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ABSTRACT

Urbanization intensifies air pollution, with vehicular and industrial emissions contributing to high levels of nitrogen
oxides (NOx), volatile organic compounds (VOCs), and particulate matter (PM), leading to health issues and
environmental degradation. Photocatalytic components, particularly titanium dioxide (TiO-), integrated into concrete,
offer an environmentally friendly solution by leveraging ultraviolet (UV) light to degrade pollutants, maintain clean
surfaces, and mitigate urban heat islands. This paper explores the science, applications, and performance of TiO:-based
photocatalytic concrete in sustainable infrastructure, including pervious pavements, two-lift paving systems, tunnel
linings, and building facades. Detailed case studies, such as the Route 141 reconstruction in St. Louis and a Rome city
tunnel, demonstrate real-world efficacy. Comprehensive performance data are presented in tables, alongside
discussions of challenges like UV dependency, long-term durability, and potential environmental impacts of by-
products. The paper concludes with future research directions to enhance the technology’s adoption in eco-friendly
urban development.

Keywords: Photocatalytic Concrete, Titanium Dioxide, Sustainable Infrastructure, Air Quality, Urban Heat Island,
Environmental Sustainability.

1. INTRODUCTION

Urban areas are grappling with escalating air pollution, driven by vehicular traffic, industrial activities, and energy
production. Pollutants such as NOx, VOCs, and PM contribute to photochemical smog, respiratory ailments, and
reduced visibility, posing significant public health and environmental challenges (Akbari et al., 1995). Sustainable
development demands construction materials that not only fulfill structural requirements but also actively mitigate
environmental issues. Photocatalytic concrete, incorporating TiO- as a photocatalytic component, represents a
groundbreaking approach. By harnessing UV light, TiO: accelerates the oxidation of pollutants, converting them
into inert by-products that can be washed away by rain, thus improving air quality and maintaining clean surfaces
(Cassar, 2004). Additionally, the high albedo of photocatalytic surfaces reduces urban heat island effects, lowering
city temperatures and energy demands (Guerrini, 2011).

This paper provides an exhaustive examination of TiO:-based photocatalytic concrete, detailing its scientific
principles, diverse applications in infrastructure, performance metrics, real-world case studies, and challenges. It
aims to serve as a comprehensive resource for engineers, researchers, and policymakers seeking to integrate
environmentally friendly technologies into urban development.

2. SCIENCE OF PHOTOCATALYTIC CONCRETE
2.1 Mechanism of Photocatalysis

Photocatalysis involves a catalyst accelerating chemical reactions under light exposure without being consumed.
In concrete, TiO2, a non-toxic semiconductor widely used in paints and personal care products, serves as the
photocatalytic component (Fujishima et al., 1999). When exposed to UV light, TiO: generates electron-hole pairs,
producing highly reactive species like hydroxyl radicals (OH¢) and superoxide ions. These species oxidize organic
and inorganic pollutants, such as NOx, VOCs, and carbon monoxide, into harmless compounds like calcium
nitrates, carbonates, and sulfates, which are washed away by rain (Folli et al., 2012).

The photocatalytic process also induces hydrophilicity, causing water to spread evenly across the surface rather
than forming beads. This “water-loving” property prevents dirt adhesion, enhancing self-cleaning capabilities
(Guerrini, 2011). The reaction is sustainable, as TiO. remains active as long as UV light is present, offering
perpetual pollutant degradation without material depletion.

www.jsrtjournal.com ISSN: 2583-8660 52




ﬁrmﬁf PAGES: 52-59
SRl 15/06/25
JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY VOLUME-3 ISSUE-6 JUNE

2.2 Integration into Concrete

TiO: is typically incorporated into concrete at 3—5% by weight, as in Italcementi’s TX Active cement (Cassar et
al., 2007). It can be mixed into the cement matrix or applied as a coating, paint, or mortar. The resulting products
include precast concrete elements, paving blocks, plasters, and tunnel linings, enabling versatile applications. The
photocatalytic properties are most effective on surfaces exposed to sunlight or artificial UV sources, ensuring
continuous environmental benefits.

3. APPLICATIONS IN SUSTAINABLE INFRASTRUCTURE

Photocatalytic concrete is transforming urban infrastructure by integrating air purification, self-cleaning, and
thermal regulation into construction practices. Below are the primary applications, supported by detailed
descriptions and performance data.

