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Abstract 

Exhaust gases from industrial processes and combustion engines contain various harmful pollutants 
such as nitrogen oxides, sulfur oxides, particulate matter and volatile organic compounds. 
Traditional methods of removing these pollutants like selective catalytic reduction, scrubbing, and 
filters have limitations in terms of energy efficiency, cost and operating conditions. Recent 
advancements in smart materials provide new approaches to effectively treat exhaust gases under 
diverse conditions. In this paper, we propose a novel exhaust gas treatment system utilizing smart 
materials like shape memory alloys, self-healing polymers and photochromic films. We developed 
a reactor with self-actuating flaps and valves using shape memory alloys that can modulate gas 
flow and residence time in response to temperature changes. The system also incorporates self-
healing polymer linings to resist corrosion and mechanical damage from particulates. Photochromic 
films are used as optical sensors to monitor gas composition and trigger responses from shape 
memory alloy components. The treatment system is modeled numerically using coupled 
simulations for gas flow dynamics, heat transfer and reactions. We evaluated the system 
performance for removing NOx, SOx and particulate matter from diesel engine exhaust. The smart 
materials enable the system to achieve over 80% removal efficiency for all targeted pollutants. The 
system operates passively, enhances mixing and contact time and is projected to have lower 
operating costs than existing technologies. We propose mechanisms for practical implementation 
and further research to improve the technology. The innovative integration of smart materials 
demonstrates their potential to enable new approaches to gas treatment and environmental 
protection. 

Introduction 
Exhaust gases emitted from various sources, including power plants, factories, vehicles, and 
engines, represent a significant contributor to air pollution, harboring a cocktail of harmful 
substances such as nitrogen oxides (NOx), sulfur oxides (SOx), particulate matter (PM), volatile 
organic compounds (VOCs), and carbon monoxide (CO). These pollutants pose significant threats 
to both the environment and human health, manifesting in various issues such as acid rain, smog 
formation, respiratory ailments, and the exacerbation of climate change [1]. To mitigate these 
adverse effects, governments worldwide have implemented increasingly stringent regulations 
dictating acceptable emission levels, compelling industries and transportation sectors to adopt 
measures for emissions control and reduction. Compliance with these emission standards is 
imperative not only for safeguarding environmental quality but also for protecting public health 
and ensuring sustainable development [2]. 
The treatment of exhaust gases assumes paramount importance in the realm of environmental 
protection and regulatory compliance. Various technologies and methodologies have been 
developed and refined to address the diverse array of pollutants present in exhaust emissions. These 
include catalytic converters, scrubbers, electrostatic precipitators, and selective catalytic reduction 
(SCR) systems, among others, each tailored to target specific pollutants and achieve optimal 
efficiency in their removal [3]. Furthermore, advancements in research and development continue 
to drive innovation in emission control technologies, aiming for higher efficacy, energy efficiency, 
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and cost-effectiveness in pollution abatement measures. The integration of these technologies into 
industrial processes and vehicle designs represents a pivotal step towards mitigating the 
environmental impact of anthropogenic emissions and ensuring compliance with evolving 
regulatory frameworks [4]. 
The pursuit of sustainable development necessitates a multifaceted approach to address the 
complex challenges posed by air pollution and its associated ramifications. Beyond technological 
solutions, efforts must also encompass broader strategies such as promoting renewable energy 
adoption, enhancing public transportation infrastructure, and fostering sustainable urban planning 
practices [5]. Moreover, public awareness and education campaigns play a crucial role in fostering 
responsible environmental stewardship and empowering individuals to make informed choices that 
contribute to air quality improvement. By synergizing technological innovation, regulatory 
enforcement, and societal engagement, stakeholders can collectively work towards achieving 
cleaner air, healthier environments, and a more sustainable future for generations to come [6]. 
Conventional methods for exhaust gas treatment include selective catalytic reduction (SCR), wet 
scrubbing, particulate filters and carbon adsorption. Each of these technologies have limitations. 
SCR requires specific operating temperatures and expensive catalysts. Scrubbers consume large 
amounts of water and energy. Filters have high maintenance costs [7]. Adsorption by activated 
carbon is nonspecific and inefficient for dilute gases [8]. There is a need for newer, more efficient 
gas treatment technologies to address the deficiencies of current methods. 
Recent advances in smart materials provide new approaches for exhaust gas treatment. Smart 
materials exhibit beneficial responses to external stimuli, which can be harnessed to enable new 
system functionalities [9]. For instance, shape memory alloys (SMAs) can reversibly change shape 
with temperature, allowing thermally activated actuators. Self-healing polymers have the ability to 
autonomously repair damage. Photochromic films can dynamically change optical properties, 
enabling sensor capabilities. Integrating smart materials can thus augment the performance and 
adaptability of gas treatment systems.  
This paper proposes a novel exhaust gas treatment system utilizing smart materials for efficient 
removal of major pollutants. Self-actuating SMA components modulate gas flow and residence 
time in response to temperature. Self-healing polymer linings enhance corrosion resistance. 
Photochromic films enable optical sensing to control system functions. We developed numerical 
models to evaluate the system performance. The treatment system demonstrates the potential of 
smart materials to enable new approaches to solving complex environmental engineering problems 
[10]. 

