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Abstract: In this review, environmental and agricultural applications of carbon-based 
nanomaterials, natural and engineered as possible environmental sorbents will be presented. The rather 
new applications of engineered carbon-based nanomaterials as sorbents for organic and inorganic 
contaminants in soil systems will be emphasized, as well as the behavior of natural carbon-based 
nanoparticles in soils Possible enhancement of several organic and inorganic substances sorption 
through these nanoparticles in soils has to be regarded as well. A correlation between the type and 
amounts of nanoparticles in soils and the amounts of chemical substances delivered or retained have to 
be re-evaluated in the future. 
 
 
Introduction 
 
Nanotechnology is defined as understanding and control of matter at dimensions between 1 and 100 
nm, where unique phenomena enable novel applications.1 The application of nanotechnology to the 
environment and agriculture was addressed by the United State Department of Agriculture in a 
document published in September 20032, rapidly evolving and revolutionizing the agriculture. 
Nanotechnology can play an important role in pollution sensing through surface-enhanced Raman 
scattering, surface plasmon resonance, fluorescent detection, electrochemical detection and optical 
detection, treatment through adsorption, photocatalysis treatment of pollutants, reduction by 
nanoparticles and bioremediation.  

The implications of the nanotechnology research in the environment and agriculture are 
developed based on the identification of the nanoresearch thematic areas of relevance to the 
environmental and agricultural system. Nanomaterials like: nanoparticles, carbon nanotubes, fullerenes, 
biosensors, controlled delivery systems, nanofiltration find relevant applications in agri-food thematic 
areas like: natural resources management, delivery mechanisms in plants and soils, use of agricultural 
waste and biomass, in food processing and food packaging, risk assessment being also evaluated. 
 Nanosensors in the environment and agriculture begin to have wide applications due to the 
environmental monitoring of pollutants present in the atmosphere, in soils and in wastewater. 
Different categories of sensors are used like: biosensors, electrochemical sensors, optical sensors. The 
nano-detection sensors and devices will be the main instruments for trace heavy metals and POPs 
detection and these can be applied to real samples, the need of commercializing nanosensors becoming 
in the next years a necessity.  
 In treatment applications, conventional water treatment methods include bio-sand, coagulation, 
flocculation, reverse osmosis, distillation and adsorptive filtration through ion-exchange resins, active 
alumina or iron oxide cannot remove all the contaminants. Widely used sorbents for water treatment 
include: nano-structured metal oxides, carbon nanomaterials, zero-valent iron nanoparticles. Nano iron 
oxides are well known for removing of toxic ions and organic pollutants from water3,4,5 Carbon 
nanostructures have been studied because of their physical and chemical properties and their 
applications, presenting high capability for the removal of various inorganic and organic pollutants and 



radionuclides from large volumes of wastewaters. Heavy metal ions were removed from aqueous 
solutions being adsorbed on the surface of the oxidized carbon nanostructures6,7 The adsorption 
isotherms show that different kinds of heavy metals have different affinity to the adsorbent depending 
on the material. Surface nano-scale modified carbon black present good affinity for Cu(II) and Cd(II) 
and Fe0 nanoparticles for As(III) in groundwater.8  

Another application of nanomaterials in environmental and agricultural treatment is the 
remediation (pollutant transformation from toxic to less toxic in water and soil). Researchers have 
focused their attention on the remediation of water and soil using Fe0 nanoparticles which can transform 
the pollutant (chlorinated organic chemicals) without leaving the chlorinated intermediate by-
product.9,10 Fe0 nanoparticles were already applied in the reduction of PCB11, in the reductive 
debromination of diphenyl ethers12, in the removal of alachlor and pretilalachlor13 and catalysis of 
chlorinated ethenes.14 Simultaneous dechlorination of several pollutants is important for agriculture 
applications15, as well as the exploration effective reduction nanoparticles16 other than Fe0 and bimetal 
nanoparticles for metal removal.17  
 Nanosorbents are very important for capturing heavy metal ions and organic contaminants.
 A smart application of carbon nanomaterials for the removal of heavy metals from soils is also 
emphasized.18 The encapsulation of carbon nanotubes to form a reconfigurable conglomerate with iron 
oxide microcapsules and their applications in Pb(II) removal was achieved, proving to be recyclable and 
environmentally friendly for the removal of heavy metals. 
 Photocatalysis in agriculture is another direction in which nanomaterials can play an important 
role. Different nanostructures of titanium dioxide (TiO2) and zinc oxide (ZnO) have been widely studied 
as photocatalysts.19,20 Methylene blue adsorbed on the surface of ZnO nanoparticle degrades it into 
leucomethylene blue21, chemicals presented in pesticides are transformed in relatively harmless 
molecules such as CO2, N2 and H2O.Under progress is also the removal of pesticides and herbicides on 
plants and the soil through photocatalysis.22 Carbamate pesticides used in a variety of field crops are 
completely mineralized in the presence of ZnO and TiO2, dichlorvos being an example of an often used 
pesticide. Apart from nanoparticles, there are reports on the use of nanotubes and nanostructures thin 
films for degrading pesticides. TiO2 nanotubes were used for atrazine degradation23 and TiO2 thin films 
for the degradation of organochlorine pesticides.24 
 Nanomaterials are (taking into account healthy aspects of nanotechnology) quite effective in 
detection and treatment systems of environmental pollutants. Developing functional properties of 
nanomaterials trace detection of inorganic and organic pollutants and treatment in water and soil can be 
tremendously improved. Nanomaterials can be used to detect pesticides, to selectively capture target 
pollutants and to treat them through reduction or oxidation operation of the nanomaterials.    Through 
the synergetic action of nanomaterials and through biological processes, pollutants can be also 
removed, this methods being used in the environmental engineering of water and soil. Through nano-
photocatalysis the removal of pollutants becomes another very important direction in environmental 
engineering, especially in treating pollutants form industrial areas. 

