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Abstract 17 

Soil pollution has been an environmental problem drawing worldwide attention. 18 

Phytoremediation is a good and highly accepted method for treating contaminated soil. 19 

Numerous studies have been performed to enhance the phytoremediation efficiency 20 

by various approaches. The development of nanotechnology provides an effective 21 

alternative method. This article reviews recent advances in using nanomaterials to 22 

facilitate the phytoremediation of contaminated soil. Nanomaterials can function in 23 

the phytoremediation system through directly removing pollutants, promoting plant 24 

growth, and increasing pollutant phytoavailability. Phytoextraction is the most 25 

effective and recognized phytoremediation strategy for remedying contaminated soil. 26 

Nanoscale zero-valent iron is the most studied nanomaterials for facilitating the 27 

phytoremediation due to its successful engineering applications in treating 28 

contaminated soil and groundwater. Fullerene nanoparticles can increase the 29 

phytoavailability of pollutant. In general, using nanomaterials to facilitate the 30 

phytoremediation of contaminated soil can be an effective strategy, but it is still in the 31 

phase of exploration and attempt. The experience from more application cases is 32 

required and the long-term performance of nanomaterials in phytoremediation 33 

systems needs further research. 34 

 35 

Keywords: nanomaterial; phytoavailability; phytoremediation; phytotoxicity; plant 36 

growth; soil contamination 37 
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1. Introduction 39 

Soil is very precious to humans. It performs many important functions including 40 

life support, food production, carbon storage, water purification, and biodiversity 41 

conservation (Blum, 2005; Amundson et al., 2015). Sustainable development of 42 

human society requires safe and healthy soil. However, our soil is under serious threat. 43 

Over the past decades, increasing accumulation of toxic metals/metalloids and 44 

persistent organic pollutants in soil has been found due to rapid industrialization and 45 

various human activities (e.g., industrial waste discharge, sewage irrigation, and 46 

improper use of chemical pesticides and fertilizers). These substances are harmful to 47 

human health and ecological safety (Cachada et al., 2012; Li et al., 2014). Therefore, 48 

the remediation of contaminated soil is necessary. 49 

Many technologies have been developed to abate soil pollution (Chen et al., 2015; 50 

Song et al., 2017a). Phytoremediation is a popular bioremediation method. Compared 51 

with some other methods, phytoremediation is of low cost, simple operation, aesthetic 52 

appearance, wide adaptability, little destruction to the soil structure, and high public 53 

acceptance (Macek et al., 2000; Glick, 2003; Gong et al., 2018b). Since 1980s, 54 

phytoremediation has been greatly developed and widely used in field studies at sites 55 

contaminated with heavy metals, radionuclides, crude oil, pesticides, explosives, and 56 

chlorinated solvents (Sharma and Pandey, 2014; Dubchak and Bondar, 2019). 57 

Successful field cases of phytoremediation have been extensively documented 58 

worldwide and the global phytoremediation market is broad (Gerhardt et al., 2017; 59 

Thijs et al., 2017). In China, widespread use of phytoremediation began in 1990s. 60 
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This green technology has been applied to the remediation of arable land 61 

contaminated with heavy metals, metalloids, and pesticides (Tang, 2007; Tang and Mo, 62 

2007). For example, many phytoremediation projects that use Pteris vittata for arsenic 63 

extraction from contaminated soil have been successfully implemented in Hunan, 64 

Yunnan, Henan, Hebei, Guangxi, and Beijing in China (Chen et al., 2018). However, 65 

phytoremediation usually needs long time (several years), and its application is 66 

limited by weather conditions, soil quality, and pollutant phytotoxicity. In order to 67 

improve the phytoremediation efficiency, many strategies are employed, such as 68 

agronomic management, treatment with chemical additives, inoculation of 69 

rhizospheric microorganisms, and use of genetic engineering (Gerhardt et al., 2017). 70 

Development of nanotechnology brings new inspiration and ideas to the 71 

phytoremediation of contaminated soil. (Gong et al., 2018a). Many studies have 72 

reported the benefits of using nanomaterials in plant systems. Ghormade et al. (2011) 73 

studied the applications of nanomaterials in plant protection and nutrition, and 74 

reported that nanomaterials could help with the delivery of pesticides and fertilizers, 75 

the detection of plant disease and pollutants, and the protection of soil structure. In a 76 

review of nanomaterials in plant protection and fertilization, it was introduced that 77 

40% of all contributions deal with carbon-based nanomaterials including carbon 78 

nanotubes, liposomes, and organic polymers, followed by titanium dioxide, silver, 79 

silica, and alumina nanomaterials (Gogos et al., 2012). Over the past decade, many 80 

nano-enabled patents and products have been developed to control plant disease and 81 

increase crop yield, such as nanopesticides, nanofertilizers, and nanosensors (Servin et 82 

Ac
ce
pt
ed
 M
S



5 

 

al., 2015). Recently, some studies that aim at using nanomaterials to improve the 83 

phytoremediation efficiency have been conducted. This article reviews recent 84 

advances in using nanomaterials to facilitate the phytoremediation of contaminated 85 

soil. The review mainly focuses on how the applied nanomaterials function in the 86 

phytoremediation. Interactions between pollutants and plants in the presence of 87 

nanomaterials are analyzed. Additionally, the challenges of using nanomaterials in 88 

phytoremediation are discussed for identifying future research needs. 89 

 90 

2. Phytoremediation of contaminated soil 91 

Phytoremediation uses plants to remove, degrade, or contain pollutants in 92 

environmental media (water, air, sediment, and soil). Phytoremediation technologies 93 

used for soil pollution include phytovolatilization, phytoextraction, phytodegradation, 94 

phytostabilization, and rhizodegradation (Figure 1). 95 

Phytovolatilization (Figure 1A) is the absorption and transpiration of pollutants 96 

by plants. After being absorbed by plants, some pollutants can be transformed into 97 

volatile forms or degraded into volatile products. These volatile substances are then 98 

transported to leaves and transpired. Arsenic and mercury are commonly studied in 99 

phytovolatilization because these inorganic pollutants have volatile forms and can be 100 

biologically transformed into gaseous species by plants (Sakakibara et al., 2010). 101 

Some volatile organic compounds (e.g., trichloroethylene) can be removed through 102 

volatilizing from leaves and stems or from soil induced by plant root activities 103 

(Doucette et al., 2013; Limmer and Burken, 2016). Phytoextraction (Figure 1B) is the 104 
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accumulation of pollutants in the overground part of plant. It is a translocation process 105 

of pollutants, and the pollutants do not undergo transformation but are stored in plant 106 

shoots after being taken in by the roots. Through harvesting the overground part, these 107 

accumulated pollutants are removed from the site and can be further treated or 108 

recycled. Phytoextraction is the most effective and recognized phytoremediation 109 

strategy for abating soil pollution (Figure 2). This strategy is usually conducted with 110 

hyperaccumulators that can accumulate specific pollutant to a level that is 100 times 111 

greater than that for most plants (Reeves et al., 2018). Indian mustard and sunflower 112 

are widely used plant species for phytoextraction. They attract researchers because of 113 

large biomass, rapid growth, and excellent accumulation capacity for various 114 

pollutants (Shaheen and Rinklebe, 2015). Phytodegradation (Figure 1C) is the 115 

breakdown of organic pollutants by metabolic processes in plant tissues. Organic 116 

pollutants can be taken in by the plant roots. Through the internal metabolic processes, 117 

the pollutants are broken down into simple molecules that can be incorporated into the 118 

plant tissues. Plants can catalyze the degradation of organic pollutants by generating 119 

various enzymes with specific functions, such as nitroreductase, peroxidases, and 120 

dehalogenase (Lee, 2013). Specific degradation pathways in various plant species are 121 

different and have not been fully understood. Phytostabilization (Figure 1D) is the 122 

in-situ immobilization of pollutants by plant roots. This process takes place in 123 

rhizosphere, but not in the plant body. Through adsorption onto plant roots and 124 

precipitation (or complexation) within rhizosphere, pollutant mobility can be reduced, 125 

thereby decreasing the possibility of entering ground water or food chain. 126 
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Phytostabilization is effective for treating toxic metals (Jadia and Fulekar, 2009). 127 

