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ABSTRACT:

In recent years, the preservation of cultural heritage has emerged
as a global priority, as historical artifacts and monuments face constant
threats of deterioration. Safeguarding these treasures requires effective
solutions that can strengthen and maintain their natural appearance while
preventing further damage. This study explores innovative approaches by
introducing novel products with biocidal properties, specifically designed
to counteract microbial activity. It also presents an updated overview of
the most advanced nanomaterials currently employed in the restoration
and protection of cultural heritage, AndThe use of traditional biocidal
products in cultural heritage preservation has declined in recent years,
largely due to their potential risks to both human health and the environ—
ment. As a result, researchers have increasingly focused on developing
and testing innovative, eco—friendly alternatives that can efFfectively pro—
tect heritage assets while ensuring safety and sustainability.
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Introduction:

The preservation of cultural heritage is essential for safeguarding
humanity’s history and maintaining the authenticity of artifacts and mon-
uments. Artifacts, whether objects created or modified by humans, hold
immense historical and cultural value, yet they remain under constant
threat from various degradation factors. Materials such as stone, paper, and
wood are especially vulnerable to biological and chemical deterioration,
which can compromise their structural integrity and mechanical strength.
Traditionally, biocidal products have been employed to counteract these
threats; however, their use has declined in recent years due to significant
risks posed to human health and the environment. In response, researchers
have shifted their attention toward developing innovative, eco-friendly
alternatives capable of ensuring both safety and long-term sustainability.
Among these, nanomaterials (I-100 nm) have gained particular interest.
Thanks to their high surface area and extremely small particle size, they
can penetrate deeply into damaged artifacts, offering promising potential
for restoration and conservation while minimizing ecological impact.

The long-term conservation and preservation of historical monu-
ments, built predominantly of porous materials such as stone, brick, and
mortar, presents a continuous challenge to heritage scientists. Degradation
is a complex interplay of physical, biological, and, most critically, chem—
ical weathering. Modern conservation has shifted from purely palliative
repair to highly targeted chemical intervention, leveraging advanced ma-
terials science to achieve molecular-level stabilization and protection
while strictly adhering to the principle of reversibility and authenticity.

I. Understanding Degradation Through Chemical Analysis

Effective chemical conservation begins with rigorous diagnostic
analysis. Before any treatment is applied, the monument’s material com-
position and degradation agents must be precisely identified to ensure
treatment compatibility.

Key Analytical Techniques:

- X-ray Fluorescence (XRF) and Scanning Electron Microscopy-En-
ergy Dispersive X-ray Spectroscopy (SEM-EDS): Used for the
non-destructive elemental analysis of surface layers, identifying the
original material composition (e.g., lime, gypsum, silicates) and the
presence of degradation products (e.g., salts, heavy metal pollutants).
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Fourier-Transform Infrared Spectroscopy (FTIR): Identifies the mo-

lecular and functional groups present in organic materials (binders,

coatings, biological films) and inorganic salts, helping to select spe-
cific, compatible solvents or biocides.

Ion Chromatography (IC): Quantifies the presence and concentration

of soluble salts (Cl-, SO42-, NO3-) within the stone’s pore struc-
ture, which are a primary cause of mechanical decay through crystal-

lization pressure.

II. Chemical Cleaning

and Desalination

Cleaning is the essential first step, removing damaging layers of
dirt, biological colonization, and harmful soluble salts.

A. Targeted Biological

and Organic Cleaning

[Agent

IRole & Mechanism

IApplication Method

Biocides (e.g., Quaternary Am-

Imonium Salts)

[Used to eradicate harmful
biological growth (algae, fungi,
lichen). They act as surfactants
to disrupt the cell membranes of

Imicroorganisms.

Low-pressure spraying or brush-|
ing followed by a contact time
before gentle rinsing. They are

chosen for low residual toxicity.

Enzymatic Gels

Highly specific cleaning agents
for removing organic films
(soiling, protein-based deposits,
old varnishes). Enzymes catalyze|
the hydrolysis of the target
substance without affecting the

inorganic substrate.

Applied in a viscous gel or
poultice to localize the cleaning
action and control the reaction

time.