In this review, environmental and agricultural applications of carbon nanomaterials, 
natural and engineered as sorbents will be presented. These materials unite the properties of sp2 
hybridized carbon bonds with the characteristics of physics and chemistry at the nanoscale. The most 
common properties cited in environmental applications are size, shape and surface area, molecular 
interactions and sorption properties and electronic, optical and thermal ones. 

 
 
 



Properties of carbon-based nanomaterials 
 
Molecular manipulation implies control over the structure and conformation of a 

material, for carbonaceous nanomaterials this including size, length, chirality and the number of layers. 
Variations in synthesis technique, temperature, pressure, catalyst, electron field optimize nanomaterial 
structure, purity and physical orientation for specific applications.25 Diameter is an important dimension 
in determining the properties and applications of tubular carbon nanostructures. Small single walled 
carbon nanotubes (SWNT) diameter is strongly correlated to synthesis technique26, the diameter 
inducing higher strain energies, mixing of σ and α bonds and electron orbital rehybridization. These 
bond structure modifications induce fundamental alterations to the electronic, optical, mechanical, 
elastic and thermal properties of SWCNTs. The characteristic properties dependent on nanotube 
diameter are complemented by physical size exclusion and capillary behavior relevant to environmental 
and agricultural systems. The narrow inner diameter of nanotubes has found application in novel 
molding, separation and size exclusion processes.27 The combined characteristics of narrow diameters 
and long tubules also imply exceptional aspect ratios in nanotubular structures.28 Across the spectrum of 
carbonaceous nanomaterials, the high surface area to volume ratio distinguishes nanomaterials from 
their micro-scale counterparts. The ratio of ΔGsurface/ΔGvolume increases, where ΔG represents the 
difference in free energy between the bulk material and the nanoscale structure.29 The size, shape and 
surface area of carbonaceous nanomaterials are highly dependent upon aggregation state and solvent 
chemistry. Impurities adsorbed to the surface of nanomaterials alter the aggregation behavior, thermal 
and electron characteristics, mechanical strength and physico-chemical properties of the nanomaterials.  

Electronic, optical, thermal properties The bonding configuration of carbon based 
nanomaterials confers unique conductive, optical and thermal properties for applications in the 
electronic industry. Novel electronic properties will contribute to environmental sensing devices and to 
new environmental remediation techniques of persistent organics.30 Tunable band gaps, remarkable 
stable and high-current carrying capacity, low ionization potential and efficient field emission 
properties31 are highly cited electronic properties of SWCNTs, these properties being linked to chirality, 
diameter, length and the number of concentric tubules. Theoretical and experimental work demonstrates 
that band gaps are dependent upon the chirality and diameter of nanotubes. A reference coordinate 
system indexes the chirality of the SWCNTs by a pair of (n,m) integers corresponding to the specific 
atoms on a planar graphene sheet.32 Armchair conformations denoted by (n,n) tubes are metallic and 
independent of tube diameter and curvature. The (n,m) nanotubes with carbon atoms arranged in a 
zigzag or helical conformation are small gap or large gap semiconductors. Conduction in MWCNTS is 
dominated by the electronic structure of the outermost tubules and resembles the electronic behavior of 
graphite.33  

