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EXPLORING THE ROLE OF CARBON NANOTUBES IN ENHANCING SOIL FERTILITY AND CROP YIELD
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ABSTRACT

	Over the next few decades, agriculture will be confronted with the pressing challenge of enhancing productivity to satisfy the growing demand for food and fiber, while concurrently addressing risk management, reducing production variability, and improving ecological efficiency. Nanotechnology plays a significant role in advancing agricultural management, largely due to its nanoscale dimensions. It offers numerous advantages, including improved food quality and safety, reduced reliance on agricultural inputs, and enhanced absorption of nutrients from the soil. These benefits highlight the strong potential of nanotechnology in agriculture. Among the various nanomaterials, carbon nanotube has gained significant attention for its tremendous impact in the agricultural sector. Due to its unique physicochemical properties and high surface area carbon nanotubes interact with soil constituents and influence soil and crop productivity. This review investigates the role of carbon nanotubes on soil physico-chemical properties, effect on soil microbial communities, nutrient availability as well as the potential role in enhancing plant growth, nutrient uptake and yield. Although high concentrations of carbon nanotubes have been reported to cause toxic effects in certain plant species, further research is required to determine their safe levels of application in agriculture and to clarify the underlying mechanisms of interaction with soil and plants.
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1. INTRODUCTION

Agriculture serves as the backbone of the economy in many countries, with the livelihoods over 60% of the global population relying on it either directly or indirectly (Qamar et al., 2014). However, the availability of sustainable agricultural land has been declining due to the overuse of fertilizers, pesticides, herbicides and environmental challenges such as climate change. As a result, there is a growing need for advanced technologies that can modernize agriculture by delivering precise inputs at the right time, thus enhancing productivity in a cost-effective manner (Prasad et al., 2012). As a key player in recent technological advancements, nanotechnology holds promise for transforming agriculture and food production to efficiently meet future demands.
Nanotechnology finds diverse applications across various sectors, including agriculture, medicine, chemistry, physics, food industry, energy, telecommunications, textiles, electronics, and the automotive industry (Ditta et al., 2015). Nanoparticles with small size (1–100 nm) and large surface area have potential medical, industrial and agricultural applications. Recently, nanotechnology has emerged as a promising field in agriculture, leading to extensive research including academic and industrial sectors (Parisi et al., 2015). The distinctive characteristics of nanoscale materials render them ideal for creating innovative tools that advance sustainable farming practices. Sustainable intensification describes a production strategy focused on boosting agricultural output without causing harm to the environment. (Baulcombe, 2009). It offers a structured approach to assess and choose the most suitable combination of agricultural practices, taking into account the prevailing biophysical, social, cultural, and economic conditions (Garnett and Godfray, 2012). In this regard, innovative nanomaterials, comprising inorganic, polymeric, and lipid-based nanoparticles synthesized through various techniques, have been developed to enhance soil health and crop productivity.

2. CARBON NANOMATERIALS 
Nanomaterials have been utilized as nano fertilizers, nano pesticides, and nano sensors to enhance agricultural productivity. In recent years, carbon-based nanomaterials have found extensive applications in agriculture as plant growth regulators, pest management agents, nanosensors for pest detection, pesticide adsorbents, and nutrient delivery systems (Chhipa, 2019). Several carbon-based nanomaterials, including carbon nanotubes, fullerenes, carbon nanodots, carbon nanofibers, graphene oxides, carbon nano horns, and carbon nanoparticles, have been employed as agricultural inputs. Notably, carbon nanotubes, graphene, and fullerenes have been particularly utilized as nanocarriers for nutrient delivery and as active components in pest control formulations. By enabling controlled release and reducing the required quantities of fertilizers and pesticides, carbon nanomaterials serve as eco-friendly and sustainable agents, making them valuable inputs for next-generation agrochemicals. The use of carbon nanomaterials in plants positively influences various physiological processes, such as promoting seed germination, stimulating seedling growth, enhancing enzymatic activity, strengthening defense mechanisms, increasing photosynthetic efficiency, and supporting numerous metabolic functions that boost crop productivity. Beyond fostering plant growth, these nanomaterials also contribute to soil health by enabling slow nutrient release, improving water-holding capacity, enhancing nutrient retention, and maintaining optimal soil pH (Patel et al., 2018). On the other side, the accumulation of carbon nanomaterials adversely affects plants by generating reactive oxygen species (ROS), necrotic lesions in cells on the basis of the amount of accumulated carbon nanomaterials, and causing phytotoxicity (Liu et al., 2013). Various researches are ongoing on the subject to understand the interaction between plants and carbon nanomaterials and their toxicity level. However, further research is necessary to determine the tolerance thresholds of different types of carbon nanomaterials across various crops to ensure sustainable agricultural production.	Comment by actf: Soil health is much more than the listed characteristics; pls. Review, whether it is really soil health, which is meant, or only soil fertility.

