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Abstract Indoor humidity control in contemporary architecture mainly depends on mechanical HVAC systems,
which are energy-intensive and often insufficient to prevent moisture-induced microbial growth on interior
surfaces. This research explores the transfer of part of the environmental regulation function from mechanical
systems to building materials through a bio-based architectural coating that incorporates Polyvinyl
Alcohol/Chitosan (PVA/Chitosan) hydrogel into a water-based paint matrix. FTIR, SEM, DVS (isotherm
analysis/GAB modeling), and CFU counting were used to evaluate the coating’s structure, moisture-buffering
behavior, and antibacterial performance. FTIR confirmed hydrogen bonding within a stable polymer network,
while SEM revealed a porous microstructure that facilitates vapor transport and temporary moisture storage. DVS
results showed enhanced moisture uptake: the control absorbed 4.5% moisture at 90% RH, while Sample 2 and
Sample 3 reached 7.5% and 19%, respectively, with Sample 3 approaching 26% near 100% RH. Antibacterial tests

against Escherichia coli showed that Sample 3 reduced the bacterial load from 1.5 x 10° to 8.5 x 10° CFU/ml,
corresponding to 43.33% growth inhibition. These findings demonstrate the potential of PVA/Chitosan-based
coatings as multifunctional architectural materials for passive indoor humidity regulation and improved

environmental hygiene.
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1. INTRODUCTION

With the intensification of environmental crises and
climate change driven by human activities (Royal
Society, 2021), the need for sustainable strategies in
architectural design and the construction industry has
become increasingly critical (Sassi, 2006). The global
construction sector accounts for more than 13% of the
world’s gross domestic product and plays a fundamental
role in economic development (World Economic Forum,
2025). In response to environmental challenges,
ecological architecture has emerged as an important
approach that emphasizes reducing environmental
impacts, optimizing resource consumption, and
improving indoor environmental quality (IEQ) (Yu &
Abola, 2023). In this context, the use of advanced and
sustainable materials has gained growing attention in
architectural applications (Firoozi et al., 2024).

Among emerging material technologies, smart and
responsive coatings have attracted significant interest due
to their ability to react to environmental stimuli and
dynamically regulate certain building functions. In
architectural applications, one of the key areas of interest
is the development of passive strategies for indoor
humidity regulation and the improvement of IEQ.
Fluctuations in indoor relative humidity can promote the
growth of microorganisms, fungi, and bacteria on interior
surfaces, potentially affecting occupants’ health and
indoor hygiene (Arundel et al., 1986; Fisk et al., 2007;

Mendell et al., 2011). Conventional humidity control in
buildings largely depends on mechanical heating,
ventilation, and air conditioning (HVAC) systems, which
are associated with considerable energy consumption.
Consequently, the development of passive material-based
solutions capable of moderating indoor humidity has
become an important research focus (Simonson et al.
2004; Rode et al., 2005).

Hygroscopic materials can absorb and release
moisture in response to environmental humidity changes,
a property known as moisture-buffering capacity
(Osanyintola & Simonson, 2006). However, many
conventional building materials exhibit limited moisture
storage capacity and slow responses to rapid
environmental fluctuations. In recent years, hydrogels
have emerged as promising materials due to their three-
dimensional polymer networks and high water absorption
capability (Peppas et al., 2006; Ahmed, 2015).

Among bio-based polymers, chitosan has attracted
considerable attention because of its biodegradability,
biocompatibility, and inherent antimicrobial properties
(Rinaudo, 2006; Kong et al., 2010). However, pure
chitosan hydrogels often suffer from limited mechanical
stability. To overcome these limitations, hybrid hydrogel
systems combining natural polymers with synthetic
polymers such as polyvinyl alcohol (PVA) have been
developed. PVA provides improved structural stability,
hydrophilicity, and film-forming capability, while
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chitosan  contributes antimicrobial activity and
biocompatibility (Tripathi et al., 2009; Wang et al., 2024).

Despite these advantages, the integration of
PVA/Chitosan hydrogels into architectural coating
matrices and the simultaneous evaluation of moisture-
regulating behavior and antimicrobial performance
remain relatively underexplored. Therefore, this study
aims to develop and evaluate a functional architectural
coating based on a PVA/Chitosan hydrogel incorporated
into a water-based paint matrix. The research investigates
the potential of this hybrid system to provide passive
humidity regulation and antimicrobial performance,
contributing to the development of multifunctional bio-
based coatings for healthier indoor environments and
more sustainable architectural materials.