The ionization potential of SWCNTs is below of common field emitters used in the 
electronic industry, the ionization potential referring to the energy necessary to excite an electron from 
the ground state to an excited state.  In field emitters, a low ionization potential reduces the voltage 
necessary for exciting an electron and forcing its emission from the molecule. Further reduction in 
ionization potential is observed in the presence of certain adsorbates, including water. Reducing the 
voltage potential and enhancing the efficiency of field emission is an example of nanotube application in 
the green design of next generation devices. 
 Molecular interaction and sorption Elucidating the molecular interactions, sorption and 
partitioning properties governing carbon based nanomaterials is generally consistent with physical-
chemical models and theories including electrostatics, adsorption, hydrophobicity, etc…Molecular 
modeling can provide explanations about physical-chemical processes at the nanoscale. The potential 



energies of interaction between carbonaceous nanomaterials are already described in the literature34, 
accounting for both van der Waals attractive forces and Pauli repulsion originating from overlapping 
electron orbitals at short separation distances. Hydrophobicity and capillarity will contribute to the 
adsorption behavior and orientation of sorbates in microporous carbon, physisorption being the 
dominant mechanism of sorption for not functionalized nanomaterials. Adsorption studies report rapid 
equilibrium rates, high adsorption capacity, low sensitivity to pH range, minimal hysteresis in dispersed 
nanoparticle sample35 and consistency with Langmuir, BET or Freundlich isotherms.36 These studies are 
complicated by the unique properties of adsorption in micropores. In environmental applications, 
adsorptive capacity has broad implications for contaminant removal and hydrogen storage. 
 Sorption of environmental contaminants to sorbents such as NOM, clay and activated carbon 
accounts for an important sink in natural and engineered environmental systems. The sorptive capacity 
of conventional carbonaceous sorbents is limited by the density of surface active sites, the activation 
energy of sorptive bonds, the slow kinetics and the nonequilibrium of sorption in heterogeneous 
systems. The large dimensions of traditional sorbents also limit their transport through low porosity 
environments and complicate the subsurface remediation. Carbonaceous nanosorbents with their high 
surface area to volume ratio, controlled pore size distribution and their surface chemistry overcome 
many of these intrinsic limitations.  
 An integration of innovative use and existing knowledge and technologies in agriculture with 
nanotechnology and innovative partnerships between agricultural research institutions with nanoscience 
research institutions and universities and nanotech companies will help nanotechnology to be faster and 
efficient applied in agriculture.  

 
Nanotechnology and the environmental soil science 
 
 Soil science is concerned with the science of all those materials we find in soils, this being a 
complex mix of chemicals and organisms some of which are organized at the nanolevel and some of 
which are not. The thorough analysis of natural nanoparticles (NPs) and engineered NPs in soils 
involves the sequence of detection, identification, quantification and detailed characterization, if 
possible. To study and to understand the properties and behavior of different size fractions in soils is a 
difficult task, each size fraction of the soil matrix, the colloidal fraction, the clay fraction, the slit 
fraction, the sand fraction and the gravel having specific properties  and roles within this matrix. The 
nano fraction in soils can prove to control or to affect the soil physical or chemical properties, the 
understanding of the nanomaterials behavior being far from complete from the physical chemistry point 
of view. 
Natural nanoparticles in soils may occur as nanominerals e.g. certain clays and Fe and Mn 
oxyhydroxides or as carbon containing NPs.37,38 Soils and sediments contain many kinds of inorganic 
and organic particles such as: clay minerals, metal hydroxides and humic substances39, nanoparticulate 
goethite, akaganeite, hematite40, ferrihydrite and soil humic substance.41 Hochella42 classified the NPs 
present in terrestrial systems in three classes: nanofilms, nanorods and NPs. Nanosheets are usually 
products of the weathering processes that occur in soils, having very diverse compositions (usually 
mixtures of oxides and oxyhydroxides of Fe or of other elements).43 Nanorods result usually in the 
process of accelerated weathering of primary soil minerals induced by sediments at alkaline pH values, 
nanosize hematite and feldpathoids appearing.44,45,46 Nanoparticles (NPs) founding soils can be biogenic 
uraninite47, oxidized iron formed by biologically induced oxidation of Fe(II)48, Fe(III) oxyhydroxides 
NPs which can constitute the ferric core of ferritine, the main iron storage protein in biological 



systems.49 As Hochella et al. has already shown6, ferrihydrite in natural sediments behaves as a natural 
sorbent, but its structure and composition is still a matter of debate.  
The organic nanomaterials in soils (considered by Nowack and Buchelli as carbon-containing natural 
NPs)50 are divided into biogenic, geogenic and pyrogenic NPs. Examples of natural NPs are fullerenes 
and carbon nanotubes (CNTs) of interstellar origin51. Environmental colloids in soils include humic 
substances and large biopolymers such as polysaccharides and peptidoglycans and even the knowledge 
of their structures increased in the last years, their precise function and composition is not very well 
defined.52 Soot as product of re-condensation processes during incomplete combustion of fossils appears 
in soils and in the atmosphere, where from it is again deposited on soils.53 Some of them can derive from 
polycyclic aromatic hydrocarbons (PAHs) at temperatures between 300 and 500 0C in the presence of 
elemental sulfur, or during natural combustion process.54  
 