3. CARBON NANOTUBES 

The discovery of carbon nanotubes (CNTs) marked a significant milestone in material science. Carbon nanotubes, discovered in 1991 by the Japanese scientist S. Iijima, are cylindrical allotropes of carbon with diameters of only a few nanometres, formed by the rolling of graphene sheets. They can differ in length, diameter, chirality (the arrangement of the rolled sheet), and number of layers. Remarkably, CNTs possess a tensile strength up to 100 times greater than steel while being only one-sixth its weight, making them highly effective for reinforcing materials.

4. TYPES OF CARBON NANOTUBES 

Based on the structural configuration, carbon nanotubes are categorized into two primary types: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) (Fig.1).
 1. Single-walled carbon nanotubes consist of a single concentric graphene layer, typically measuring a few micrometres in length and about 1-3 nm in diameter.
2. Multi-walled carbon nanotubes are characterized by several concentric layers of graphene. It measures approximately 10 μm in length and 5-40 nm in diameter.
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Fig.1 Structure of single-walled and multi-walled carbon nanotubes



5. CARBON NANOTUBES AND SOIL HEALTH

5.1 Impact of carbon nanotubes on soil physical properties

Carbon nanotubes can significantly influence key soil physical properties such as texture, bulk density, water holding capacity, and aggregation. Their nanoscale dimensions and high aspect ratio allow CNTs to interact with soil particles and organic matter, potentially leading to changes in soil texture and structure (Mukherjee et al., 2016). The incorporation of CNTs into soil can reduce bulk density by enhancing soil porosity and improving aeration, which in turn creates a more favourable environment for root growth and microbial activity (Tripathi et al., 2017). Additionally, CNTs contribute to increased water holding capacity (Fig. 2) by forming a porous matrix that retains water more efficiently, especially in coarse-textured or degraded soils (Chen et al., 2015). Their surface characteristics also promote the formation and stabilization of soil aggregates by binding soil particles together, thereby improving soil structure and resistance to erosion (Wang et al., 2016). These physical enhancements collectively support better root penetration, moisture availability, and overall soil resilience under cultivation.

5.2 Impact of carbon nanotubes on soil chemical properties

Carbon nanotubes can alter several key soil chemical properties, including pH, electrical conductivity, cation exchange capacity, anion exchange capacity, and the availability of essential nutrients. The influence of CNTs on soil pH is variable and largely dependent on their concentration, surface functionalization, and interaction with soil constituents. Some studies report slight increase or buffering effects that help neutralize acidic soils (Tripathi et al., 2017). Carbon nanotubes may also affect electrical conductivity by releasing or adsorbing ions in the soil solution, which can influence nutrient solubility and uptake (Zhao et al., 2014). Due to their large surface area and functional groups, CNTs can enhance CEC of soils by adsorbing positively charged nutrients such as potassium, calcium, and magnesium, improving nutrient retention and availability (Khodakovskaya et al., 2013). Similarly, functionalized CNTs may contribute to an increase in anion exchange capacity by binding anions like phosphate or nitrate, especially in highly weathered or acidic soils (Li et al., 2015). Furthermore, CNTs can modulate the bioavailability of both macro and micronutrients by influencing their mobility and protecting them from leaching losses. These changes in soil chemical characteristics, driven by the unique properties of CNTs, have implications for nutrient use efficiency and sustainable soil fertility management.
5.3 Effect of CNT on soil microbial communities
Soil hosts a vast diversity of microorganisms that are essential for soil formation and ecosystem functioning. Among them, bacteria are highly responsive to environmental changes and serve as effective indicators of soil health (Muller et al., 2001). Studies have shown that CNTs can alter microbial community structure. For example, Khodakovskaya et al. (2009) found that increasing CNT concentrations reduced Proteobacteria while increasing Bacteroidetes and Firmicutes. Similarly, Shan et al. (2015) reported that biochar, activated carbon, and CNTs influenced the degradation of 14C-catechol and microbial dynamics. While biochar had minimal effects, activated carbon and high doses of single-walled CNTs suppressed microbial activity, whereas low doses of multi-walled CNTs enhanced it. These results highlight the dose and type dependent effects of CNTs on soil microbial processes.	Comment by actf: Bacteria are the least susceptible and least significant kind of organisms, when soil health is referred to; their importance is less significant than for example funghi and higher species.
                                                       [image: ]
                                                                   Fig.2 Effect of carbon nanotubes on soil properties