2. MATERIALS AND METHODS

2.1. Materials

Polyvinyl alcohol (PVA) powder was purchased from
Merck (Germany, product code 821038), and medium-
molecular-weight chitosan was obtained from Sigma-
Aldrich (USA). Glacial acetic acid (99.5%, laboratory
grade) was supplied by DAEJUNG Chemicals (South
Korea) and used as the solvent for chitosan. All aqueous
solutions were prepared using distilled water. To
simulate typical indoor architectural finishes, a
commercial water-based plastic paint (Momtaz Sahar,
Iran) was utilized as the base coating.

2.2. Preparation of Gypsum Substrates

Gypsum substrates were prepared using commercial
gypsum powder (Semnan Espandar Gypsum Co., Iran).
The water-to-gypsum ratio was selected in accordance
with ASTM C472 within the range of 0.33-0.40 by
weight. The slurry was poured into silicone molds (5 x
2.5 x 0.3 cm) and cured under ambient laboratory
conditions (25 + 2 °C) for 24 h to ensure complete setting
before coating application.

2.3. Preparation of PVA/Chitosan Hydrogel-Based
Coatings

A 5 wt% PVA solution was prepared by dissolving 5
g of PVA in 100 mL of distilled water at 85 °C for 2 h.
For the 3 wt% chitosan solution, 0.6 g of chitosan was
dispersed in 0.75 mL of glacial acetic acid, followed by
the addition of 20 mL of distilled water, and stirred at 50
°C for 2 h.

Two categories of formulations were prepared: (1) a
control coating (base paint) and (2) modified coatings
containing the PVA/chitosan hydrogel system. The
modified coatings were prepared by adding specific
amounts of the polymer solutions to 50 g of the base paint
as follows: Sample 1 (1.5 g chitosan solution and 1 g PVA
solution), Sample 2 (1 g chitosan solution and 2 g PVA
solution), and Sample 3 (1.5 g chitosan solution and 3 g
PVA solution).

After thorough stirring to achieve uniformity, the
coatings were applied to the gypsum substrates using a
brush and dried at 25 + 2 °C for 24 h. For DVS analysis,
the dried coatings were ground into powder to eliminate
substrate interference.

2.4. Characterization Methods

2.4.1. Fourier Transform Infrared Spectroscopy
(FTIR)

To identify functional groups and investigate
molecular interactions in the hydrogel system, FTIR
spectroscopy was performed using a Tensor 27 Fourier
transform infrared spectrometer (Bruker, Germany)
equipped with an ATR accessory. Spectra were recorded
in the wavenumber range of 4000 to 400 cm™ with a
resolution of 4 cm™ and 32 scans for each sample.

2.4.2. Scanning Electron Microscopy (SEM)

Prior to imaging, the specimens were mounted on
aluminum stubs. The surface morphology was examined
using scanning electron microscopy (SEM, FEI Quanta
200, USA) at an accelerating voltage of 20.0 kV.
Micrographs were obtained at magnifications of 2000x
and 5000x%.

2.4.3. Moisture Sorption Behavior

Moisture sorption and desorption behavior were
investigated using a Dynamic Vapor Sorption analyzer
(DVS Advantage, UK) at 25 °C. The relative humidity
(RH) was adjusted stepwise (0, 10, 30, 50, 70, 90, and
100%) to record the moisture sorption isotherms.

2.4.4. Antibacterial Evaluation

The antibacterial activity was quantitatively
evaluated against Escherichia coli (ATCC 25922). A
bacterial suspension (1.5 x 10° CFU/mL) was placed in
direct contact with the coatings and incubated for 24 h.
The viable colonies were then counted (CFU/mL) to
determine the growth inhibition rate. All experiments
were performed in triplicate to ensure reproducibility.

3. RESULTS AND DISCUSSION



48 A. Soleimanizadeh & M. Shahbazi / Journal of Advanced Materials and Technologies (JAMT): Vol. 15, No. 2, (Summer 2026), 46-65

W/ (o) Samiple 1
A

2000% 3
y 1.“ .
wid e (4

(d)ySample 3
2000x

{alControl » 5 a  (b) Sampie 1
5000x \ ¥ 5000x

(c) Sample 2

(d) Samplie 3
5000x 5000x

Figure 1. Coating microstructures obtained via Scanning
Electron Microscopy (SEM) at 2000x and 5000%
magnifications, illustrating the impact of PVA/chitosan
hydrogel incorporation on the paint film’s internal
architecture.

SEM analysis (Figure 1) revealed that PVA/chitosan
hydrogel incorporation transformed the dense control
matrix (CV = 0.679) into an open, void-like architecture.
Sample 2 exhibited optimal morphological uniformity
(CV = 0.47) due to balanced PVA—chitosan hydrogen
bonding, which prevented phase separation. Conversely,
the higher polymer loading in Sample 3 increased
microscale heterogeneity (CV = 0.520). Therefore,
Sample 2 provided the most favorable porous structure
for moisture buffering.
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Figure 2. To quantitatively characterize the moisture sorption
behavior and interpret the molecular mechanisms of water
uptake within the coatings, the Dynamic Vapor Sorption
(DVS) isotherm data were fitted using the Guggenheim—
Anderson—de Boer (GAB) model.