Table 1 Classification of natural nanoparticles in soils 
 
                                                     Formation Exemples 

Biogenic Organic colloids Humic, fulvic 
acids 

Geogenic Soot Fullerenes 
Atmospheric Aerosols Organic acids 

C-containing 

Pyrogenic Soot CNT 
Fullerenes 

Oxides Magnetic Biogenic 
Metals Ag, Au 
Oxides Fe-oxides geogenic 
Clays Allophane 

Natural 

Inorganic 

Atmospheric Aerosols Sea salt 
 
 
Nanoparticles (NPs) behavior in soils 
 
The processes affected by nanoparticles presence in soils  (the role of the nano-size fraction) seems to 
gain importance in the last years, the sorption capacity, the interfacial electron transfer reactions, the 
mobility and the diffusive mass transfer playing an important role in soils properties. Sorption capacity 
of the NPs refers to some topics such as: assessment of sorption capacity of the NPs in soils; assessment 
of the NPs interactions with other minerals of the soil matrix and the resulting effects on contaminant 
and nutrient adsorption/desorption in soils; usage of NPs for groundwater cleanup and remediation 
purposes; evaluation and quantification of the controls or effects of different variables (physical, 
chemical, biological) on these processes.  
Contaminant or nutrient sorption on NP surfaces has attracted the attention of researchers, several 
studies in soil chemistry showing that NPs have high sorption capacities for metal and anionic 
contaminants.55,56,57 It was found that the contaminant sequestration was accomplished mainly by 
surface complexation, but sorbed surface species can be encapsulated within interior surfaces of NP 
aggregates, a phenomenon with significant consequences for contaminant dispersion or remediation 
processes. Metallic species as Ni can be linked to natural short-ordered aluminosilicates58, arsenate on 
TiO2 surfaces59, humic acids and aromatic compounds by multi walled carbon nanotubes MWCNTs.60  



Nanoparticles interactions with soil minerals and the effects on sorption and desorption of nutrients or 
contaminants was also studied. Research showed that Fe rich NPs competed efficiently with NOM for 
Pb binding in soils and water.61 Another aspect of the same phenomenon is related to the NPs 
competition with the aqueous species of contaminants and nutrients for available sorption sites on 
different sorbents present in soils.  
Another aspect concerns how the aggregation affects surface energy and the available surface area for 
sorption and the timescales of adsorption or desorption of contaminants or nutrients from exposed 
surface and remote sorption sites within the aggregate structures. Research results have demonstrated 
that the relative reactivity of 5 and 32 nm particles as determined from Langmuir adsorption parameters 
did not present important variations despite differences in NP aggregation for these two different sizes. 
These results also suggested that the aggregation did not affect the extent of organic acid sorption, the 
challenge remaining the assessment the available surface area for NP sorption because of the 
aggregation.62 NPs have been used for groundwater cleaning up and contaminated sites remediation. 
CuO NPs were found as being an effective material for As(III) and As(V) adsorption.63 Other possible 
applications investigated the potential of zero-valent FeNPs for treatment and remediation of persistent 
organic pollutants such as hexachlorocyclohexanes64, phenantrene sorption by nano-TiO2 and nano-ZnO 
particles for the adsorption of organic contaminants65, the concentration depending effects of single-
walled CNTs or MWCNTs in terrestrial ecosystems on decreasing HOC accumulation by earthworms.66 
Factors such as soil solution pH and ionic strength, elemental substitution in the NPs crystal structure 
may have an important impact on NP sorption extent and timescales. Chemically oxidized nanoporous 
sorbents with very good lead adsorption performance were used in batch adsorption experiments were 
conducted to study the effect of adsorbent dose, initial concentration and temperature on the removal of 
Pb(II) from aqueous systems, the adsorption being maximum for the initial pH in the range of 6.5-8.0.67  
The NPs mobility in soils would depend on the degree of the NP interactions with the mineral particles 
of the soil matrix. Recent studies demonstrated that NP may easily move through the soil profiles. For 
example, TiO2 NPs transport behavior through saturated homogeneous soil columns showed that TiO2 
can remain suspended in soil suspension even after 10 days, the transport distances being about 
hundreds centimeters.68 NPs such as CNTs can carry contaminants facilitating their transport through 
soil profiles via mass transfer.69 Accelerated transport of Pb associated with Fe oxide NPs is observed in 
soil and river samples in Germany and Sweden70, carbonaceous NPs enhancing the transport of 
hydrophobic organic contaminants HOCs in porous media. The movement of NPs in soils and through 
the soil profile is controlled by a number of geochemical variables: pH, ionic strength, content of NOM 
and clay in addition to NPs related properties: surface charge, size, charge, aggregation, surface coating 
and impurities. These facts clearly demonstrate the complexity associated with studies of this type with 
multiple variables and several effects. Soil pH is a major variable in controlling NP mobility. Research 
on CNTs showed the effects of acid treatment on: the surface properties, the colloidal stability, and the 
heavy metal sorption. The results showed that acid treatment increased the amount of acidic surface 
groups on the CNTs and controlled colloidal stability and their adsorption capacity. Other factors 
controlling NPs mobility are NP size, sorption kinetics and residence time.34 MWCNTs were expected to 
gain widespread usage in commercial products, but concerns about environmental and human risks have 
been raised.71 Results from flow-through-column experiments in subsurface and drinking water systems 
demonstrated that pore water velocity influences MWCNTs transport with higher mobility at greater 
pore water velocities.  
 