5.4 CARBON NANOTUBES AS FERTILIZERS
Carbon-based nanomaterials, such as CNTs, are considered eco-friendly due to their high surface to volume ratio and ability to function as efficient nutrient carriers in agriculture. Their structure allows them to retain water and nutrients for longer periods and release them gradually based on plant demand, making them promising smart nanofertilizers (Serag et al., 2011). These materials can reduce the need for conventional synthetic fertilizers through targeted nutrient delivery, thereby minimizing soil and water pollution. Unlike traditional fertilizers that often result in nutrient losses through leaching or volatilization, CNTs offer controlled release mechanisms that match plant nutrient requirements over time. Multi-walled carbon nanotubes, in particular, can serve as carriers to improve nitrogen uptake by plants. Serag et al. (2011) demonstrated that delivering nutrients via MWCNTs enhances nitrogen use efficiency and promotes plant growth. Furthermore, Yatim et al. (2015) explored different methods of attaching urea to MWCNTs and found that functionalization significantly influenced nitrogen bonding and availability, highlighting its importance in developing effective nano-fertilizer formulations.	Comment by actf: Soil and water pollution does not depend so much of the quantity of fertilizers, but of the soil health status, which can be improved also by natural means rather than by adding carbon structures. The retaining function of carbon structures is unquestioned, the feasibilty of articifical carbon structures for agricultural use should be reflected more critically.
5.5 EFFECT OF CARBON NANOTUBES ON NUTRIENT USE EFFICIENCY
Nanofertilizers, which encapsulate nutrients within nano-sized carriers (1–100 nm), enable targeted and controlled nutrient release directly to plant roots (Nongbet et al., 2022). These advanced formulations offer numerous advantages, such as minimizing nutrient losses, enhancing nutrient absorption, improving soil health, and reducing dependence on conventional agrochemicals (Bhardwaj et al., 2022). Owing to their high surface area-to-volume ratio, they exhibit greater interaction with plant systems. Nanotechnology further aids precision farming by facilitating the controlled release of nutrients and pest management agents, thereby fostering both environmental and economic sustainability (An et al., 2022). By curbing fertilizer runoff and its associated environmental impacts, nanotechnology presents a promising route toward sustainable agriculture. It has the potential to boost crop yields while protecting ecosystems, helping to meet the dual goals of food security and environmental protection (Fellet et al., 2021).	Comment by actf: There is no clear explanation, how soil health is improved by inert articifical carbon structures; pls. explain or delete.
Cai et al. (2022) demonstrated that multi-walled carbon nanotubes (MWCNTs) can enhance nitrogen use efficiency (NUE) in Brassica campestris. In a pot experiment with reduced nitrogen levels, the treatment with 20% less nitrogen combined with MWCNTs significantly improved plant growth, biomass, sugar and protein content, and NUE (by 85.92%) compared to conventional fertilization. This effect was associated with increased soil and plant enzyme activities involved in nitrogen metabolism, suggesting that MWCNTs can boost NUE even under reduced fertilizer input.
5.6 MODE OF ACTION OF CARBON NANOTUBES AS SLOW RELEASE FERTILIZER
