
                  SchoRes Journal of Physical Sciences and Engineering Volume 1, Issue 1, December 2025 

8 
 

 

Active Adsorption Materials: A Review of Smart Sorbents for 
Environmental and Energy Applications 

 Suraj Preet Mathew1  
1Institute of Science, Bengaluru, India 

surajpreet1@outlook.com1 

Abstract 

Active adsorption materials smart sorbents that dynamically respond to external stimuli are 
revolutionizing conventional strategies in environmental remediation and energy storage. Unlike 
traditional passive adsorbents, these advanced materials exhibit tunable physicochemical properties 
that can be selectively activated or modulated by variations in temperature, pH, light, electric fields, 
or magnetic fields. This stimuli-responsive behavior offers significant advantages, including enhanced 
selectivity, reversible adsorption, energy-efficient regeneration, and real-time adaptability to 
changing operational conditions. As a result, active adsorbents are increasingly being integrated into 
cutting-edge applications such as water purification, gas separation, air filtration, and carbon dioxide 
capture. This review provides a comprehensive and structured analysis of the current landscape of 
active adsorption materials. The discussion is organized around the types of stimuli used to trigger 
adsorption mechanisms, the classes of materials employed including metal-organic frameworks 
(MOFs), covalent-organic frameworks (COFs), nanocomposites, and responsive polymers and the 
specific application domains where these materials demonstrate the most promise. Particular 
attention is given to how molecular architecture, pore structure, and surface chemistry influence 
performance under external stimuli. Additionally, the review highlights recent advances in fabrication 
and functionalization techniques that have enabled the precise engineering of stimuli-responsive 
sites and dynamic frameworks. Key examples from experimental studies and scalable prototypes are 
analyzed to illustrate the state-of-the-art. The mechanisms underlying adsorption responsiveness 
such as conformational switching, charge modulation, and photothermal transformation are also 
examined to elucidate how these materials achieve targeted performance. Despite their potential, 
challenges remain regarding long-term stability, material toxicity, cost-effective synthesis, and 
integration into industrial-scale systems. The review concludes by identifying future research 
directions, emphasizing the need for interdisciplinary approaches that blend materials science, 
environmental engineering, and nanotechnology to overcome existing limitations and unlock the full 
potential of smart sorbents in sustainable technologies.

Keywords: Smart sorbents, Metal-organic frameworks (MOFs), Stimuli-responsive polymers, 
Environmental remediation. 
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1. Introduction 

Adsorption is a surface-based phenomenon in which atoms, ions, or molecules from a fluid phase 
adhere to a solid surface, and it plays a critical role in fields ranging from catalysis and environmental 
engineering to energy systems. Traditionally, passive adsorbents such as activated carbon, zeolites, 
and silica-based materials have been used to trap pollutants or store gases due to their high surface 
area and porosity. However, these materials often suffer from limitations in selectivity, regeneration, 
and response to dynamic environmental conditions. 

In response to these limitations, research has increasingly focused on active adsorption materials a 
class of smart sorbents that can adjust their adsorption characteristics in response to external stimuli 
such as pH, temperature, light, electric fields, and magnetic fields. These materials offer real-time 
control over the adsorption process, enhancing selectivity, improving energy efficiency, and enabling 
material reuse through on-demand desorption [1]. Such responsiveness has made them promising 
candidates for applications in environmental remediation, such as the removal of heavy metals and 
organic pollutants from wastewater, as well as in energy systems, such as hydrogen storage and 
carbon dioxide capture. 

The importance of active adsorbents lies in their adaptive functionality, which represents a paradigm 
shift in material design transforming the adsorption process from a static to a dynamic operation. 
Their behavior mimics biological systems, wherein function is modulated according to environmental 
cues. Materials like MOFs and stimuli-responsive polymers demonstrate this capability, exhibiting 
changeable surface properties and pore structures [7]. 

This review aims to provide a comprehensive overview of the types, mechanisms, and applications of 
active adsorption materials. It categorizes the materials based on the nature of stimuli (e.g., thermal, 
photonic, magnetic) and delves into specific examples and case studies to evaluate their 
performance. Emphasis is also placed on recent trends in nanotechnology, hybrid material synthesis, 
and smart material design that underpin these advances. The paper is structured as follows: Section 2 
describes various categories of active adsorption materials. Section 3 explores the fundamental 
mechanisms that govern active adsorption behavior. Section 4 discusses key environmental and 
energy-related applications. Section 5 addresses current challenges and opportunities for future 
development. By collating state-of-the-art knowledge and highlighting frontier research directions, 
this review serves as a foundational reference for scientists and engineers aiming to develop 
next-generation adsorption systems for sustainable applications. 