However, pollutants are not actually removed from the soil by phytostabilization, 128 

which is the major disadvantage of this technique. Rhizodegradation (Figure 1E) is 129 

the breakdown of organic pollutants within rhizosphere by rhizospheric 130 

microorganisms. It is a plant-assisted process. The microorganisms play a dominant 131 

role in degrading the pollutants by their metabolic processes. The plant roots loosen 132 

the soil, provide attachment surface for microbial growth, and exude enzymes, amino 133 

acids, saccharides, and other compounds that can stimulate the microbial metabolic 134 

activity. Since the interaction of roots and rhizospheric microorganisms is vital to the 135 

success of rhizodegradation, some grasses that have extensive root systems are 136 

usually used, such as ryegrass and tall fescue (Lin et al., 2011). 137 

Although phytoremediation has many advantages in treating contaminated soil, 138 

the final remediation efficiency is usually limited by plant species, pollutant 139 

bioavailability, soil characteristics, and weather. The primary disadvantage of 140 

phytoremediation is the long remediation time and it is only effective seasonally. 141 

Considering the limiting factors and disadvantages of phytoremediation, strategies are 142 

needed to facilitate it for practical applications. 143 

 144 

3. Applications of nanomaterials in the phytoremediation of contaminated soil 145 

With the development of nanotechnology, nanomaterials for environmental 146 

remediation and pollution abatement are drawing increasing attention of 147 

environmental researchers. Nanomaterials are a kind of material with nanoscale size 148 
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(1‒100 nm) in at least one dimension (Tang et al., 2014). Among the nanomaterials, 149 

carbon-based nanomaterials and metal-based nanomaterials are widely studied (Gong 150 

et al., 2009; Chen et al., 2017). Many field applications of engineered nanomaterials 151 

for the remediation of soil and groundwater have been successfully carried out in 152 

Europe and USA (Mueller and Nowack, 2010). Recently, some studies reported the 153 

applications of nanomaterials in the phytoremediation of contaminated soil. It is 154 

promising to incorporating nanomaterials into conventional phytoremediation 155 

systems. 156 

 157 

3.1. Removing pollutants by phytoremediation assisted with nanomaterials    158 

Some examples of phytoremediation assisted with nanomaterials are displayed in 159 

Table 1. Most of these studies were conducted for the removal of heavy metals. 160 

Nanoscale zero-valent iron (nZVI) is most used for facilitating phytoremediation. 161 

More details are introduced as follows. 162 

 163 

3.1.1. Nanomaterial-facilitated phytoremediation for removal of heavy metals 164 

Heavy metal pollution in soil is a serious problem worldwide and poses a 165 

significant threat to food safety and human health. Phytoremediation is widely used 166 

for in-situ remediation of soil contaminated with heavy metals (Song et al., 2017a). It 167 

has been reported that the phytoremediation of soil contaminated with cadmium, 168 

chromium, lead, nickel, and zinc could be enhanced by applying nanomaterials 169 

(Tripathi et al., 2015; Khan and Bano, 2016; Singh and Lee, 2016; Liang et al., 2017b; 170 
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Vítková et al., 2018). Lead and cadmium are the most studied heavy metals since the 171 

two metals are the most common in contaminated sites. 172 

Lead is a common industrial metal that is widely used in storage batteries, 173 

gasoline additives, ammunition, and solder, but it is also a well-known soil 174 

contaminant bringing great health risks (Yu et al., 2001). Phytoextraction is the most 175 

recognized phytoremediation technique used to remove lead from contaminated soil 176 

(Ali et al., 2013). In experimental research, ryegrass (Lolium perenne L.) is typically 177 

used for phytoextraction of Pb from contaminated soil due to its relatively rapid 178 

growth, high tolerance to Pb, and low cost. Using nanomaterials has been reported 179 

effective in promoting Pb phytoextraction efficiency by ryegrass. For example, Liang 180 

et al. (2017b) studied the effects of applying nano-hydroxyapatite on the Pb 181 

phytoextraction by ryegrass, and determined the remediation efficiency after 1, 1.5, 2, 182 

3, and 12 months. The experimental results showed that the addition of 0.2% (w/w) 183 

nano-hydroxyapatite significantly increased the accumulation of Pb in the overground 184 

part of plant after 1.5 months. In the control group with only ryegrass, the removal 185 

rates of Pb in the soil ranged from 16.74% to 31.76%. With the assistance of 186 

nano-hydroxyapatite, ryegrass removed over 30% of Pb in the soil after one month. 187 

The removal rate reached 44.39% after three months, and such a treatment time was 188 

considered most effective compared with a removal rate of 46.55% after 12 months. 189 

In a study by Huang et al. (2018), nZVI particles of various concentrations (0, 100, 190 

200, 500, 1000, and 2000 mg/kg) were added to assist Pb phytoextraction by ryegrass. 191 

After a treatment of 45 days, the authors observed that low concentrations of nZVI 192 
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(100, 200, and 500 mg/kg) could enhance the Pb accumulation in ryegrass. The 193 

maximum accumulation of Pb was 1175.40 μg per pot and obtained with nZVI 194 

particles of 100 mg/kg. However, the nZVI particles of high concentrations (1000 and 195 

2000 mg/kg) caused severe oxidative stress in the plant, thus decreasing the Pb 196 

accumulation. 197 

Cadmium is a toxic metal commonly released into the soil from various 198 

industrial processes and products such as mining, smelting, electroplating, storage 199 

batteries, color pigments, and phosphate fertilizers (Godt et al., 2006; Mahabadi et al., 200 

2007). Using hyperaccumulators to extract Cd from contaminated soil is the main 201 

phytoremediation strategy, but available Cd hyperaccumulator species are limited in 202 

amount and capacity (Kirkham, 2006). Some nanomaterials have been demonstrated 203 

to enhance the phytoextraction of Cd in soil. Singh and Lee (2016) reported the 204 

positive effect of TiO2 nanoparticles on Cd accumulation in soybean plants. The 205 

authors added TiO2 nanoparticles of 100, 200, and 300 mg/kg to the soil, and analyzed 206 

the accumulation and distribution of Cd in plants on the 60th day after sowing. With 207 

the assistance of TiO2 nanoparticles, the Cd accumulation in the shoots increased by 208 

about 1.9, 2.1, and 2.6 times, while the Cd accumulation in the roots increased by 2.5, 209 