 
 



Separation and characterization of nanoparticles in soils 
 
The thorough analysis of NPs (natural and engineered) involves the sequence of detection, 
identification, quantification and characterization. In a complex or heterogeneous sample, each step of 
this sequence is an individual challenge, field-flow-fractionation (FFF) being one of the most promising 
techniques to achieve relevant characterization. It becomes clear that new analytical methods are needed 
to quantify NPs in a wide variety of sample types. This task can be very difficult especially for impure 
and complex samples, like environmental, biological and food samples. Environmental samples 
(especially soils) are complex matrices, which may contain natural and engineered NPs besides other 
particles, varying in composition, size and shape. To solve the problem of detecting, identification, 
quantification and characterization of NPs a solution is to make use of an existing contrast between the 
NPs and the sample matrix or to create one. There are analytical tools available to obtain accurate results 
for simple matrices, but not too many for more complicated matrices. Detection by light-scattering (LS) 
techniques is based on the differences between the refractive index of the particles and of the medium.72 
LS is not substance specific and for dynamic light scattering (DLS) the polydispersity of the NPs in the 
sample limits its applicability.73 Mass spectrometry can not be used alone for NPs measurement if the 
composition of NPs is identical to the sample.74 Electron microscopy (EM) makes use of spatial 
resolution and differences in composition and structure of the particles. It is good for identifying single 
particles, but it fails to provide a statistical representation of the whole sample.75 Separation using ultra-
filtration apparatus are based on gradient filtration using membranes with different molecular weight 
cutoffs (MWCOs) for separating colloidal materials in soils into specific size-fractions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Schematic separation of organic matter size fractionation using micro- and ultra-filtration 
 

Leachate 

1.2 μm filter 

0.45 μm filter 

Fine colloid 100-1 KDa ultra-filters 

Suspended particle 

Coarse colloid 

Dissolved matter  
< 1 KDa 

Measurements of 
COD, TOC, TS, pH, 
TP, TN, FS, NH4

+, 
IC, TC, 
orthophosphate, 
color, turbidity and 
conductivity 



The soils are initially filters using 1.2 μm, followed by 0.45 μm membranes made of mixed cellulose, 
0.22 μm and then on membranes with nominal MWCOs of 100, 30, 10 and 1 kDa (1 Da is equal to 1/16 
of an O atomic mass unit). All membranes are made of polyether sulfone (PES). 
The residue retained by the 1.2 μm membranes was defined as suspended solid, the residue retained by 
the 0.45 μm membranes as coarse colloids and the residue retained by the rest of the PES MWCO 
membranes as fine colloids. The materials remaining in solution after the 1 kDa MWCO membrane 
filtration step were defined as dissolved matter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Schema of an ultra-filter: 1. Admitting pipe; 2. Stirrer; 3. Fixator; 4. O-ring seal pack; 5. Seat; 6. Outlet; 7. Flow 
deflector; 8. Ultra membrane; 9. Scaling pipe; 10. Ultra filter cup; 11. Feed inlet  
 
The combination with a hydrodynamic separation technique (e.g. field-flow fractionation FFF) offers the 
possibility of using all the potential of the aforementioned techniques. By separating macromolecules 
and particles, FFF reduces sample poly-dispersity and complexity for each of the analytical devices and 
ideally also adds particle-size information.76  
 
 

 
 
 
Fig. 3 Scheme of typical flow-field fractionation (reproduced with permission from F. van der Kammer et al., Trends in Anal. 
Chem. 2011, 30(3), 425-436 
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Much of an FFF system resembles a classic liquid chromatography (LC) system (pumps, autosampler, 
detectors), FFF separates particles at low to medium pressure in an open channel without a stationary 
phase, the interactions of the NPs with the stationary phase being avoided. Since FFF is prone to 
interferences by large particles (> 1 μm), sample preparation is required for most samples, a suitable 
sample for FFF separation being a stable dispersion of NPs in a liquid medium, suitable sample-
preparation technique playing a major role in FFF analysis. 
 