2. Literature Review 

Over the past decade, the field of adsorption materials has witnessed significant evolution from 
conventional static adsorbents to smart, stimuli-responsive systems. The development of active 
adsorption materials has been driven by the need to overcome the intrinsic limitations of passive 
adsorbents, including poor selectivity, limited regeneration, and lack of adaptability under changing 
operational conditions. 

Metal-Organic Frameworks have emerged as a leading class of active adsorbents due to their highly 
tunable pore structures and chemical functionalities. This study highlighted the modular nature of 
MOFs that allows incorporation of responsive moieties, enabling stimuli-triggered adsorption and 
release [2]. Subsequent studies have demonstrated temperature and light-responsive MOFs for CO₂ 
capture and separation [1]. 

Stimuli-responsive polymers have also been extensively studied for their reversible swelling/shrinking 
behaviors, which affect adsorption capacities and selectivity. These polymers can be engineered to 
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respond to pH changes or temperature variations, making them suitable for environmental cleanup 
where water chemistry fluctuates [3]. 

Moreover, magnetic nanocomposites have been developed to facilitate easy recovery of adsorbents 
post-treatment by magnetic fields, as discussed [4]. These materials combine high adsorption 
efficiency with practical considerations for material reuse, a key factor for sustainable processes. 
Despite these advances, comprehensive reviews focusing on the combination of stimuli types, 
material classes, and application domains remain sparse. This paper aims to fill this gap by 
synthesizing research findings from diverse materials and applications.  

3. Types of Active Adsorption Materials  

Active adsorption materials represent a diverse and rapidly expanding class of smart sorbents whose 
performance can be modulated by external stimuli. These materials are designed to interact 
dynamically with their environment, enabling functionalities such as selective uptake, 
self-regeneration, and controlled release. Depending on the nature of their responsiveness and 
structure, they can be broadly classified into several material categories. Each type offers unique 
advantages and is suited for specific environmental and energy-related application. The following 
subsections examine the major categories of active adsorption materials, highlighting their 
composition, activation mechanisms, and practical relevance. 

3.1. Metal-Organic Frameworks  

MOFs are crystalline porous materials made of metal nodes connected by organic linkers. Their 
structure and functionality can be tuned to respond to external stimuli such as light, temperature, or 
gas pressure. For instance, photo-responsive MOFs incorporating azobenzene units change their pore 
dimensions upon UV illumination, altering adsorption behavior [7]. 

3.2. Covalent Organic Frameworks (COFs) 

COFs are similar to MOFs but consist entirely of light elements linked by strong covalent bonds, giving 
high thermal and chemical stability. COFs have been engineered to include functional groups 
responsive to pH and temperature, enabling selective adsorption and controlled release of target 
molecules. 

3.3. Stimuli-Responsive Polymers 

Polymers such as poly(N-isopropylacrylamide) (PNIPAM) exhibit thermo-responsive behavior, 
undergoing reversible phase transitions at specific temperatures. This property modulates the 
polymer’s adsorption affinity, useful in water treatment and selective separation processes [3]. 

3.4. Magnetic Nanocomposites 

These composites incorporate magnetic nanoparticles within adsorbent matrices. Exposure to an 
external magnetic field facilitates rapid separation from liquid phases. Their adsorption can also be 
influenced by temperature or pH changes, offering multifunctionality [4]. 

3.5. Other Emerging Materials 

Hybrid materials combining MOFs, polymers, and nanoparticles are increasingly developed to exploit 
synergistic effects for enhanced adsorption kinetics, capacity, and selectivity. Table 1 presents a 
comparative overview of the primary categories of active adsorption materials, classified by the type 
of external stimuli they respond to, their core functional behaviors, and their typical application 
domains. 
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Table 1: Categories of Active Adsorption Materials and Their Key Characteristics 
Material Type Stimuli Type Functional Behavior Common Applications 

Metal-Organic Frameworks Light, 
Temperature 

Pore size tuning, functional group 
activation 

CO₂ capture, VOC removal 

Covalent Organic 
Frameworks 

pH, Temperature Chemical stability, selective 
adsorption 

Water purification, gas 
storage 

Stimuli-Responsive 
Polymers 

Temperature, pH Swelling/shrinking, hydrophilic 
transition 

Drug delivery, dye removal 

Magnetic Nanocomposites Magnetic Field Easy recovery, enhanced selectivity Oil spill cleanup, blood detox 

Hybrid Materials Multi-stimuli Synergistic behavior Multifunctional sorption 
processes 

 