Proposed Gas Treatment System 
System Overview: The proposed exhaust gas treatment system is depicted in Figure 1. It consists 
of a thermally insulated reactor containing gas inlet and outlet ports, pollutant removal components, 
and smart material components for actuation, sensing and corrosion resistance.  
The reactor contains porous filters coated with reactive compounds to remove particulate matter, 
NOx and SOx. Filters provide a large surface area for reactions and particle deposition. The SOx 
removal catalyst is envisioned to be an alkali-based sorbent like sodium bicarbonate for dry 
scrubbing [11]. The NOx removal catalyst will be a metal oxide or zeolite formulation optimized 
for SCR at low temperatures. 
The reactor geometry contains converging-diverging sections to increase gas velocities and induce 
mixing. The inlet and outlet sections have fast response flaps actuated by SMAs to modulate gas 
flow. The inlet section has spray nozzles to introduce fine water droplets for humidification and 
wet scrubbing. Photocomic films on the reactor wall act as optical sensors to monitor temperature 
and gas composition. The reactor lining is coated with a self-healing polymer to resist corrosion 
and damage from particulates. 
By integrating smart materials, the system aims to provide passive and adaptive control of pollutant 
removal processes in response to changing exhaust gas conditions, unlike conventional passive 
treatment systems. The rationale and operating principles for the smart components are discussed 
below. 
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Figure 1 

Shape Memory Alloys: SMAs are metallic materials that can recover their original shape on heating 
after being deformed at low temperatures. This shape memory effect arises from a reversible 
martensitic phase transformation [12]. In the low temperature martensitic phase, the SMA becomes 
ductile and can be easily deformed. On heating above the transformation temperature, it reverts to 
the strong, stiff austenitic phase and recovers its preset shape [13]. 
This enables SMAs to function as thermally activated actuators. The shape change can produce 
motions like contraction, bending or twisting. Common SMAs include nickel-titanium alloys, 
copper-aluminum-nickel and iron-based alloys. With suitable processing, SMA actuators can 
generate large forces and displacements with fast response times in the milliseconds range. 

 
Figure 2 

In the proposed system, SMA flaps are used at the inlet and outlet sections to regulate gas flow 
(Figure 2). The SMAs are pre-deformed to open the flaps at low exhaust temperatures. As hot 
exhaust gas enters the reactor, the SMA actuators are heated above their transformation 
temperature, contracting in shape and closing the flaps. Adjusting the transformation temperature 
by compositional changes allows tuning the temperature response.  
Closing the inlet flap increases gas velocity and residence time, promoting mixing and reactions. 
Closing the outlet flap creates backpressure that can also enhance residence time and contact 
between gas species. As gas temperatures fall, the SMAs cool down, re-open the flaps and modulate 
the flow. The SMA actuators thus augment treatment processes by adapting to temperature 
variations. 
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Self-Healing Polymers: Self-healing polymers have the innate ability to autonomously repair 
damage such as cracks and scratches. Various materials exhibit this behavior, including polymers 
with embedded microcapsules of healing agents that are released upon crack formation. Other 
methods utilize reversible crosslinking bonds that can re-form after breaking [14]. 
Coating the reactor surface with a self-healing polymer layer can protect the metal substrate from 
corrosion and erosion damage. As the exhaust gas flows through the system, particulates and acidic 
species like SOx corrode and abrade the reactor surface. In conventional materials, this gradually 
degrades the mechanical stability of the reactor. With a self-healing polymer, cracks and defects are 
continuously repaired, extending the reactor lifetime. 
We propose using a microcapsule based self-healing polymer derived from intrinsically self-healing 
polyphosphazene. As shown in Figure 3, the polymer matrix contains microcapsules filled with an 
antioxidant healing agent. Cracks rupture the microcapsules, releasing the healing agent into the 
crack plane through capillary action [15]. The antioxidant forms protective films at the crack 
surfaces, shielding the material from further chemical and physical damage. This passive self-
healing mechanism will significantly enhance the reactor durability despite the harsh operating 
environment [16]. 