To characterize moisture sorption behavior and
elucidate the underlying water sorption mechanisms in
the coatings, DVS isotherms at 25 °C were analyzed
within the GAB framework. The results showed that the
equilibrium moisture content increased with relative
humidity in all samples, while the control sample
consistently exhibited the lowest moisture uptake across
the entire RH range. Specifically, the moisture uptake of
the control increased from approximately 1% at low RH
to approximately 8.5% at 100% RH, whereas Sample 3
reached approximately 26% under the same conditions.
At intermediate humidity (50% RH), Sample 3 showed
the highest uptake, reaching approximately 12.5%,
compared with only approximately 2.5% for the control.
Likewise, at 90% RH, the moisture uptake of Sample 3
increased to approximately 19%, while that of the control
remained around 4.5%. Water sorption at low humidity
was mainly attributed to monolayer adsorption on polar
groups, followed by multilayer adsorption at
intermediate  humidity and possible capillary
condensation within the polymeric network at high
humidity. Overall, incorporation of the PVA/chitosan
hydrogel significantly enhanced the moisture sorption
capacity, with Sample 3 exhibiting the best performance
due to its higher abundance of hydrophilic groups and
more porous structure.

Figure 3. Representative Escherichia coli culture plates after
antibacterial evaluation by the colony-forming unit (CFU)
counting method: (a) control, (b) Sample 1, (c) Sample 2, and
(d) Sample 3. The progressive reduction in colony density,
especially in Sample 3, indicates a formulation-dependent
antibacterial effect.

The antibacterial activity of the coatings modified
with PVA/chitosan hydrogel was evaluated against
Escherichia coli using a quantitative colony-forming unit
(CFU) assay. The control sample exhibited the highest
bacterial load (1.5 x 10° CFU/mL), indicating that the
neat water-based plastic paint matrix had no significant
antibacterial effect. In contrast, the modified
formulations showed a gradual reduction in viable
bacterial cells. The CFU values decreased to 1.3 x 10°
CFU/mL for Sample 1, 1.2 x 10° CFU/mL for Sample 2,
and 8.5 x 10° CFU/mL for Sample 3, corresponding to
antibacterial activities of 13.33%, 20.00%, and 43.33%,
respectively.
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This increasing trend demonstrates that modification
with the PVA/chitosan formulation improved the
biological performance of the coating. The superior
performance of Sample 3 is likely associated with greater
accessibility of chitosan amino groups, a more favorable
distribution of the active phase within the polymer
matrix, and enhanced contact between the coating surface
and bacterial cells. Protonated amino groups in chitosan
can electrostatically interact with anionic components of
the bacterial membrane, leading to disruption of
membrane permeability and reduced E. coli viability.
Considering that E. coli is a Gram-negative bacterium
with a relatively resistant outer membrane, the highest
antibacterial activity observed for Sample 3 is
noteworthy. However, the inhibition value of 43.33%
indicates a moderate antibacterial effect rather than
complete bacterial elimination or strong bactericidal
activity.

Overall, the CFU results confirm that modification of
the water-based plastic paint with PVA/chitosan hydrogel
imparted measurable antibacterial functionality against
E. coli, with Sample 3 representing the most effective
formulation among the tested samples.

4. CONCLUSION

In summary, this study demonstrates that integrating
a PVA/chitosan hydrogel system into water-based paint
transforms conventional architectural coatings into active
functional materials. Moisture sorption analysis showed
a concentration-dependent increase in hygroscopic
capacity. Specifically, moisture absorption at RH = 90%
increased from approximately 4.5% (Control) to
approximately 7.5% (Sample 2) and approximately 19%
(Sample 3), reaching a maximum of approximately 26%
at RH = 100% for Sample 3. The presence of a distinct
hysteresis loop confirms a stable moisture-buffering
mechanism  within the coating microstructure.
Furthermore, antimicrobial assessment against E. coli
(1.5 x 10° CFU/mL) revealed that the inhibition rate
increased from approximately 13.33% (Sample 1) to
approximately 20.00% (Sample 2) and reached 43.33%
(Sample 3), corresponding to a reduction in viable cells
to approximately 8.5 x 10° CFU/mL. Consequently, the
PVA/chitosan coating provides a robust passive design
strategy for hygrothermal and microbial regulation,
effectively improving indoor environmental quality
(IEQ) and reducing reliance on mechanical HVAC
systems.
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