Carbon nanotubes (CNTs) have emerged as promising nanocarriers for developing slow-release fertilizers due to their unique structural and surface properties. The high surface area and nanoscale tubular architecture of CNTs enable encapsulation of nutrient ions within their cavities or strong adsorption on functionalized surfaces (Fig. 3). Once loaded, nutrients are not immediately available but are gradually released through controlled diffusion and desorption processes, which can be further influenced by soil pH, moisture, and other soil properties. This slow-release mechanism reduces nutrient losses through leaching, volatilization or fixation in soil, while ensuring a more synchronized supply of nutrients. These attributes highlight CNTs as effective vehicles for improving nutrient-use efficiency and sustainability in modern agriculture.              
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                           Fig.3 Mechanism of slow release of nutrients from carbon nanotubes
5.7 EFFECT OF CARBON NANOTUBES ON PLANT GROWTH AND PRODUCTIVITY
Advancements in nanotechnology have led to significant breakthroughs across various fields, including medicine, aerospace, electronics, and defence. The successful integration of nanotechnology in these sectors has sparked growing interest in its potential applications within agriculture and food systems. Experimental studies have shown that certain nanoparticles, when applied in low concentrations, can stimulate physiological responses in plants. Among these, carbon nanotubes have recently gained attention for their role in regulating plant growth. However, their effects on terrestrial plant species can be either beneficial or harmful, depending on factors such as the type of nanotube, its concentration, environmental conditions, and the plant species involved. Hasaneen et al. (2016) investigated the effects of foliar application of carbon nanotube and chitosan-based NPK nanofertilizers on French bean growth. Both nanomaterials, applied individually or together, significantly improved plant growth and biomass compared to the control. Low doses enhanced water and nutrient uptake, promoting overall plant development.
Joshi et al. (2020) studied the impact of oxidized MWCNTs on rice growth, yield, anatomy, and grain composition. Rice seeds were primed with MWCNTs (70–90 μg/mL), resulting in enhanced germination, root development, stomatal density, and nutrient uptake. These improvements led to higher yield and photosynthetic efficiency under field conditions. No toxicity was detected in plant DNA or human cell exposed to grain extracts, highlighting the agricultural potential of MWCNTs.
The application of CNTs enhances plant growth and development, with notable effects observed during the initial stages. The impact of MWCNTs on germination and seedling growth was assessed in Brassica juncea and Phaseolus mungo. Both species exhibited 100% germination, suggesting that MWCNTs are non-toxic at the tested levels. In B. juncea, a significant enhancement in vegetative biomass was observed across various CNT concentrations, with a notable 1.5-fold increase at 20 µg/ml. Additionally, root length improved markedly by 138%, 202%, and 135% at CNT concentrations of 10 µg/ml, 20 µg/ml, and 40 µg/ml, respectively, highlighting the growth-promoting potential of CNTs on B. juncea seedlings (Ghodake et al., 2010).
The ability of carbon nanotubes to penetrate the thick seed coat and facilitate internal water absorption was demonstrated through their interaction with tomato seedlings at concentrations ranging from 10 to 40 µg/ml, resulting in improved germination and growth rates. When tomato seeds were cultured on MS medium enriched with CNTs, they exhibited faster germination and enhanced seedling development. A 2.5-fold increase in vegetative biomass was observed, accompanied by improved water uptake. The most pronounced effects were recorded at a CNT concentration of 40 µg/ml (Khodakovskaya et al., 2013).