2.6, and 3.3 times, respectively. The maximum accumulation of Cd reached 1534.7 210 

mg/g with TiO2 nanoparticles of 300 mg/kg. In a study of Cd phytoextraction by 211 

ramie, it was reported that applying nZVI particles could improve the 212 

phytoremediation efficiency (Gong et al., 2017). In this study, the authors added 213 

starch-stabilized nZVI particles of 100, 500, and 1000 mg/kg to the contaminated 214 
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sediment before planting the ramie seedlings. The experimental results showed that 215 

the addition of nZVI particles increased the Cd accumulation in the roots, stems, and 216 

leaves by 16‒50%, 29‒52%, and 31‒73%, respectively. 217 

 218 

3.1.2. Nanomaterial-facilitated phytoremediation for removal of arsenic 219 

Arsenic is a metalloid widely found in the environment. Due to the high toxicity 220 

and carcinogenicity of arsenic, a growing concern has been raised about the soil 221 

arsenic contamination resulting from the widespread use of arsenic-containing 222 

pesticides, herbicides, phosphate fertilizers, and wood preservatives, as well as related 223 

industrial activities (Singh et al., 2015). Phytoextraction and phytostabilization are 224 

two main phytoremediation strategies used to abate soil arsenic contamination. Plants 225 

can absorb arsenic via three separate systems: active uptake by the symplast; passive 226 

uptake by the apoplast; and direct transcellular transport from the environment to the 227 

plant vascular system (Vithanage et al., 2012). Thus, phytoextraction has been 228 

preferentially used as an effective remediation method for soil arsenic contamination 229 

(Lei et al., 2018). Souri et al. (2017) reported that using salicylic acid nanoparticles 230 

could improve the arsenic phytoextraction by Isatis cappadocica. The authors 231 

incorporated salicylic acid nanoparticles into the arsenic phytoextraction system based 232 

on the consideration that salicylic acid plays important roles in plant growth and 233 

arsenic tolerance. In their experiments, the plant seedlings were pretreated with 250 234 

µM of salicylic acid nanoparticles for 10 days before the arsenic phytoextraction. 235 

With the assistance of salicylic acid nanoparticles, not only the plant growth but also 236 
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the phytoremediation efficiency increased markedly. Maximum arsenic accumulation 237 

in the shoot and root reached 705 and 1188 mg/kg, respectively. Recent study by 238 

Vítková et al. (2018) demonstrated that applying nZVI particles had a positive effect 239 

on the arsenic stabilization in sunflower rhizosphere. In this study, nZVI particles of 240 

1% (w/w) were added to the contaminated soil before the sunflowers were planted. 241 

After the growth period of five weeks, the arsenic concentrations in soil pore water 242 

decreased by over 80% compared to the control (from 5.55 to 0.95 mg/L), and the 243 

arsenic accumulation in the plant roots and shoots decreased by 47% and 24%, 244 

respectively. These results increased the application potential of using nZVI particles 245 

in phytostabilization systems.  246 

 247 

3.1.3. Nanomaterial-facilitated phytoremediation for removal of organic pollutants 248 

Organic pollutants are widespread in soil and mainly emitted from anthropogenic 249 

sources. Organochlorine pesticides, polycyclic aromatic hydrocarbons, chlorinated 250 

hydrocarbons, polychlorinated biphenyls, phenols, and their derivatives are common 251 

organic pollutants in soil, and it is crucial to remove these pollutants due to their 252 

toxicity, persistence, and bioaccumulation (Jones and de Voogt, 1999). 253 

Phytoremediation has been an effective approach for remedying soil contaminated 254 

with organic pollutants, especially pesticides, polycyclic aromatic hydrocarbons, 255 

petroleum, and explosives (Kang, 2014). It has been observed that applying 256 

nanomaterials enhanced the phytoremediation of soil contaminated with 257 

trichloroethylene, endosulfan, and trinitrotoluene (Ma and Wang, 2010; Jiamjitrpanich 258 
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et al., 2012; Pillai and Kottekottil, 2016). Ma and Wang (2010) reported that fullerene 259 

nanoparticles could increase the uptake of trichloroethylene by eastern cottonwood in 260 

the phytoremediation system. The uptake of trichloroethylene increased by 26% and 261 

82% after applying fullerene nanoparticles of 2 and 15 mg/L, respectively. 262 

Simultaneously, the addition of fullerene nanoparticles did not cause any acute 263 

toxicity to the plants. In the study of removing trinitrotoluene from contaminated soil 264 

by Panicum maximum, Jiamjitrpanich et al. (2012) added nZVI particles of various 265 

concentrations (100, 500, and 1000 mg/kg) to the soil and determined the residual 266 

trinitrotoluene concentrations in soil during a remediation period of 120 days. The 267 

results indicated that applying nZVI particles could effectively improve the 268 

phytoremediation efficiency. In their experiments, the best removal performance was 269 

observed with a trinitrotoluene-nZVI ratio of 1/10, and the phytoremediation process 270 

could be finished within 60 days when the initial trinitrotoluene concentration was 271 

100 mg/kg. Pillai and Kottekottil (2016) used nZVI particles to assist the 272 

phytoremediation of soil contaminated with endosulfan. The experiments were 273 

conducted with three plant species, Alpinia calcarata, Ocimum sanctum, and 274 

Cymbopogon citratus, in the presence or absence of nZVI particles. With the 275 

assistance of nZVI particles, the removal rates of endosulfan from soil were increased 276 

from 81.2% to 100%, from 20.76% to 76.28%, and from 65.08% to 86.16% for A. 277 

calcarata, O. sanctum, and C. citratus, respectively.  278 

 279 
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3.2. Roles of nanomaterials in phytoremediation 280 

The system of nanomaterial-assisted phytoremediation consists of three primary 281 

parts: plants, pollutants, and nanomaterials. On the one hand, nanomaterials can 282 

improve phytoremediation by directly acting on the pollutants and plants. On the other 283 

hand, the applied nanomaterials may be involved in the interactions between the 284 

pollutants and plants, indirectly affecting the final remediation efficiency. Based on 285 

this, the following section discusses how the applied nanomaterials function in the 286 

phytoremediation from three aspects: direct pollutant removal by nanomaterials, 287 

promoting plant growth, and increasing phytoavailability of pollutants. A schematic 288 

diagram is presented in Figure 3. 289 

 290 

3.2.1. Direct pollutant removal by nanomaterials 291 

Many nanomaterials are able to remove pollutants directly from the soil in 292 

phytoremediation system, which reduces the burden of removing pollutants by plants. 293 

Nanomaterials can function through adsorption or redox reactions for direct pollutant 294 

removal (Mueller and Nowack, 2010). For example, pollutants can be immobilized 295 

through adsorption by carbon nanotubes. This is similar to phytostabilization. It has 296 

been demonstrated that carbon nanotubes have excellent adsorption capacity towards 297 

various pollutants, especially some hydrophobic organic pollutants (Song et al., 2017b; 298 

Kang et al., 2018). Carbon nanotubes may stabilize organic pollutants through the 299 

interactions of electrostatic attraction, hydrophobic interaction, and π-π bonding, 300 

while the interactions between carbon nanotubes and heavy metals involve 301 
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complexation, electrostatic attraction, physical adsorption, and surface precipitation 302 

(Song et al., 2018). Multiple interactions may coexist in the adsorption process, which 303 

makes the combination of carbon nanotubes and pollutants relatively stable. As for 304 

removing pollutants through redox reactions, nZVI is the most studied. Generally, 305 

nZVI can be used as an electron donor for reductive degradation or stabilization of 306 

pollutants. Many studies used nZVI for reductive dechlorination of chlorinated 307 

organic pollutants (e.g., polychlorinated biphenyls and organochlorine pesticides) and 308 

for reductive transformation of toxic metals with high valence (e.g., Cr(VI) and U(VI)) 309 