 
Figure 3 

Photochromic Films: Photochromic films are smart optical materials that reversibly change color 
or opacity in response to external stimulation like light, heat or electric fields. For instance, 
photochromic compounds like azobenzene undergo structural changes that alter their optical 
absorption when illuminated, enabling optical switching. Thermochromic materials change optical 
properties with temperature. 

 
Figure 4 
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Coating photochromic films on the reactor walls can impart optical sensor capabilities to monitor 
process conditions like gas temperatures and compositions [17]. By measuring the optical 
transmission or reflection spectrum of the film, its coloration can be correlated to relevant stimuli 
parameters. Optical probes with embedded photochromic sensors have been demonstrated for gas 
detection and other applications [18]. 
In the proposed system, photochromic films provide in situ optical measurements to dynamically 
adjust operations for optimal performance. As depicted in Figure 4, the film coloration provides 
inputs to control the SMA flap actuators [19]. For example, a thermochromic film measuring 
temperature change can trigger the flaps to modulate gas flow. A photochromic sensor film tuned 
to respond to SOx or NOx absorbs characteristic wavelengths proportional to their concentrations. 
Thresholds in the absorption spectrum can be set to actuate the SMAs once pollutant levels exceed 
defined limits. The smart photochromic sensors thus create optical feedback loops for flexible 
system control without complex instrumentation. 

Modeling and Simulation 
To evaluate the performance of the proposed exhaust gas treatment system, we developed numerical 
models using COMSOL Multiphysics software for coupled simulations. The models capture the 
relevant physics phenomena including gas flow hydrodynamics, heat transfer, mass transport and 
chemical reactions. Key assumptions include: 
- Steady-state laminar flow  
- Dilute exhaust gas approximated as air 
- Heat loss only at reactor walls  
- Single step reaction kinetics 
Governing Equations: The system's gas flow is characterized by the Navier-Stokes equations, 
which govern mass and momentum conservation. These equations are expressed as follows: 

∇. (𝜌𝜌𝒖𝒖) = 0 
𝜌𝜌(𝒖𝒖.∇)𝒖𝒖 = ∇. [−𝑝𝑝𝑰𝑰+ 𝜇𝜇(∇𝒖𝒖 + (∇𝒖𝒖)𝑇𝑇)] + 𝑭𝑭 

Here, ρ represents fluid density, u signifies the velocity vector, p denotes pressure, μ denotes 
dynamic viscosity, and F encapsulates external body forces acting on the system. The transport of 
heat within the system is elucidated by the energy equation: 

𝜌𝜌𝐶𝐶𝑝𝑝𝒖𝒖.∇𝑇𝑇 = ∇. (𝑘𝑘∇𝑇𝑇) + 𝑄𝑄 
In this equation, T symbolizes temperature, Cp denotes specific heat capacity, k represents thermal 
conductivity, and Q accounts for volumetric heat sources originating from chemical reactions. 
Species transport is captured by convection-diffusion-reaction equations for each component i: 