3.1 Pervious Concrete Pavements

Pervious concrete, characterized by its porous structure, allows water drainage, reduces stormwater runoff, and
absorbs sound, making it an environmentally friendly alternative to asphalt (Guerrini, 2009). When combined
with TiO», its high surface area enhances photocatalytic activity, effectively degrading pollutants. A study in
Chandigarh, India, reported a 68.32% NO: degradation rate under optimal conditions (3.35 g TiO2, 5 pW/cm? UV-
A, 64.60% relative humidity) using a Box-Behnken response surface methodology (Singla et al., 2021). These
pavements also support recyclability by incorporating recycled aggregates, reducing environmental impact.

Fig-1: D scan of pervious concrete pavement surface, illustrating its porous structure conducive to high
photocatalytic activity.

Applications include sidewalks, parking lots, and low-traffic roads, where pervious concrete reduces urban
flooding, mitigates noise, and purifies air, aligning with sustainable urban planning goals.

3.2 Two-Lift Paving Systems

Two-lift paving involves laying a cost-effective base layer of conventional concrete followed by a thinner top
layer of photocatalytic concrete, optimizing material use and performance. The Route 141 reconstruction in St.
Louis, USA (2011), implemented this technique, combining a photocatalytic mainline pavement with pervious
shoulder pavements. Monitoring over one year showed 15-20% reductions in NOx and PM, demonstrating
environmental benefits (Guerrini et al., 2012). The approach was showcased by the National Concrete Pavement
Technology Center as a model for sustainable highway construction.
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photocatalytic concrete X

. Route 141 in Chesterfield (St. Louis area) - Missouri (USA)
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(MoDOT Highway) — 2012
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Fig-2: Cross-sectional view of two-lift paving, showing the base layer and photocatalytic top layer

This approach reduces costs by using less photocatalytic material while maintaining environmental benefits,
making it viable for large-scale infrastructure projects.

3.3 Tunnel Linings and Coatings

In tunnels, photocatalytic coatings activated by UV-emitting metal halide lamps degrade pollutants and reduce
maintenance needs. A study in a Rome city tunnel reported significant NOx reduction, particularly at tunnel exits,
which are pollution hotspots (Guerrini, 2012). The self-cleaning properties minimize cleaning frequency,
enhancing safety and reducing costs (Ravesloot, 2012). Specialized UV lighting systems maximize photocatalytic
activity, though energy consumption must be optimized.

Fig-3: Photocatalytic coating applied to a tunnel’s internal surface, maintaining cleanliness and air quality

Applications extend to multi-story car parks and vertical surfaces, where TiO2-based coatings provide anti-
pollution, bacteriostatic, and anti-mold properties.
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3.4 Building Facades and Urban Heat Island Mitigation

Photocatalytic concrete in building facades leverages large surface areas for air purification. Its high albedo (solar
reflectance) mitigates urban heat islands, which elevate urban temperatures by 2—4°C compared to rural areas
(Akbari et al., 2010). Light-colored surfaces reduce heat absorption, lowering cooling energy demands and ozone
formation rates, thus improving air quality (Guerrini, 2011). A bridge constructed with photocatalytic concrete
piles exemplifies aesthetic and environmental benefits.

—

Fig-4: Bridge with photocatalytic concrete piles, showcasing durability and eco-friendly properties.

These applications transform urban surfaces into active environmental remediators, aligning with sustainable
development goals.

4. PERFORMANCE DATA

The efficacy of TiO2-based photocatalytic concrete varies by application, pollutant, and environmental conditions.
Table 1 consolidates data from laboratory and field studies, providing a comprehensive overview.

Table 1: Performance Metrics of TiO:-Based Photocatalytic Concrete

Table 1: Performance Metrics of TiO:-Based Photocatalytic Concrete

Application Pollutant E:tiradatlon Conditions Location Source
Pervious Concrete NO 68.32% 3.35 g TiO2, 5 pW/cm? Chandigarh, Singla et al.
Pavement 2 oere UV-A, 64.60% RH India (2021)
Two-Lift Paving  [NOx  [[15% (fieldy  |[Natural sunlight, traffic i, -\ o oo yga  |Guerrini etal.
exposure (2012)
. . Natural sunlight, variable . Guerrini et al.
- . o, )
Two-Lift Paving PM 10-20% (field) traffic St. Louis, USA (2012)
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Application Pollutant Rate Conditions Location Source