Table 2 Example of application of FFF for characterization of nanoparticles in different matrices 
 
Particle type Size Matrix Separation Detection Ref. 
Ni and U bound to 
humic acid 

90-120 nm Sediment 
extract 

aF4 UV-Vis 254 
nm, ICP-MS 

77 

Metal bound to 
humic acid 

1-10 nm Sediment 
extract 

sF4 UV-Vis 254 
nm, ICP-MS 

78 

Metal bound to 
humic substances 

<10 nm River sample aF4 MALLS, 
ICP-MS, 
TEM 

79 

Macromolecules <1000kDa Compost 
leachates 

aF4 ICP-MS 80 

Polyethylene imine 25000 Da Seawater sF4 UV-Vis 254 
nm, ICP-
MS,TEM 

81 

Humic acid 3790-3950 Da Wastewater sF4 MALLS 82 
Complex of 
extracellular metal 
with polymeric 
substances 

52-737 kDa Synthesized 
suspension 
medium 

aF4 MALLS, 
TEM 

83 

 
 
Sorption on carbon nanostructures in soils 
 
Sorption is a surface phenomenon which may be either absorption or adsorption or a combination of the 
two. Adsorption is the association of an adsorbate compound onto a surface (sorbent) usually in a 
liquid/solid or vapor/solid system, while absorption involves the redistribution of a compound from an 
aqueous phase into a volume of material. In geochemical systems, the two are indistinguishable and the 
term sorption is always used. Sorption is a fate mechanism that can be present in any aquatic or ground 
water system. 
Sorption has been traditionally divided into two systems: weak physic-sorption and strong chemi-
sorption. Each specific sorption interaction is usually somewhere in-between these two extremes. In 
order to understand these terms, we must understand first the molecular nature of the surface and of the 
sorbate.  
Sorption is a term that includes several elementary reactions. Sorption can involve strong electrostatic 
interactions between ions or dipoles and surfaces, including ion exchange type reactions. Sorption can 
involve only weak intermolecular forces such as van der Waals interactions. As used by geochemists, 
sorption to natural surfaces also generally includes adsorption on surfaces and absorption into the 
material. The surface of a solid represents an interface between the gas or solution phase and the mineral 



crystal. The nature of that interface depends on the nature of both the crystal phase and the solution or 
the gas phase. The solid surface can be represented as a surface of discrete sites and each one 
individually participates in a reaction resulting in sorption. 
In general, nanoparticles can be used as sorbent materials in two configurations: chemically bonded, 
through a covalent bond to microparticles or directly used as raw materials. When these materials are 
used as sorbents, the interaction of the analyte can be produced directly on the nanoparticle surface or in 
the interstices of the aggregate. The non-covalent interaction established between the analyte and the 
nanoparticles or the nanostructured materials includes ionic interactions (dipole-dipole), hydrogen 
bonds, π-π stacking, dispersion forces, dative bonds and the hydrophobic effect. The presence of 
functionalized nanoparticles or supramolecular aggregates allows the possibility of incorporating one or 
more of these interactions.  
In recent years, a large number of allotropic carbon nanoparticles have been described including: 
nanodiamonds84, fullerene85, nano-onions86, carbon nanotubes (CNTs) 87, graphite nanosheets.88 The 
sorptive capacity of conventional carbonaceous sorbents is limited by the density of the surface active 
sites, the activation energy of sorptive bonds, the slow kinetics and nonequilibrium of sorption in 
heterogeneous systems and the mass transfer rate to the sorbent surface. The large dimensions of 
traditional sorbents also limit their transport through low porosity environments and complicate the 
applications in subsurface remediation. Carbonaceous nanosorbents with their high surface area to 
volume ratio, controlled pore size distribution and surface chemistry overcome many of these intrinsic 
limitations. Sorption studies using carbon-based nanomaterials report rapid equilibrium rates, high 
adsorption capacity, being effective over a broad pH range and consistency with BET, Langmuir or 
Freundlich isotherms.89 Direct sorption of organic contaminants to the nanomaterial surface is driven by 
the same fundamental hydrophobic, dispersion and weak dipolar forces to determine sorption energies in 
conventional systems.90 The higher equilibrium rates of carbonaceous nanosorbents over activated 
carbon are attributed to 91 π electron polarizability or π-π electron-donor acceptor interactions within 
aromatic sorbents, reduced heterogeneity of adsorption energies and the absence of pore diffusion as an 
intermediate mechanism in adsorption.92 This conclusion is reinforced by Yang et al.93 comparing a 
variety of carbonaceous nanosorbents. Another advantage to carbonaceous nanosorbents is the virtual 
absence of hysteresis between adsorption and desorption isotherms for liquids and gases under 
atmospheric pressure. Enhanced atmospheric pressure relevant to gas adsorption in hydrogen storage 
applications may restore hysteresis in the system by reducing the energy barrier to fill nonwetting CNT 
pores and the intraparticle region of the nanoaggregates.94 While rapid equilibrium rates and high 
sorbent capacity are powerful attributes of carbonaceous nanosorbents, their true revolutionary potential 
lies in the diverse pathways for tailored manipulations of their surface chemistry. Tailoring the dominant 
physical and chemical adsorption forces via selective functionalization yields carbonaceous 
nanomaterials that complement the existing suite of relatively unspecific conventional sorbents. 
Functionalized nanosorbents may provide an optimized approach for targeting micropollutants, 
removing contaminants.95 CNTs functionalized with hydrophilic –OH and –COOH groups exhibited 
superior sorption of low molecular weight and polar compounds.96 In contrast to the relatively 
nonspecific, hydrophobic sorption mechanisms describing organic sorption, inorganic sorption to 
carbonaceous nanostructures is characterized by specific complexation reactions. Surface functional 
group density rather than total surface area becomes the primary determinant of inorganic sorption 
capacity. Metal speciation or competing complexation reactions render sorption capacity sensitive to 
changes in pH.97  
Despite the synthesis costs, the cost effectiveness of carbon based nanomaterials vs. traditional activated 
carbon was demonstrated, the environmental applications of nanomaterials sorption capacity being not 