(Di Palma et al., 2015; El-Temsah et al., 2016; Huang et al., 2016). Apart from the 310 

reducing capacity, nZVI can also function through adsorbing inorganic ions and 311 

coprecipitating with them (e.g., As(III)) (Lackovic et al., 2000; Li et al., 2018). Other 312 

nanomaterials that are widely studied for removing pollutants from the contaminated 313 

soil include iron oxide nanoparticles, iron-containing bimetallic nanoparticles, natural 314 

mineral nanoparticles, phosphate-based nanoparticles, etc (Long et al., 2011; Liu and 315 

Lal, 2012; Xu et al., 2012a; Xu et al., 2012b; Trujillo-Reyes et al., 2014; Wan et al., 316 

2018). Using engineered nanomaterials for remediation of contaminated soil is still a 317 

focus point of environmental research these years. Table 2 summarizes some recently 318 

reported studies about the utilization of engineered nanomaterials for the remediation 319 

of contaminated soil. It is theoretically possible for all these nanomaterials to be 320 

involved in phytoremediation. 321 

Initial pollutant concentration significantly influences the phytoremediation 322 

efficiency. Plants are generally more effective in accumulating and metabolizing 323 
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pollutants with relatively low concentration (Li et al., 2015). Too high concentration 324 

of pollutant, especially a level over the tolerance limit of the used plant, will have 325 

obvious phytotoxicity towards plant and result in a decrease of plant biomass and 326 

pollutant accumulation (Liu et al., 2010a). Generally, a plant can only accumulate or 327 

be tolerant to a certain pollutant within a certain concentration range. Other coexisting 328 

pollutants or extremely high concentration of the targeted pollutant may cause failure 329 

of the phytoremediation. Thus, some strategies for mitigating phytotoxicity during 330 

phytoremediation are proposed (Figure 4). Nanomaterials can directly remove part of 331 

pollutants in phytoremediation systems, which reduces phytotoxicity resulted from the 332 

stress of high concentration pollutants. Chai et al. (2013) investigated the effect of 333 

carbon nanotubes on Cd accumulation in smooth cordgrass. According to their 334 

experimental results, carbon nanotubes did not cause phytotoxicity under low Cd 335 

concentration (50 mg/kg), but protected the plants from growth inhibition under high 336 

Cd concentration (200 mg/kg). Through further analyzing the ion contents of 337 

potassium (K+), sodium (Na+), and calcium (Ca2+), the authors demonstrated that 338 

carbon nanotubes could mitigate phytotoxicity of Cd by increasing K+ and Ca2+ for 339 

osmotic adjustment. In the study using nano-hydroxyapatite and nano-carbon black to 340 

promote Pb phytoextraction by ryegrass, the nanomaterials alleviated the 341 

phytotoxicity of Pb in soil through adsorbing and stabilizing the pollutant (Liang et al., 342 

2017b). Though the accumulation amount of Pb in the plant roots decreased in the 343 

first month, the final phytoremediation efficiency increased after 12 months due to the 344 

reduced phytotoxicity. Additionally, the phytoremediation efficiency within a single 345 
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growing season is limited, and it may take several years (even decades) to completely 346 

remove pollutants of high concentrations by plant alone. Using nanomaterials to 347 

directly remove part of pollutants can reduce the burden of removing pollutants by 348 

plants and shorten the remediation time. Jiamjitrpanich et al. (2012) used nZVI 349 

particles for enhancing the phytoremediation of trinitrotoluene-contaminated soil with 350 

panicum. In their study, the remediation experiments were conducted with or without 351 

plants, respectively. Based on the experimental results, nZVI particles can directly 352 

remove a considerable amount of trinitrotoluene. When only using the plant for 353 

remediation, it took more than 120 days to completely remove trinitrotoluene of 500 354 

mg/kg in the soil. With the assistance of nZVI, the phytoremediation time was 355 

shortened to 90 days. Similar effects were also observed by Pillai and Kottekottil 356 

(2016). They applied nZVI particles in the phytoremediation of soil contaminated 357 

with endosulfan (an organochlorine pesticide). The used nZVI particles can directly 358 

remove 34.96% endosulfan in the soil through reductive dechlorination, which 359 

significantly enhanced the phytoremediation efficiency within a remediation period of 360 

28 days. 361 

 362 

3.2.2. Promoting plant growth 363 

Plant biomass and growth rate are two important considerations in choosing plant 364 

species for phytoremediation. Many applied plants are often not satisfactory due to 365 

their low plant biomass and slow growth rate resulting from limited tolerance to 366 

pollutants and poor soil conditions for plant growth. Therefore, some strategies are 367 
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used in phytoremediation processes to promote plant growth, such as inoculating plant 368 

growth promoting rhizobacteria (PGPR), applying plant growth regulators, and using 369 

transgenic plants (Ma et al., 2016b; Aderholt et al., 2017; Nahar et al., 2017; Yadu et 370 

al., 2018). Research on nanomaterials and plants has shown that some nanomaterials 371 

could enhance plant growth, such as graphene quantum dots, carbon nanotubes, Ag 372 

nanoparticles, ZnO nanoparticles, nZVI particles, and upconversion nanoparticles 373 

(Table 3). The mechanisms of these nanomaterials in promoting plant growth are 374 

different. For example, Chakravarty et al. (2015) considered that graphene quantum 375 

dots might serve as nanofertilizer and pesticide to enhance the growth rates of 376 

Coriandrum sativam and Allium sativum, while Khodakovskaya et al. (2013) reported 377 

that carbon nanotubes could activate the plant reproductive system, thus leading to the 378 

enhancement of tomato growth. 379 

In phytoremediation systems, nanomaterials can increase the remediation 380 

efficiency by promoting plant growth. Direct pollutant removal by nanomaterials 381 

reduces the phytotoxicity, which is beneficial to plant growth. In addition, 382 

nanomaterials may act on plants to increase the tolerance to pollutants. For reducing 383 

the phytotoxicity of Cd and Pb towards white popinac in phytoremediation, zinc oxide 384 

(ZnO) nanoparticles were used as physiological regulators of the plants by Praveen et 385 

al. (2018). It was inferred from the experimental results that ZnO nanoparticles 386 

increased the plant tolerance through regulating the genetic expression of enzymes. 387 

Similarly, Tripathi et al. (2015) reported their study on alleviating Cr(VI) 388 

phytotoxicity towards pea by using silicon nanoparticles. The applied nanoparticles 389 
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promoted the plant tolerance to Cr(VI) stress, which was demonstrated by a resulting 390 

low level of reactive oxygen species and an enhancement in antioxidant activities and 391 

photosynthetic performance. Apart from alleviating pollutant phytotoxicity, 392 

nanomaterials may increase plant growth in phytoremediation systems by facilitating 393 

absorption of water and nutrients, enhancing photosynthetic rate, regulating soil 394 

microbial community, as well as alleviating abiotic stress (e.g., high salinity and 395 

drought). Ding et al. (2017) applied nano-hydroxyapatite to assist removal of lead by 396 

ryegrass, and the plant growth was promoted, resulting in enhanced phytoremediation 397 

efficiency. The authors explained it by the increased phosphorus concentration in soil 398 

after the addition of nano-hydroxyapatite. Souri et al. (2017) used salicylic acid 399 

nanoparticles to increase the absorption and utilization rate of nutrients, which 400 

increased the plant biomass (fresh weight) of Isatis cappadocica in the arsenic 401 

phytoextraction system. In a Cd phytoextraction process by soybean, TiO2 402 

nanoparticles were reported to be helpful in promoting plant growth by enhancing the 403 

photosynthetic rate (Singh and Lee, 2016). According to their results, Cd uptake 404 

increased with TiO2 nanoparticles, and the authors proposed a possible mechanism 405 

that the small TiO2 nanoparticles can enter the chloroplasts and accelerate light 406 

adaptation and electron transfer. Recent research by Timmusk et al. (2018) showed 407 

that TiO2 nanoparticles could improve the performance of PGPR. In their experiments, 408 

the rhizobacteria performed better under all abiotic stress (drought, pathogen, and salt), 409 

and resulted in an increase of the plant biomass. The experience from these cases is 410 

valuable for using nanomaterials to promote plant growth in phytoremediation 411 
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systems. 412 