5.8 MODE OF APPLICATION OF CARBON NANOTUBES
Carbon nanotubes (CNTs) serve as carriers in agricultural applications, enhancing the delivery of fertilizers, pesticides, and soil amendments. The high surface area and tubular architecture enable CNTs to adsorb or encapsulate nutrients and agrochemicals, facilitating controlled and sustained release. The mode of application of CNTs include:
1.	Soil amendment: CNTs can be mixed directly into soil or combined with fertilizers to improve nutrient retention and microbial activity. Several studies indicate that CNTs at low to medium application rates enhance soil fertility and crop growth, particularly in sandy soils (Nepal et al., 2023).
2.	Foliar application: CNTs dispersed in aqueous solutions can be sprayed on plant leaves, allowing efficient uptake of nutrients and gives protection against biotic and abiotic stresses (Arumugham et al., 2025)
3.	Seed coating or priming: Seeds treated with CNTs can exhibit improved germination rates and early-stage growth, as CNTs facilitate nutrient uptake and stress tolerance ((Arumugham et al., 2025).

5.9 RECOMMENDED DOSAGE OF CARBON NANOTUBES IN AGRICULTURE
Carbon nanotubes (CNTs) can be used in agriculture in small quantities to enhance nutrient delivery, seed germination, and plant growth. For soil application, typical doses range from 10–100 mg CNT per kg of soil, with lower concentrations (<50 mg/kg) generally promoting growth while minimizing phytotoxicity (Rico et al., 2011). In foliar applications, CNTs are dispersed in water at 10–50 µg/mL and sprayed on leaves, allowing gradual nutrient uptake. Seed priming or coating often uses 10–100 µg CNT per seed, enhancing germination and early growth. CNTs act as slow-release carriers for nutrients, adsorbing or encapsulating essential elements and releasing them gradually, thereby improving nutrient use efficiency and reducing leaching losses. The application rate depends on the CNT type, surface functionalization, plant species, and soil characteristics. (Khodakovskaya et al., 2012; Liao et al., 2019).

5.10 CARBON NANOTUBES FOR REMEDIATION OF POLLUTANTS
Carbon nanotubes are promising nanomaterials used in the remediation of various organic and inorganic pollutants (Wang et al., 2019). Known for their high surface area, excellent mechanical strength, and superior electrical and thermal conductivity, CNTs are effective in removing contaminants from water and soil (Veeman et al., 2021). Their distinctive chemical characteristics make them well-suited for environmental remediation, particularly for adsorbing pollutants like heavy metals, pesticides, and pharmaceuticals (Song et al., 2018). CNTs work mainly through adsorption, but they are also applied in membrane filtration, catalysis, disinfection, and pollutant sensing. Single-walled CNTs and multi-walled CNTs differ in structure, which influences their adsorption capacities. Generally, CNTs with smaller diameters and higher surface areas offer better adsorption performance (Ren et al., 2011). Adsorption mechanisms involve electrostatic forces, hydrophobic interactions, and hydrogen bonding. Although CNTs show great potential for environmental remediation, their possible risks to human health and ecosystems must also be considered.
5.11 PESTICIDE MONITORING USING CARBON NANOTUBE SENSORS
Pesticides are organic chemicals used to protect crops from pests, helping to increase yield and reduce food loss. However, excessive use due to intensified farming practices can lead to harmful pesticide residues in the environment and in edible plant parts, posing serious health and environmental risks (Sangeetha et al., 2017). To address this, there is a growing need for fast, accurate, affordable, and portable detection methods. Carbon nanotubes have been widely used in developing nanosensors for detecting various pesticide residues. In recent years, CNT-based electrochemical sensors have emerged as highly sensitive tools capable of detecting very low levels of pesticides (Herrero et al., 2012). Studies have shown that combining CNTs in sensor platforms improves signal detection and accuracy. For example, Torre-Roche et al. (2013) demonstrated their effectiveness in detecting residues on crops like corn, tomato, and soybean, while Wong et al. (2017) highlighted their ability to monitor pesticide levels directly from plant surfaces. These advancements hold great promise for improving food safety and quality control in agriculture.
5.12 DRAWBACKS FOR THE USE OF CARBON NANOTUBES
Although some research has reported the toxic effects of CNTs, limited studies have examined their toxicity under real environmental conditions. This lack of understanding is partly due to the poor solubility and low reactivity of CNTs in soil, as well as interference from naturally occurring carbon in the environment. Information on their nutritional impact and potential to induce genetic changes is also scarce. At high concentrations, CNTs have been shown to negatively affect plant growth, while at low levels, their impact is often neutral or even beneficial. The most commonly proposed mechanism of toxicity is the generation of oxidative stress through reactive oxygen species. In particular, multi-walled CNTs can cause histone modifications and DNA methylation. Exposure to CNTs may also damage plant cell membranes, reduce mitochondrial enzyme activity, and increase ROS production (Viswanathan and Jian, 2009).
5.13 CONCLUSION 
Carbon nanotechnology has emerged as a rapidly advancing field with diverse applications in agriculture, medicine, and engineering. Among its innovations, carbon nanotubes (both single-walled and multi-walled) have demonstrated the ability to penetrate seed coats and plant cell walls, a property influenced by their size, concentration, and solubility. Their nanoscale dimensions play a critical role in agriculture and biotechnology, enabling interactions with plant systems that can enhance metabolic activities, boost biomass production, and improve fruit or grain yields. While certain carbon nanomaterials may exhibit phytotoxic effects, careful regulation of their concentration can mitigate potential damage. Assessing the bioavailability of CNTs remains essential to address possible risks to humans and animals. With their cost-effectiveness and potential to enhance crop productivity while supporting environmental sustainability, carbon nanotubes hold significant promise for the future of sustainable agriculture.
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