limited to the removal or remediation of contaminants, but to controlled delivery of fertilizers and 
pesticides as well.  
 
The adsorption isotherms 
 
Adsorption isotherms describe the equilibrium relationship between bulk activity of absorbate in 
solution and the moles adsorbed on the surface at constant temperature. Adsorption isotherm expressions 
are derived from fundamental principles of the adsorption process, experimental data fitting by isotherm 
expressions whether the experimental system satisfies the assumptions of the isotherm derivation or not. 
Brunauer described five general types of sorption isotherms: 
 

1. Langmuir type offers a good representation of chemisorption and usually represents the low P 
portion of other isotherms. Adsorption sequentially fills surface sites until mono-layer coverage 
is achieved. No multi-layer coverage is included. Each site is equivalent in energy. Langmuir 
behavior assumes rapid reversible sorption and interaction only between sorbate molecules and a 
surface site. The lower portion is linear. The equation for the Langmuir isotherm is given by: 
Q=QmbCg/(1+bCg), where Q is the amount sorbed, Qm is the monolayer coverage, Cg is the gas 
phase concentration and b is a constant. While the Langmuir isotherm is rarely useful in real 
heterogeneous systems, it illustrates well the concept of monolayer coverage. 

2. BET type. The BET equation is an extension of the Langmuir relationship that accounts for 
multilayer coverage. Here, multiple layers can form before monolayer is complete with multiple 
layers forming as a condensation reaction. At high pressure, the adsorbate condenses to a bulk 
liquid on the surface, the number of layers becomes infinite. This isotherm describes well the 
physic sorption of an organic onto dry surface soils. The equation Q=QmcP/(P0-P)[1+(c-
1)(P/P0)], where P0 is the saturated vapor pressure and c is a constant related to the energy 
(enthalpy) of adsorption. While this is effective in describing vapor-phase adsorption on dry 
soils, it does not describe electrostatic interactions of ions onto a heterogeneous surface in an 
aqueous system.  

3. Freundlich type. A well-used empirical isotherm is the Freundlich relationship which allows, 
which allows for a heterogeneous surface that is more often seen in natural systems. When 1/n > 
1, the sorption constant increases with increasing solution concentration, perhaps reflecting an 
increase in the hydrophobic character of the surface after a monolayer. When 1/n < 1, K 
decreases with solution concentration as the low-energy sites are occupied. 1/n slightly greater 
than 1 is often found for organic solutes. The Freundlich equation is: Q=KFCs

1/n 
 

Linear isotherms. When 1/n=1, the isotherm becomes a linear relationship whuch often closely 
describes the absorption reaction of an organic molecule partitioning into soil organic matter, having no 
linear portion. In this case, the distribution coefficient Kd describes a linear relationship between the 
dissolved concentration of absorbate ion and the concentration adsorbed to the surface. Linear 
adsorption best describes systems at low concentrations where the Langmuir relationship is still linear. 
The end result assumes that the amount of a solute sorbed is proportional to the concentration in 
solution. The Kd expression is derived from the Langmuir isotherm, assuming a very small P and 
KP<<1. The measured Kd value is an operational parameter with no thermodynamic significance, but 
still useful in describing simple systems. The value of the Kd is restricted to the system for which the 
value was obtained.  