 413 

3.2.3. Increasing phytoavailability of pollutants 414 

Phytoavailability of pollutants is a key factor that affects phytoremediation 415 

efficiency, especially for phytoextraction. Plants only absorb pollutants in available 416 

forms. The phytoavailability of pollutants strongly depends on their chemical 417 

speciation and distribution in soil. For example, in a study about the phytoavailability 418 

of cadmium in different binding forms, it was shown that the cadmium adsorbed on 419 

gibbsite is the most available to reed compared with other oxide minerals (alumina, 420 

goethite, magnetite, and manganese oxide) in soil (Wang et al., 2009). Generally, the 421 

highest phytoavailability of metals is in exchangeable forms (dissolved in the soil 422 

solution), then in combined forms with minerals, oxides, and organic matters, and 423 

lowest in crystalline phase (Sheoran et al., 2016; Liang et al., 2017a). Additionally, 424 

soil physicochemical properties and plant physiological characteristics also affect the 425 

phytoavailability of pollutants (Sheoran et al., 2016; Ren et al., 2018). Low 426 

phytoavailability often limits the phytoremediation process. For example, lead usually 427 

exists in insoluble forms in soil due to adsorption, complexation, and precipitation, 428 

which makes it difficult for phytoextraction (Zaier et al., 2014). Therefore, many 429 

methods have been proposed to increase pollutant phytoavailability, including 430 

agronomic management (e.g., fertilization), treatment with chemical additives (e.g., 431 

chelating agent), inoculation of rhizospheric microorganisms, and use of genetic 432 

engineering (Glick, 2010; Habiba et al., 2015; Jacobs et al., 2018). Increasing 433 
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phytoavailability of pollutants has been proven effective in improving the 434 

phytoremediation efficiency. 435 

Nanomaterials have two divergent influences on the phytoavailability of 436 

pollutants in soil (Table 4). On the one hand, nanomaterials can serve as a carrier of 437 

pollutants when they enter the cell, thereby increasing the bioavailability (Wild and 438 

Jones, 2009; Su et al., 2013). On the other hand, adsorption of pollutants onto 439 

nanomaterials outside organism may reduce the free pollutants, thereby decreasing the 440 

bioavailability (Glomstad et al., 2016). Based on this, two key conditions need to be 441 

met for improving the phytoavailability of pollutants with nanomaterials: (1) The used 442 

nanomaterial can combine with the pollutant (mainly through adsorption); (2) The 443 

nanomaterial is phytoavailable. The fullerene nanoparticles are widely studied 444 

nanoparticles that can increase the phytoavailability of pollutant. Ma and Wang (2010) 445 

used C60 fullerene nanoparticles in the phytoremediation system with eastern 446 

cottonwood for facilitating the removal of trichloroethylene from contaminated soil. 447 

Their results showed that fullerenes enhanced the trichloroethylene uptake by plant. 448 

The authors explained the experimental phenomenon by co-transporting 449 

trichloroethylene with fullerene nanoparticles. The adsorbed trichloroethylene on 450 

fullerene entered the plant along with the uptake of nanoparticles. Torre-Roche et al. 451 

(2012) demonstrated the enhancement of dichlorodiphenyldichloroethylene (p,p'-DDE) 452 

accumulation in zucchini, soybean, and tomato in the presence of C60 fullerene. The 453 

addition of fullerene increased all plant uptake of the pollutant by 30% to 65%, and 454 

the effect was especially evident in roots. Additionally, it has been demonstrated that 455 
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some other nanomaterials, such as short carbon nanotubes, Fe3O4 nanoparticles, TiO2 456 

nanoparticles, silica nanoparticles, and quantum dots, could be directly taken in by 457 

plants (Wang et al., 2016a). This enables more nanomaterials to be used for increasing 458 

the phytoavailability of pollutants in phytoremediation systems in future research.      459 

 460 

3.3. Phytoremediation efficiency 461 

For evaluating phytoremediation efficiency, residual pollutant amount in soil (for 462 

phytovolatilization, phytoextraction, phytodegradation, and rhizodegradation), 463 

pollutant amount in bioavailable and high toxic forms (for phytostabilization), or 464 

pollutant accumulation in plant tissue (for phytoextraction) is often determined after 465 

remediation treatment (Song et al., 2017a). When evaluating the phytoremediation 466 

efficiency with nanomaterials, an experimental group without nanomaterials is usually 467 

used as control, so that the beneficial effects of nanomaterials on the remediation 468 

efficiency can be clearly identified. In the summarized examples of 469 

nanomaterial-facilitated phytoremediation (Table 1), the residual amount of pollutant 470 

in soil (RAS), accumulated amount of pollutant in plant tissue (AAP), 471 

bioconcentration factor (BCF), translocation factor (TF), and remediation factor (RF) 472 

are used to quantify the phytoremediation efficiency. For organic pollutants, the RAS 473 

is reliable to reflect the enhanced degradation efficiency by using nanomaterials. A 474 

typical example can be found in the article by Pillai and Kottekottil (2016). The 475 

authors conducted their experiments with three control groups: without any treatment, 476 

with addition of nZVI, and with only phytoremediation. The phytoremediation 477 
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treatment assisted with nZVI was implemented in the experimental group. Both the 478 

values of RAS in the control and experimental group were measured after 0, 7, 14, 21, 479 

and 28 days. By comparing the RAS results, it is clear that the nZVI increased 480 

phytoremediation efficiency. For heavy metals or arsenic, the nanomaterial-induced 481 

changes of AAP are generally measured. The AAP is expressed as the pollutant 482 

concentration in root, shoot, or whole plant. For example, Souri et al. (2017) 483 

measured the arsenic concentration in root and shoot of Isatis cappadocica after the 484 

phytoremediation with salicylic acid nanoparticles, and found that the nanoparticles 485 

increased the arsenic concentration in root but showed no significant influence on the 486 

arsenic accumulation in shoot. The BCF, TF, and RF are used for evaluating 487 

phytoextraction processes. The calculation methods are as follows: 488 

BCF = Cplant/Csoil 489 

TF = Cshoots/Croots 490 

RF = Cplant/Csoil × Wplant/Wsoil 491 

where Cshoots, Croots, Cplant, and Csoil are pollutant concentrations in the plant shoots, the 492 

plant roots, the harvested plant biomass, and the soil, respectively. Wplant is weight of 493 

the harvested plant biomass and Wsoil is weight of the soil. The value of BCF is used 494 

to divide the plant as excluder (BCF < 1), accumulator (1 < BCF < 10), or 495 

hyperaccumulator (BCF > 10) (Lam et al., 2018). The value of TF indicates the plant 496 

capacity to translocate pollutant to the harvestable part, and the RF is calculated to 497 

evaluate the phytoextraction capacity for soil remediation (Ali et al., 2013; Liang et 498 

al., 2017b; Moameri and Abbasi Khalaki, 2017). Liang et al. (2017b) determined the 499 
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efficiency of Pb phytoextraction assisted with nano-hydroxyapatite, and found that the 500 

nanoparticles could significantly increase the BCF and TF after a treatment of 2 501 

months. However, in the phytoremediation study by Moameri and Abbasi Khalaki 502 

(2017), the nano-silica of 500 mg/kg increased the BCF of Cd in rye but decreased the 503 