Up to 90% UV metal halide lamps,

Tunnel Coating NOx Rome, Italy Guerrini (2012)

(lab) controlled airflow
Tunnel Coating CoO 60% (lab) UV lamps, high humidity ||[Laboratory gaovlezs)loot
o 5% TiOz, high UV Cassar et al.
o >
Building Facade VOCs ||85% (lab) exposure Laboratory (2007)
3-5% TiO2, UV-A 10 Hamidi & Aslani
709 >
Concrete Blocks NOx 50-70% (lab) LW/em? Laboratory (2019)

Sidewalk Paving Ozone ||12% (field) Natural sunlight, urban Urban Area Chen & Chu

exposure (Generic) (2011)
. 30-50% Nanoscaled TiO-, natural . .
Fog Sealing NOx (outdoor) sunlight Field Test Liet al. (2021)
Precast Concrete 0 o) T ) Folli et al.
Elements VOCs (|70% (lab) 4% TiO2, UV-A 8 uW/cm? ||Laboratory (2012)
Notes:

e Laboratory results often show higher degradation rates due to controlled conditions (e.g., high UV intensity,
stable humidity).

e  Field performance is lower due to variables like traffic, dust, and weather.

e Nanoscaled TiO: shows reduced efficiency indoors, emphasizing the need for UV exposure (Li et al., 2021).
5. CASE STUDIES

5.1 Route 141 Reconstruction, St. Louis, USA

The Missouri Department of Transportation, in collaboration with the Federal Highway Administration,
Italcementi, and Lehigh Hanson, implemented a two-lift paving system on Route 141 between Ladue Road and
Olive Boulevard in 2011. The project featured a photocatalytic top layer and pervious shoulder pavements,
constructed in October 2011 and May 2012, respectively. Monitoring over one year showed 15-20% reductions
in NOx and PM, attributed to the photocatalytic concrete’s ability to degrade pollutants under natural sunlight
(Guerrini et al., 2012). The project, presented at the National Concrete Pavement Technology Center’s open house
in Chesterfield, MO (2010), serves as a benchmark for sustainable highway construction.

5.2 Rome City Tunnel, Italy

A Rome tunnel equipped with TiO.-based coatings and UV metal halide lamps achieved significant NOx
reduction, particularly at tunnel exits, which are often pollution hotspots. The photocatalytic surfaces reduced
maintenance needs by maintaining cleanliness, improving safety and visual comfort (Guerrini, 2012). The study
highlighted the importance of optimized UV lighting to maximize photocatalytic activity, though energy costs
remain a consideration (Ravesloot, 2012).

5.3 Chandigarh, India

In Chandigarh, photocatalytic concrete blocks were tested for NO. degradation using a batch reactor and Box-
Behnken response surface methodology. The optimal conditions (3.35 g TiO2, 5 uW/cm? UV-A, 64.60% RH)
yielded a 68.32% degradation rate, demonstrating the technology’s potential in developing countries with high
pollution levels (Singla et al., 2021). The study underscores the scalability of photocatalytic concrete for urban air
quality improvement.
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6. ENVIRONMENTAL BENEFITS
Photocatalytic concrete offers multiple environmental advantages:

1. Air Quality Improvement: By degrading NOx, VOCs, CO, and ozone, it reduces photochemical smog and
health risks. Field studies report 12—20% pollutant reductions in urban settings, with laboratory tests
achieving up to 90% (Cassar et al., 2007; Chen & Chu, 2011).

2. Self-Cleaning Properties: Hydrophilic surfaces prevent dirt adhesion, reducing maintenance costs for
buildings, pavements, and tunnels (Folli et al., 2012).

3. Urban Heat Island Mitigation: High-albedo surfaces lower urban temperatures by 2—4°C, reducing cooling
energy demands and ozone formation (Akbari et al., 2010).

4.  Sustainability: Use of recycled aggregates in pervious concrete and reduced maintenance enhance resource
efficiency and infrastructure longevity (Guerrini, 2009).

5. Public Health: Lower pollutant levels decrease respiratory and eye irritation, improving quality of life in
urban areas (Swaroop & Bandi, 2020).