4. Mechanisms of Active Adsorption 

Active adsorption relies on dynamic modifications in material properties triggered by external stimuli, 
offering enhanced control over adsorption behavior. One common mechanism involves the swelling 
or shrinking of responsive polymers, where changes in temperature or pH induce conformational 
shifts that open or close adsorption sites, thereby regulating uptake [3]. In advanced porous 
materials like MOFs and COFs, external stimuli such as light or heat can modulate pore size by 
altering the geometry of the framework, improving selectivity and accessibility [2]. Additionally, 
surface charge can be actively adjusted through pH variation, enhancing the selective adsorption of 
target species with opposite charges. Magnetic fields also provide a non-invasive means of 
controlling the aggregation and recovery of magnetic adsorbents, streamlining reuse without directly 
impacting adsorption capacity [4]. Collectively, these mechanisms contribute to superior 
performance in terms of selectivity, adsorption/desorption efficiency, and recyclability, making active 
adsorbents highly suitable for responsive environmental and industrial applications. Table 2 outlines 
the fundamental mechanisms by which active adsorption materials operate, providing insights into 
how external stimuli directly influence their adsorption behavior.  

Table 2:Mechanisms of Active Adsorption 

Mechanism Description Example Material 

Swelling/Shrinking Polymer volume change alters access to adsorptive sites PNIPAM-based hydrogel 

Pore Size Modulation External stimuli cause framework deformation Azobenzene-MOFs 

Surface Charge 
Adjustment 

pH variation alters adsorbent’s charge, influencing ion affinity Functionalized COFs 

Magnetic Manipulation Magnetic fields control separation or positioning of adsorbent 
particles 

Fe₃O₄-nanoparticle 
composites 
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Figure 1: Active Adsorption Material changes 

Figure 1 presents a conceptual schematic of the stimuli-responsive transformations that occur in 
active adsorption materials under various environmental conditions. These transformations are 
central to the functionality of smart sorbents, allowing them to interact adaptively with contaminants, 
gases, or targeted molecules in real-time.  

5. Applications 

Active adsorption materials have revolutionized multiple fields by providing smart, adaptable 
solutions that outperform traditional passive adsorbents. Their ability to respond to external stimuli 
enables controlled, selective, and reversible adsorption, opening new possibilities across 
environmental, energy, and biomedical sectors. 

5.1. Environmental Remediation 

Environmental contamination from heavy metals, dyes, pharmaceuticals, and organic pollutants 
poses a serious threat to ecosystems and human health. Active adsorption materials offer enhanced 
efficiency and selectivity in removing these contaminants from water and air. 

 Heavy Metal Removal: Active adsorbents such as stimuli-responsive polymers and MOFs 
functionalized with specific binding groups demonstrate exceptional affinity for toxic metals 
like lead (Pb²⁺), mercury (Hg²⁺), cadmium (Cd²⁺), and arsenic (As³⁺). For example, 
thermo-responsive polymers can undergo phase transitions that expose or shield active sites 
depending on temperature, allowing for controlled capture and subsequent release during 
regeneration cycles. This greatly reduces material wastage and operational costs. 

 Organic Pollutants and Dyes: Persistent organic pollutants and synthetic dyes are difficult to 
degrade and often require sophisticated treatment methods. Photo-responsive MOFs and 
polymer composites change their adsorption capacity under UV or visible light irradiation, 
enabling on-demand removal and desorption of harmful organics from wastewater streams. 
Such light-triggered adsorption reduces the need for chemical reagents and harsh conditions. 

 Oil Spill Cleanup: Magnetically active adsorbents embedded with iron oxide nanoparticles 
enable rapid separation of oil from water by applying an external magnetic field. The 
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magnetic recovery capability coupled with high oil affinity results in efficient cleanup with 
recyclability, minimizing secondary pollution [4]. 

 Air Purification: Active adsorbents incorporated in filtration systems can selectively capture 
volatile organic compounds (VOCs), nitrogen oxides (NOx), and sulfur oxides (SOx) in industrial 
emissions. By dynamically adjusting pore sizes or surface chemistry in response to changes in 
temperature or gas composition, these materials improve filtration efficiency and lifespan. 

5.2. Gas Separation and Storage  

  Efficient capture and separation of gases are vital for clean energy technologies and mitigating 
climate change. 

 Carbon Dioxide Capture: Active MOFs and COFs with switchable adsorption sites offer 
tunable affinity for CO₂ molecules. By modifying the framework's polarity or pore size upon 
exposure to stimuli such as temperature, pressure, or light, these materials allow selective 
CO₂ capture from flue gas mixtures and enable easy regeneration for cyclic operation. For 
instance, azobenzene-functionalized MOFs change configuration under UV light, facilitating 
controlled CO₂ adsorption and release. 