TF. The authors further calculated the RF value, and found no significant difference 504 

compared with the control due to the decrease of plant growth and biomass. This case 505 

suggests that the RF is more suitable for evaluating the phytoremediation efficiency as 506 

it involves the changes of both pollutant and plant during the phytoremediation 507 

assisted with nanomaterials. 508 

 509 

3.4. Challenges and recommendations 510 

Using nanomaterials to facilitate phytoremediation is an emerging idea appeared 511 

along with the development of nanotechnology and bioremediation technology. It 512 

faces many challenges in practical applications. Environmental risk of nanomaterials 513 

in the soil ecosystem is the most concerned problem. Many nanomaterials are toxic to 514 

animals, plants, and microbial communities in the soil (Maurer-Jones et al., 2013). 515 

The phytotoxicity of nanomaterials is especially concerned in phytoremediation. 516 

Therefore, on the one hand, more research on environmental risk of nanomaterials is 517 

needed to fully understand the toxicity. On the other hand, using nanomaterials in 518 

phytoremediation needs to be regulated to take maximum advantage of them but 519 

minimize their risk. Currently, using nanomaterials in phytoremediation is in the 520 

phase of exploration and attempt, though many positive results have been obtained. 521 
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Experience from more application cases is required and long-term performance of the 522 

nanomaterials needs further research. Based on the currently known cases of 523 

phytoremediation assisted with nanomaterials, nZVI is mostly studied. Compared 524 

with other nanomaterials, using nZVI to facilitate the phytoremediation of 525 

contaminated soil has certain advantages. Firstly, field-scale commercial applications 526 

of nZVI have already implemented for soil remediation (Mueller and Nowack, 2010). 527 

Much successful experience can be used in the phytoremediation. Additionally, the 528 

high reactivity and controllable phytotoxicity of nZVI may ensure a successful 529 

phytoremediation (Terzi et al., 2016; Gil-Díaz and Lobo, 2018). However, in a review 530 

article by Crane and Scott, it was reported that nZVI might suffer from particle 531 

aggregation, oxidation corrosion, and interference from soil components in their 532 

applications (Crane and Scott, 2012). Thus, it is important to design the structure of 533 

nanomaterials and fully understand the reasons and conditions that cause the failure of 534 

using nanomaterials in phytoremediation. Moreover, specific responses of 535 

nanomaterials to different plant species, pollutants, soil types, and weather conditions 536 

in phytoremediation systems should be further investigated for general applicability. 537 

Other methods including agronomic management, treatment with chemical additives, 538 

inoculation of rhizospheric microorganisms, and use of genetic engineering may be 539 

incorporated into the phytoremediation assisted with nanomaterials to regulate the 540 

performance of nanomaterials and further improve the remediation efficiency. 541 

 542 
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4. Concluding remarks 543 

Phytoremediation is a green biotechnology with many competitive advantages in 544 

treating contaminated soil, yet the long remediation time, changeable weather 545 

conditions, and phytotoxicity of high concentration pollutants limit its extensive use. 546 

Considerable effort has been made in order to increase the phytoremediation 547 

efficiency. Over the past few years, using nanomaterials in phytoremediation has 548 

shown great prospect for enhancing the remediation efficiency. This article reviews 549 

the latest research and knowledge on using nanomaterials to facilitate the 550 

phytoremediation of contaminated soil. Nanomaterials are capable of removing 551 

pollutants, promoting plant growth, and increasing pollutant phytoavailability, thus 552 

facilitating the phytoremediation of contaminated soil. Currently, using nanomaterials 553 

in phytoremediation is in the phase of exploration and attempt but provides an 554 

alternative means to enhance phytoremediation efficiency. More work is needed to be 555 

done to further confirm these findings and advance the knowledge. 556 

557 
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Figure 1. Phytoremediation technologies for abating soil pollution. 
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Figure 2. Number of publications on various types of phytoremediation technologies in the last decade. The data were extracted from Web of Science in August 

2018 by searching publications containing “phytovolatilization”, “phytoextraction”, “phytodegradation”, “phytostabilization”, or “rhizodegradation” in the 

topic. 

Figure 2 Click here to access/download;Figure;Figure 2.doc

Ac
ce
pt
ed
 M
S

http://www.editorialmanager.com/crest/download.aspx?id=19178&guid=e09bd2f5-8417-4d69-acc7-fba80001a59a&scheme=1
http://www.editorialmanager.com/crest/download.aspx?id=19178&guid=e09bd2f5-8417-4d69-acc7-fba80001a59a&scheme=1


Figure 3 

 

Figure 3. Roles of nanomaterials in facilitating phytoremediation of contaminated soil. 
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Figure 4 

 

Figure 4. Some strategies for mitigating phytotoxicity during phytoremediation. Summarized from the corresponding references: inoculating endophytes (Ma 

et al., 2016a), applying organic acids of low molecular weight (Ehsan et al., 2014), employing inorganic sulfide (Guan et al., 2018), companion planting (Xiong 

et al., 2018), using nanomaterials (Chai et al., 2013; Liang et al., 2017b; Praveen et al., 2018; Tripathi et al., 2015). 
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Table 1. Some recent examples of phytoremediation assisted with nanomaterials. 
Pollutants Plant species Nanomaterials Roles of nanomaterials Main results Reference 

Trinitrotoluene Panicum (Panicum 

maximum Jacq.) 

nZVI Direct trinitrotoluene removal 

by nZVI particles 

Zero-valent iron nanoparticles enhanced the 

removal efficiency of trinitrotoluene from 

85.7%#a to 100%# after 120 days. 

Jiamjitrpanich 

et al. (2012) 

Endosulfan Chittaratha (Alpinia 

calcarata Roscoe), 

Tulsi (Ocimum 

sanctum L.), and 

lemongrass 

[Cymbopogon 

citratus (DC.) Stapf.] 

nZVI Direct endosulfan removal by 

nZVI particles 

With nZVI, removal rates of endosulfan from the 

soil were increased from 81.2% to 100%, from 

20.76% to 76.28%, and from 65.08% to 86.16% 

for A. calcarata, O. sanctum, and C. citratus, 

respectively. 

Pillai and 

Kottekottil 

(2016) 

Trichloroethylene Eastern cottonwood 

(Populus deltoides 

Bartr.) 

Fullerene 

nanoparticles 

Increasing phytoavailability of 

trichloroethylene as carriers 

The trichloroethylene uptake increased by 26% 

and 82% with 2 and 15 mg/L of fullerene 

nanoparticles, respectively. 

Ma and Wang 

(2010) 

Pb Ryegrass (Lolium 

perenne L.) 

Nano-hydroxyapatite 

and nano-carbon black 

Direct Pb stabilization by the 

nanomaterials, thus alleviating 

phytotoxicity and promoting 

plant growth 

  

After 12 month, removal rates of Pb from the soil 

were increased from 31.76% to 46.55% and 

45.53%# with nano-hydroxyapatite and 

nano-carbon black, respectively. 

Liang et al. 

(2017b) 

Cr Pea (Pisum sativum 

L.) 