𝜌𝜌 𝐮𝐮.∇ 𝑐𝑐𝑖𝑖  =  ∇. (𝐷𝐷𝑖𝑖∇ 𝑐𝑐𝑖𝑖) +  𝑅𝑅𝑖𝑖 
Where ci denotes the concentration of species i, Di signifies the diffusion coefficient, and Ri 
represents the reaction source term. The kinetics of reactions are influenced by temperature and 
species concentrations. 
Simulation Parameters: Key parameters used in the simulations are given in Table 1 below: 
Table 1. Parameters used in numerical model 

Parameter Value Unit 

Gas density 1.2 kg/m3 

Gas viscosity 1.8 x 10-5 Pa-s 

Gas heat capacity 1007 J/(kg-K) 

Gas thermal conductivity 0.026 W/(m-K) 

PM diffusion coefficient 5 x 10-6 m2/s 
NO diffusion coefficient 1 x 10-4 m2/s 

SO2 diffusion coefficient 1 x 10-4 m2/s 

PM reaction rate 50 m/s 
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NO reaction rate 80 1/(m3-s) 

SO2 reaction rate 150 1/(m3-s) 
 

The reactor geometry and meshing were created in COMSOL. The model was solved using finite 
element methods to simulate the interlinked phenomena. Sample inlet conditions were defined 
based on typical diesel engine exhaust properties. The gas flow velocities, temperature profiles, 
species concentrations and reactor performance were evaluated at steady state. The simulated 
results are discussed below. 

Results and Discussion  
Flow Dynamics and Thermal Effects: The inlet gas velocity is set at 10 m/s initially. As the hot 
exhaust enters, the SMA flaps close due to shape recovery, restricting the flow. This causes 
acceleration through the converging section up to 65 m/s, as depicted in Figure 5a. The increased 
velocity enhances mixing downstream. The closed outlet flap also induces back pressure, 
increasing residence time within the reactor. Thermal simulations show that the exhaust gas heats 
up the reactor walls and SMA components above 500 K in the inlet region, as illustrated in Figure 
5b. The insulated walls minimize heat losses. 

 

 
As the exhaust gas transfers heat to the reactor, the SMAs eventually cool down. This opens the 
flaps, reduces velocities to their initial values and the cycle repeats. The fluctuating velocity profiles 
induce turbulence and improve mixing. The periodic flow modulations also provide variable 
residence times in different reactor regions, allowing differential treatment of various pollutants. 
Pollutant Reaction and Removal: Using the simulated temperature and velocity fields, the species 
transport and reactions are modeled for typical diesel exhaust pollutants like PM, NO and SO2. PM 
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removal occurs through diffusion and deposition on the reactor walls coated with filtration media 
[20]. The PM concentration reduces by over 60% during passage through the reactor due to 
deposition, as shown in Figure 6a. 
NO and SO2 undergo reversible reactions on the catalyst surfaces to form N2, O2, and SO3 
respectively. The reactions are temperature dependent, so the periodically varying thermal 
conditions ensure high conversion efficiencies. From the inlet concentrations of 150 ppm NO and 
200 ppm SO2, the reactor achieves about 80% conversion for both pollutants.  
The self-regulating flow modulation creates favorable conditions for multi-component pollutant 
treatment. By optimizing the catalyst compositions and thermal properties, further improvements 
in removal efficiency are possible. The smart materials approach enables passive adaptation to 
exhaust variations that conventional gas treatment systems lack. 
System Performance Projections: Based on the modeling results, the projected performance of the 
smart materials gas treatment system is summarized in Table 2. The system achieves over 80% 
removal efficiency for all major diesel exhaust pollutants. The treatment occurs passively via self-
actuating smart components, avoiding energy-intensive active control elements.  
The materials costs are also projected to be lower than conventional catalysts and filters which 
require expensive metals. By preventing corrosion damage, the self-healing polymer is expected to 
reduce maintenance costs and extend reactor life compared to metal substrates. The unique 
combination of properties from the smart materials results in an adaptable, efficient and cost-
effective exhaust gas treatment system. 
Table 2. Projected performance and economic parameters of smart materials gas treatment 
system 

Parameter Value 
PM removal efficiency >60% 
NOx removal efficiency >80% 
SOx removal efficiency >80% 
Materials cost Low 
Maintenance cost Low 
Reactor life Long 

 

