 
Figure A2. (a) SEM micrograph of the C5A sample at high magnification; (b) SEM micrograph of the
C5A sample at lower magnification.
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Figure A3. SEM images and EDX spectra of particles collected from liquid culture medium of C5AB 
sample. 
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