Silicon nanoparticles Promoting plant growth in the 

tolerance to Cr(VI) stress 

through alleviating 

phytotoxicity 

With silicon nanoparticles, accumulation 

concentrations of Cr in the root and shoot 

decreased from 1472.6 to 516.6 mg/kg DWb, and 

from 62.5 to 35.2 mg/kg DW, respectively. 

Tripathi et al. 

(2015) 

Pb Ryegrass (Lolium 

perenne L.) 

Nano-hydroxyapatite Direct Pb stabilization by 

nano-hydroxyapatite, and 

promoting plant growth 

through increasing phosphorus 

concentration in soil 

With nano-hydroxyapatite, content of Pb in the 

root and shoot decreased by 2.86-21.1% and 

13.19-20.3%, respectively. 

Ding et al. 

(2017) 

As (Isatis cappadocica 

Desv.) 

Salicylic acid 

nanoparticles 

Increasing the absorption and 

utilization rate of nutrients for 

plant growth 

With salicylic acid nanoparticles, maximum 

accumulation concentrations of As in the shoot 

and root reached 705 and 1188 mg/kg DW, 

respectively. 

Souri et al. 

(2017) 

Cd Soybean [Glycine 

max (L.) Merr.] 

TiO2 nanoparticles Enhancing the sprouting, 

development and 

The Cd uptake increased from 128.5 to 507.6 μg 

per plant with increasing concentration of TiO2 

Singh and Lee 

(2016) 
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Pollutants Plant species Nanomaterials Roles of nanomaterials Main results Reference 

photosynthetic rates of plants nanoparticles from 100 to 300 mg/kg. 

Pb Ryegrass (Lolium 

perenne L.) 

nZVI Promoting plant growth at low 

nZVI concentration 

Maximum accumulation concentrations of Pb in 

the root and shoot reached 1175.4 μg per pot with 

100 mg/kg nZVI. 

Huang et al. 

(2018) 

As, Cd, Pb, and Zn Sunflower 

(Helianthus annuus 

L.) and ryegrass 

(Lolium perenne L.) 

nZVI Direct pollutant stabilization 

by nZVI particles 

After using nZVI for phytostabilization, the 

concentrations of As, Cd, Pb and Zn in roots and 

shoots decreased by 50‒60% compared to the 

control sample. 

Vítková et al. 

(2018) 

Cd Ramie [Boehmeria 

nivea (L.) Gaudich] 

nZVI Promoting plant growth at low 

nZVI concentration 

With nZVI, concentrations of Cd in the leaves, 

stems, and roots increased by 31-73%, 29-52%, 

and 16-50%, respectively. 

Gong et al. 

(2017) 

Cd and Pb Rye (Secale 

montanum Guss.) 

Nano-silica Increasing phytoavailability of 

Pb, and promoting plant 

growth 

Maximum accumulation concentrations of Pb 

(533.6 mg/kg DW) and Cd (208.6 mg/kg DW) in 

the roots were achieved with nano-silica. 

Moameri and 

Abbasi Khalaki 

(2017) 

Cd and Pb White popinac 

[Leucaena 

leucocephala (Lam.) 

de Wit] 

ZnO nanoparticles Promoting plant growth via 

alleviating phytotoxicity 

With ZnO nanoparticles, accumulation of Cd and 

Pb in the plant increased from 1253.1 to 1863.5 

mg/kg DW and 1026.8 to 1343.4 mg/kg DW, 

respectively. 

Venkatachalam 

et al. (2017a) 

Pb Ryegrass (Lolium 

perenne L.) 

Nano-hydroxyapatite Direct Pb stabilization by 

nano-hydroxyapatite, and 

enhancing plant growth 

After 6 weeks, removal efficiency of Pb by the 

plant was increased from 11.67%# to 21.97%# 

with nano-hydroxyapatite under a Pb stress of 

800 mg/kg. 

Jin et al. (2016) 

Cd, Pb and Ni Maize (Zea mays L.) Silver nanoparticles Enhancing root area and root 

length 

With silver nanoparticles, accumulation 

concentrations of Cd, Pb, and Ni in the shoot 

increased from 0.65# to 0.73# mg/kg DW, from 

129.1# to 232.7# mg/kg DW, and from 0# to 

12.4# mg/kg DW, respectively. 

Khan and Bano 

(2016) 

a The datum with # was read from the figure of the reference. 
b mg/kg DW: milligram for per kilogram of the plant in dry weight. 
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Table 2. Some representative studies reported in 2014‒2018 about the utilization of engineered nanomaterials for remediation of contaminated soil. 

Nanomaterials Pollutants Main remediation mechanism Reference 

Nano-chlorapatite Cd and Pb Immobilization by precipitation as metal-phosphate compounds Wan et al. (2018) 

nZVI Cr Stabilization by reductive transformation of Cr(VI) into more 

stable and less toxic form 

Wang et al. (2014b) 

Carbon nanotubes Organochlorine pesticides Immobilization by adsorption for in situ remediation Zhang et al. (2017b) 

Nano-hydroxyapatite Cu and Zn Stabilization by ion exchange, surface complexation, and 

precipitation as new metal phosphates 

Sun et al. (2018b) 

Nano-selenium Hg Immobilization of elemental mercury by forming insoluble 

mercuric selenide (HgSe) 

Wang et al. (2017) 

Ferrous phosphate nanoparticles Cd Stabilization by formation of cadmium phosphate through 

precipitation 

Xu et al. (2016) 

Ni/Fe bimetallic nanoparticles Polybrominated diphenyl ethers Degradation by hydrogenation debromination reaction with 

Ni/Fe nanoparticles 

Xie et al. (2014) 

Pd/Fe bimetallic nanoparticles Polychlorinated biphenyls 

(PCBs) 

Degradation by hydrogenation dechlorination reaction with 

Pb/Fe nanoparticles 

Chen et al. (2014) 

Magnetite nanoparticles As Stabilization by adsorption and coprecipitation Liang and Zhao 

(2014) 

Fe-Mn binary oxide nanoparticles Se Immobilization by adsorptive immobilization Xie et al. (2015) 

Fe/Cu bimetallic nanoparticles Cr Stabilization by reductive transformation of  Cr(VI) with 

Fe/Cu nanoparticles  

Zhu et al. (2016) 
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Table 3. Some representative studies about the effects of nanomaterials on plant growth. 

Nanomaterials Plant species Effect Main mechanism Reference 

Carbon-based nanomaterials     

Graphene quantum dots Coriander (Coriandrum sativum L.) and 

garlic (Allium sativum L.) 

Enhanced The graphene quantum dots were served as 

nanofertilizer and pesticide. 

Chakravarty et 

al. (2015) 

Carbon nanotubes Tomato (Solanum lycopersicum L.) Enhanced The used carbon nanotubes activated the plant 

reproductive system, thus leading to the increase 

of fruit production. 

Khodakovskaya 

et al. (2013) 

Graphene Tomato (Solanum lycopersicum L.) Decreased Graphene penetrated vacuole and deposited in root 

tips, which reduced the biomass production. 

Zhang et al. 

(2015) 

Watersoluble C70 fullerenes Cress [Arabidopsis thaliana (L.) Heynh.] Inhibited The nanoparticles caused auxin disruption, 

abnormal cell division, and microtubule 

disorganization, which retarded the plant growth. 

Liu et al. 

(2010b) 

Metal-based nanomaterials     

Ag nanoparticles Kidney bean (Phaseolus vulgaris L.)  Enhanced The applied nanoparticles stimulated the plant 

metabolism and increased nitrogen uptake, thus 

facilitating the chlorophyll activity and biomass 

accumulation. 

Das et al. 