Table 2: Environmental Benefits of Photocatalytic Concrete

| Benefit I Description I Impact |  Source |
Air Purification Degrades NOx, VOCs, 12-90% pollutant Chen & Chu
CO, and ozone reduction (2011)
Self-Cleanin Hydrophilic surfaces Lower maintenance Folli et al.
g reduce dirt adhesion costs (2012)
Urban Heat Island  ||High albedo reduces urban ||2-4°C temperature Akbari et al.
Mitigation temperatures reduction (2010)
Resource Efficiency Recycled aggregates in Reduc_ed environmental Guerrini (2009)
pervious concrete footprint
Public Health Lower pollutant levels Decreased respiratory ||Swaroop &
Improvement reduce health risks issues Bandi (2020)

7. CHALLENGES AND LIMITATIONS
Despite its potential, photocatalytic concrete faces several challenges:

1. UV Dependency: The photocatalytic process requires UV light, limiting indoor applications unless
artificial UV sources are used, increasing energy costs (Chen & Chu, 2011).

2. Long-Term Performance: Dust, traffic, and weather reduce photocatalytic efficiency over time. In-service
performance studies are limited, necessitating long-term field tests (Guerrini et al., 2007).

3. Environmental Concerns: By-products like calcium nitrates and nanoscale TiO: particles may
contaminate water or soil, potentially harming ecosystems if washed into shallow seas (Swaroop &
Bandi, 2020).

4. Material Compatibility: The hydrophilic effect may increase moisture absorption, risking corrosion or
freeze-thaw damage. Compatibility with sealants and coatings is uncertain (Swaroop & Bandi, 2020).

5. Cost Considerations: High initial costs for TiO. and UV lighting systems require cost-benefit analyses to
justify adoption, despite maintenance savings (Guerrini, 2012).

6. Regulatory Gaps: Lack of industry standards for TiO2 dosage, application methods, and durability hinders
widespread use (Hamidi & Aslani, 2019).

7. Health and Safety: While conventional TiO: is non-toxic, nanoscale variants require further safety
assessments to ensure no adverse effects on human health or the environment (Swaroop & Bandi, 2020).

www.jsrtjournal.com ISSN: 2583-8660 57




T iotRh, PAGES: 52-59
LT 15/06/25
JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY VOLUME-3 ISSUE-6 JUNE

8. FUTURE DIRECTIONS
To overcome these challenges and enhance adoption, the following research and development areas are critical:

1. Visible-Light Photocatalysts: Developing TiO: variants that activate under visible light would expand
applications to indoor and low-UV environments (Swaroop & Bandi, 2020).

2. Nanoscale TiO: Optimization: Nanoscaled TiO: offers higher efficiency but requires safety studies to
address environmental concerns (Li et al., 2021).

3. Long-Term Field Studies: Extensive testing in diverse climates and traffic conditions will validate
durability and performance (Hamidi & Aslani, 2019).

4. Standardization: Industry standards for TiO2 dosage, application techniques, and testing protocols will
ensure reliability and scalability.

5. Integrated Urban Planning: Incorporating photocatalytic concrete into city-wide infrastructure plans
can maximize environmental benefits, such as air quality improvement and heat island mitigation.

6. Cost Reduction: Scaling production and optimizing UV lighting systems could lower costs, making the
technology more accessible.

TiO-Enhanced Facades

; Photocatalytic Building Facades
Puifies Air (VOCs, PM

IGreen Spaces Enhance Sustainability Reduces NOx at Exit

Degrades NOx & VOCs

Improved Air Quality
NOx Reduced by
15-90%

Stormwater Management

Fig-5: Conceptual diagram of a smart city integrating photocatalytic concrete in pavements, tunnels, and
facades for air purification and sustainability.

9. CONCLUSION

TiOz-based photocatalytic concrete represents a transformative approach to environmentally friendly urban
infrastructure. By degrading pollutants, maintaining clean surfaces, and mitigating urban heat islands, it addresses
critical environmental challenges. Applications in pervious pavements, two-lift paving, tunnel coatings, and
building facades demonstrate its versatility and efficacy, as evidenced by case studies in St. Louis, Rome, and
Chandigarh. Comprehensive performance data highlight its potential, with degradation rates of 12-90% for
various pollutants. However, challenges like UV dependency, long-term durability, and environmental safety
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require ongoing research. By addressing these issues and advancing visible-light photocatalysts, photocatalytic
concrete can play a pivotal role in creating cleaner, more sustainable cities.
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