B. Desalination and Chelation

Desalination Poultices: These are pastes made of inert, high—-porosity

materials (e.g., cellulose pulp, sepiolite clay) mixed with deionized
water. They are applied to the stone surface to draw soluble salts out
through capillary action as the water evaporates, crystallizing the
salts on the poultice surface for removal.

Chelating Agents (e.g., EDTA): Incorporated into poultices or gels to

remove specific metallic stains (like iron rust) by binding to the met-
al ions and forming stable, soluble complexes that are extracted from

the stone.

IIL.Structural Consolidation and Restoration

Consolidation is the process of chemically strengthening brittle or
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crumbling materials by introducing an agent that penetrates the pores and
binds the loose particles.

A. Consolidation of Siliceous Stone (Sandstone, Granite)

Alkyl-Alkoxy Silanes (e.g., Tetraethyl Orthosilicate or TEOS): This
is the gold standard for siliceous stone. The liquid monomer is carried
into the stone’s pores by a solvent. Once inside, it undergoes a two-
step reaction:

1. Hydrolysis:Si(OR)4+4H20-Si(OH)4+4ROH (where R is the
alkyl group).
2. Polycondensation:Si(OH)4—Si02+2H20.

»  The final product is amorphous silica (Si02), which mimics
the stone’s original binding agent, restoring mechanical
strength.

B. Consolidation of Calcareous Materials (Limestone, Mortar, Fres—
co)

Nano-Lime Suspensions:Ca(OH)2 nanoparticles (50-300 nm) sus-
pended in an alcohol or organic solvent. Their nanometric size allows
them to penetrate deeply into micropores where traditional lime slur-—
ry cannot.

»  Mechanism: Upon application, the solvent evaporates, leaving
the nanoparticles to carbonize with atmospheric CO2:
Ca(OH)2+C0O2—-CaCO3+H20. The resulting Calcium Car-
bonate (CaCO3) is chemically identical to the original binder.

C. Repair and Reintegration
Polymer-Modified Mortars: Used for patching and filling voids.
These are traditional lime or cement mortars modified with acrylic or
epoxy resins to improve elasticity, adhesion, and resistance to envi-
ronmental stress, ensuring high compatibility with the surrounding
historic material.

IV. Hydrophobic Protection and Water—Repellency

Water is the primary transport agent for most degradation factors.
Protective treatments aim to reduce water absorption while maintaining
the essential characteristic of vapor permeability.

Silicones and Siloxanes: Applied as solvent-borne solutions. They

94 VOLUME - 09, ISSUE — 02, OCTOBER 2025., SPECIAL ISSUE.



ELK,S,,Z’QRASURYA"LZ Peer-Reviewed, Multi Lingual E-Journal. E-ISSN: 2583-620X

react with the stone surface to form a molecular layer of hydrophobic
polysiloxanes.

»  Mechanism: The chemical groups orient themselves outward,
effectively lining the pore walls and rendering them water-re-
pellent (high contact angle for liquid water) but leaving the
pore open for the passage of water vapor. This ensures the
stone can “‘breathe,” preventing trapped moisture and subse-
quent salt damage.

Fluorinated Polymers: Used for highly porous stone. They create a
strong, durable, and highly repellent surface.

V. Future Directions: Nanotechnology and Smart Materials

The future of chemical conservation lies in precise, responsive
nanomaterials that can self-heal or release protective agents on demand.

Self-Cleaning Coatings: Incorporating Titanium Dioxide (TiO2)
nanoparticles into protective coatings. When exposed to UV light,
TiO2 acts as a photocatalyst, breaking down deposited organic pol-
lutants (NOx, SO2) on the surface, making the monument essential—
ly self-cleaning.

Nanocomposite Treatments: Developing hybrid materials that com-
bine the strength of inorganic nanoparticles (for consolidation) with
the flexibility of organic polymers (for crack bridging and protec-
tion), creating treatments with optimized mechanical and chemical
properties for diverse heritage materials.

Conclusion:

The use of chemistry in the conservation of historical monuments
is an evolving science, demanding meticulous analysis and ethical appli-
cation. Before any treatment, detailed studies using techniques like XRF
(X-ray Fluorescence) and FTIR (Fourier-Transform Infrared Spectrosco-
py) determine the precise chemical makeup and degradation pathways of
the historic material.
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