(2018) 

TiO2 nanoparticles Common duckmeat [Spirodela polyrrhiza 

(L.) Schleid.] 

Decreased The nanoparticle toxicity might inhibit the 

photosynthesis, protein synthesis, and nitrogen 

fixation. 

Movafeghi et 

al. (2018) 

ZnO nanoparticles Cotton (Gossypium hirsutum L.) Enhanced The coated ZnO nanoparticles increased the 

utilization of zinc and phosphorus, and released 

zinc ions into cell by a slow and sustainable 

manner without causing phytotoxicity. 

Venkatachalam 

et al. (2017b) 

γ-Fe2O3 nanoparticles Shaddock [Citrus maxima (Burm. f.) 

Merr.]  

No 

significant 

difference 

The effect on plant growth is dependent on the 

exposure concentration and is not obvious at the 

experimental concentrations.  

Hu et al. (2017) 

CoFe2O4 nanoparticles Tomato (Solanum lycopersicum L.) No 

significant 

difference 

The nanoparticles might not pass through seed 

coat or root system at early germination stage. 

López-Moreno 

et al. (2016) 

     

Al2O3 nanoparticles Wheat (Triticum aestivum L.) Inhibited The nanoparticles damaged the epidermal and 

cortex cells due to vacuolization and shrinkage, 

Yanık and 

Vardar (2015) 
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Nanomaterials Plant species Effect Main mechanism Reference 

and the toxic effect inhibited plant growth. 

CuO nanoparticles Indian Mustard (Brassica juncea L.) Decreased The nanoparticle exposure enhanced lignification 

and subsequent rigidification of plant cells, which 

reduced the plant growth. 

Nair and Chung 

(2015) 

nZVI particles Cress [Arabidopsis thaliana (L.) Heynh.] Enhanced The nanoparticles enhanced root elongation by 

triggering hydroxyl radical-induced cell wall 

loosening. 

Kim et al. 

(2014) 

Others     

Nano-hydroxyapatite Mung bean (Phaseolus radiatus L.) Inhibited The nanostructure and local high intracellular Ca2+ 

concentration caused by hydroxyapatite 

nanoparticles were considered to result in cell 

apoptosis and plant growth inhibition.  

Jiang et al. 

(2014) 

Upconversion nanoparticles Mung bean (Phaseolus radiatus L.) Enhanced The underlying mechanism is not clear. Peng et al. 

(2012) 
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Table 4. Effects of nanomaterials on the uptake and accumulation of pollutants by plants. 

Pollutants Plant species Nanomaterials Main effects Reference 

Dichlorodiphenyldichloroethylene 

(p,p'-DDE) 

Zucchini (Cucurbita pepo L.), 

soybean [Glycine max (L.) 

Merr.], and tomato (Solanum 

lycopersicum L.) 

C60 fullerenes The fullerenes increased the uptake of 

p,p'-DDE by 30% to 65%. 

Torre-Roche et al. 

(2012) 

Chlordane, 

dichlorodiphenyltrichloroethane 

(DDT), and metabolites of DDT 

Zucchini (Cucurbita pepo L.), 

soybean [Glycine max (L.) 

Merr.], corn (Zea mays L.), and 

tomato (Solanum lycopersicum 

L.) 

Multiwalled carbon 

nanotubes and C60 

fullerenes 

The nanotubes decreased the 

accumulation of these pollutants by all 

the plants, while the fullerenes 

increased the accumulation of chlordane 

in tomato and soybean. 

De La 

Torre-Roche et al. 

(2013a) 

p,p'-DDE Zucchini (Cucurbita pepo L.) 

and soybean [Glycine max (L.) 

Merr.] 

Ag nanoparticles Ag nanoparticles deceased the uptake 

and accumulation of p,p'-DDE by both 

the plants. 

De La 

Torre-Roche et al. 

(2013b) 

p,p'-DDE Pumpkin (Cucurbita pepo L.)  C60 fullerenes The fullerenes had little impact on 

p,p'-DDE bioaccumulation by the plant. 

Kelsey and White 

(2013) 

Cd and Pb Fava bean (Vicia faba L.) 

 

Carboxylated multi-walled 

carbon nanotubes 

The used carbon nanotubes facilitated 

the enrichment of 

Cd and Pb in the leaves. 

Wang et al. 

(2014a) 

Chlordane and p,p'-DDE Garden lettuce (Lactuca sativa 

L.) 

Non/amino-functionalized 

multiwall 

carbon nanotubes 

Both the carbon nanotubes decreased 

pesticide content in the root and shoot, 

and the effects caused by 

amino-functionalized nanotubes were 

modest. 

Hamdi et al. 

(2015) 

Phenanthrene, 

3-CH3-phenanthrene, and 

9-NO2-phenanthrene 

Maize (Zea mays L.) Carbon nanotubes Carbon nanotubes reduced 

bioaccumulation of phenanthrene in 

maize seedling roots and shoots, and the 

nanotubes were detected in plant roots. 

Wang et al. (2016) 

Pb Rice (Oryza sativa L.) TiO2 nanoparticles TiO2 nanoparticles reduced the 

bioaccumulation of Pb in rice at high 

exposure levels, and anatase 

nanoparticles did accumulate in rice 

roots. 

Cai et al. (2017) 

Carbamazepine Collard greens (Brassica 

oleracea L.) 

Multiwall carbon 

nanotubes 

Carbon nanotubes suppressed 

carbamazepine accumulation, and the 

Deng et al. (2017) 
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Pollutants Plant species Nanomaterials Main effects Reference 

functionalization of carbon nanotubes 

enhanced carbamazepine translocation. 

Tetracycline Rice (Oryza sativa L.) TiO2 nanoparticles The presence of TiO2 NPs lowered the 

tetracycline accumulation in rice 

seedlings. 

Ma et al. (2017) 

Pyrene and 1-methylpyrene Maize (Zea mays L.) Multiwalled carbon 

nanotubes 

Multiwalled carbon nanotubes reduced 

the concentrations of pyrene and 

1-methylpyrene in roots and shoots, and 

suppressed their translocation in plant. 

Zhang et al. 

(2017a) 

Cd Soybean [Glycine max (L.) 

Merr.] 

CeO2 nanoparticles CeO2 nanoparticles significantly 

reduced the translocation of Cd from 

roots to shoots by 70%. 

Rossi et al. (2018) 

Anthracene, phenanthrene, 

pyrene, fluoranthene, 

benzo[a]pyrene, 

hexachlorobenzene, p,p'-DDE, 

and deca-brominated diphenyl 

ether 

Swamp morning-glory (Ipomoea 

aquatica Forssk.), cucumber 

(Cucumis sativus L.), corn (Zea 

mays L.), spinach (Spinacia 

oleracea L.), and pumpkin 

(Cucurbita moschata Duchesne) 

TiO2, Ag, and Al2O3 

nanoparticles, grapheme, 

and carbon nanotubes 

All the nanomaterials increased, to 

different degrees, the accumulation of 

these pollutants by the plants. 

Wu et al. (2018) 

Pyrene Cucumber (Cucumis sativus L.) Multiwalled carbon 

nanotubes 

The nanotubes reduced root uptake of 

pyrene, but enhanced the translocation 

of pyrene from root to shoot. 

Shen et al. (2018) 

Cd, Cu, and Pb Rice (Oryza sativa L.) C60 fullerenes The fullerenes could accumulate in rice 

panicles, and their effects on the uptake 

of heavy metal ions depended on rice 

cultivars, type of metal ions, and their 

concentrations in soil. 

Liang et al. 

(2018) 
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