 Hydrogen Storage: For hydrogen fuel applications, materials capable of adsorbing and 
desorbing hydrogen under mild conditions are essential. Stimuli-responsive polymers 
combined with nanoporous frameworks demonstrate reversible hydrogen adsorption 
regulated by temperature or pressure changes, improving storage capacity and kinetics [5][6]. 

 Methane and Other Gas Separations: Selective adsorption of methane (CH₄) from natural gas 
streams or removal of impurities such as carbon monoxide (CO) and nitrogen (N₂) is achieved 
through active adsorbents with modifiable pore environments. Pressure and temperature 
swings trigger structural changes that enhance separation performance, reducing energy 
consumption in industrial gas purification. 

 Oxygen and Nitrogen Separation: Tunable adsorption sites in advanced MOFs enable efficient 
separation of oxygen and nitrogen for medical and industrial uses, which traditionally require 
energy-intensive cryogenic distillation. 

5.3. Biomedical Applications 

The precision and control offered by active adsorption materials have opened innovative pathways in 
medicine and biotechnology. 

 Targeted Drug Delivery: Stimuli-responsive adsorbents can encapsulate therapeutic agents 
and release them in response to specific triggers such as pH changes, temperature variations, 
or enzymatic activity present in targeted tissues or tumor microenvironments. For example, 
pH-sensitive polymeric adsorbents remain stable in the bloodstream but release drugs upon 
encountering acidic cancerous tissues, improving treatment efficacy and reducing side effects. 

 Detoxification and Biosensing: Active adsorbents are employed in blood purification systems 
to selectively remove toxins, heavy metals, or metabolic waste. Magnetic adsorbents can be 
injected and later removed from the bloodstream using external magnets, minimizing invasive 
procedures. 

 Tissue Engineering and Regenerative Medicine: Smart adsorbents provide controlled 
adsorption of growth factors and biomolecules that regulate cell behavior and tissue 
regeneration. Their responsiveness allows temporal control over molecular delivery, aiding in 
the formation of functional tissues. 
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 Diagnostics: Integration of active adsorption materials in biosensors enables selective capture 
and detection of biomolecules such as proteins, DNA, or viruses. Changes in adsorption 
properties under external stimuli can be transduced into measurable signals, improving 
sensor sensitivity and specificity. 

6. Challenges and Future Directions 

Despite the promising potential of active adsorption technologies, several critical challenges must be 
addressed to enable their widespread application. Scalability remains a major hurdle, as synthesizing 
responsive materials at an industrial scale without compromising their functional properties is 
complex and resource-intensive. Durability is another concern, with many active adsorbents 
exhibiting reduced stability or performance degradation after repeated exposure to external stimuli. 
Additionally, the economic feasibility of these advanced materials poses a barrier, as they are often 
more costly than conventional alternatives. Environmental sustainability is also essential, requiring 
thorough lifecycle assessments to ensure that the environmental benefits of active adsorption 
outweigh their production and disposal impacts. Looking ahead, future research should prioritize the 
development of multi-stimuli responsive materials capable of adapting to complex environmental 
conditions. Integrating these materials with real-time sensing and feedback technologies could 
further enhance their utility in dynamic systems. Moreover, bio-inspired designs offer promising 
avenues for creating sustainable and efficient adsorption systems that mimic the adaptability and 
specificity found in nature. 

7. Conclusion 

Active adsorption materials have emerged as a transformative frontier in sorbent technology, 
characterized by their unique ability to dynamically adjust adsorption properties in response to 
external stimuli such as temperature, pH, light, and magnetic or electric fields. This smart, adaptive 
behavior addresses critical limitations of conventional passive adsorbents, including poor selectivity, 
limited reusability, and inflexible operation under changing environmental or process conditions. The 
review has highlighted significant advancements in the design and synthesis of various classes of 
active adsorbents ranging from MOFs and COFs to stimuli-responsive polymers and magnetic 
nanocomposites. These materials exhibit tailored functionalities such as tunable pore sizes, reversible 
swelling/shrinking, and switchable surface chemistries that enhance selective adsorption, facilitate 
easy regeneration, and enable precise control over adsorption/desorption cycles. In environmental 
applications, active adsorption materials show promising results in efficiently removing toxic heavy 
metals, dyes, and persistent organic pollutants from wastewater, often outperforming traditional 
materials through their stimuli-responsive regeneration capabilities. Similarly, in energy-related 
domains, the ability to selectively capture and release gases such as CO₂, H₂, and CH₄ under 
controlled stimuli provides a pathway to more energy-efficient carbon capture, gas separation, and 
storage technologies essential for sustainable development. Biomedical applications further 
underscore the versatility of these materials, where their responsiveness enables targeted drug 
delivery, detoxification, and biosensing addressing challenges in precision medicine and healthcare 
diagnostics. 
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