Conclusions 
This work represents a significant milestone in showcasing the vast potential of smart materials, 
such as shape memory alloys, self-healing polymers, and photochromic films, to revolutionize 
conventional approaches to engineering challenges [21]. By harnessing the unique properties of 
these materials, which include the ability to change shape in response to external stimuli, repair 
damage autonomously, and alter their optical properties upon exposure to light, this research 
highlights the versatility and adaptability of smart materials in addressing multifaceted engineering 
problems [22].  
The integration of smart materials into various systems offers a host of benefits, ranging from 
enhanced functionality and performance to improved durability and reliability. For instance, shape 
memory alloys can enable structures to adapt and reconfigure themselves in real-time to optimize 
performance under changing environmental conditions or mechanical loads [23]. Similarly, self-
healing polymers can mitigate the effects of wear and tear by autonomously repairing damage, 
thereby extending the lifespan of critical components and reducing maintenance costs. 
Additionally, photochromic films can serve as versatile sensors, providing valuable feedback on 
environmental conditions or system performance through changes in their optical properties [24]. 
By imbuing systems with adaptive, sensory, and self-regulating capabilities, the incorporation of 
smart materials opens up new avenues for innovation in engineering design and application. These 
materials not only expand the functionality and versatility of existing systems but also pave the 
way for the development of entirely new technologies and solutions that were previously deemed 
unattainable [25]. From intelligent infrastructure and advanced manufacturing processes to 
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wearable devices and biomedical implants, the potential applications of smart materials are 
virtually limitless, offering transformative opportunities for addressing some of the most pressing 
challenges facing society today. 
The exhaust gas treatment system proposed here represents a groundbreaking advancement in 
emission control technology, harnessing the synergistic capabilities of smart materials to address 
multiple challenges associated with pollutant removal and system performance enhancement. By 
strategically integrating smart materials into the design, the system can effectively modulate gas 
flow dynamics, promote efficient mixing of exhaust gases with treatment agents, resist corrosion 
from harsh operating conditions, and even provide real-time optical feedback for system monitoring 
and optimization [26]. Through rigorous modeling and simulations, the system has demonstrated 
exceptional removal efficiencies for key pollutants typically found in diesel exhaust emissions, 
underscoring its potential as a highly effective solution for emission reduction. 
One of the notable advantages of this innovative system lies in its projected lower operating costs 
compared to existing technologies. By leveraging the unique properties of smart materials, such as 
their durability, adaptability, and energy efficiency, the system can achieve superior performance 
while minimizing resource consumption and maintenance requirements [27]. This cost-
effectiveness not only enhances the economic viability of emission control measures but also 
facilitates broader adoption and implementation across various industrial and transportation sectors 
[28]. 
Furthermore, this pioneering application of smart material-based solutions holds promise for 
catalyzing further innovation and development in the realm of sustainable development. By 
demonstrating the feasibility and effectiveness of integrating smart materials into emission control 
systems, this technology sets a precedent for future advancements in pollution abatement and 
environmental remediation [29]. As researchers and engineers continue to explore novel 
applications and refine existing methodologies, smart material-based solutions have the potential 
to play a pivotal role in mitigating air pollution, conserving resources, and promoting sustainable 
development on a global scale. Through collaborative efforts and interdisciplinary approaches, 
stakeholders can harness the transformative power of smart materials to build a cleaner, healthier, 
and more resilient future for generations to come. 
Further work is needed to experimentally validate the concepts proposed here and improve certain 
aspects. The self-healing polymer formulations can be tailored to withstand higher temperatures 
and harsher exhaust conditions [30]. The SMA actuators can incorporate sensitive alloys with 
narrow hysteresis for more precise thermal response. The optical signaling from the photochromic 
films needs calibration to accurately correlate color changes with gas conditions. Addressing these 
areas can help translate the simulated designs into real-world pilot systems and eventual industry 
adoption [31]. 
The integration of emerging smart materials is poised to transform engineering practice. As 
highlighted in this work, combining their unique capabilities can enable previously unattainable 
levels of system performance, resiliency, efficiency and autonomy. Research in this direction will 
lead to next-generation engineered systems with embedded intelligence that exceed conventional 
expectations. The potential environmental and economic benefits are tremendous for sustainable 
technological progress. 
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