Factors affecting sorption are the following ones: surface area, mineral surface properties, 
organic carbon, solubility, temperature, pH, salinity, co-solvents and dissolved organic matter. 

Surface area. Adsorption is a surface phenomena directly related to surface area. Increasing the 
surface area the specific adsorption will increase. Sorption is usually reported as a bulk property on a per 
gram weight basis. Sorption should always be reported on an area basis, considering micropores and 
molecular porosity.  

Mineral surfaces properties. Surface charge creates surface conditions in which there is an uneven 
charge distribution, creating a double-layer of ions, charged organic solutes exchanging with other 
counter-ions in the double layer, resulting in physisorption. 

Organic carbon. It has been found that the sorption of hydrophobic organic compounds is strongly 
controlled by the presence of soil organic material. While the reaction resembles that a sorption and will 
fit a sorption isotherm, it is partitioning.  

Solubility.  As the solubility of a hydrophobic compound decreases, the adsorption coefficient 
increases from entropy driven interaction with the surface.  

Temperature.  Since adsorption is an exothermic process, K vslues usually decrease with increasing 
temperature. In general, a 10% decrease in K sorp would occur with a temperature rise from 20 to 30 0C. 

pH. Only chemicals that tend to ionize are affected by the pH, on neutral molecules the only change 
will be in the character of the surface, at low pH humic materials being nearly neutral, for example and 
more hydrophobic. Changes in pH will affect organic acids and bases by changing solubility. Cations 
resulting from the protonation of an organic base may more strongly adsorb to soils than neutral species. 
Sorption of charged species will be affected by the pH. 

Salinity. An increase in salinity can lower the adsorption coefficient of cations due to the 
replacement/exchange by alkali cations. The adsorption of acid herbicides increases with salinity at pH 
values above the pKa of the acid, pH influencing the affects of salinity. Neutral molecules are generally 
less affected by salinity but often show an increased adsorption with increasing salt concentration, 
probably due to the increase in the activity coefficient of neutral molecules and resulting decrease in 
aqueous solubility. Increasing salinity may also change the interlayer spacing of layer clays as well as 
the morphology of the soil organic matter. 

Co-solvents. Co-solvents are water soluble organic solvents such as methanol or acetone and they 
can decrease the sorption constant Ksorp by increasing the apparent solubility. The pyrene Ksorp 
decreases by 30% in 10% methanol.  
 
 
Natural nanoparticles in soils and environmental and agricultural applications as sorbents 
 
Nanoparticles in soils can be divided into natural and anthropogenic particles, being further separated 
into carbon-containing and inorganic NPs. Natural and anthropogenic combustion processes that take 
place both in stationary and in mobile sources emit a variety of particles From these particles the soot 
fraction of the black carbon correspond to the nano-sized BC. Soot as a product of re-condensation 
processes during incomplete combustion of fossil and renewable fuels is emitted into the atmosphere 
from where it is deposited onto soils and water bodies. Although fullerenes and CNT are considered as 
engineered NP, they are also natural particles (fullerenes) or CNTs. The majority is believed to have 
formed from polycyclic aromatic hydrocarbons (PAH) during metamorphosis at high temperatures and 
in the presence of elemental sulfur.98  
Dissolved organic carbon and organic colloids in the sub-micron size range have been recognized as 
distinct organic phase to which pollutants are partitioning. By their shear abundance such sorbents may 



attenuate the truly dissolved exposures of organic pollutants. Soot is an important adsorbent for organic 
compound, the nonlinear adsorption of organic compounds onto BC completely dominating total 
sorption at low aqueous concentrations in soils and sediments.99 The efficient sorption to BC pulls toxic 
polycyclic aromatic hydrocarbons, polychlorinated biphenyls, dioxins, polybrominated diphenylethers 
and pesticides into sediments and soils100, the presence of BC explaining that the sorption vof organic 
compounds into soils and sediments is much higher in comparison with the absorption into the organic 
matter alone.  
CNTs have proved to be adsorbents for organic compounds from water, examples including dioxin101, 
PAH102, DDT103, chlorobenzenes and chlorophenols104,105 dyes106, pesticides107, herbicides108,109. In all 
cases, the available adsorption space was found to be the cylindrical external surface, neither the inner 
cavity, nor the the inter-wall space of multi-walled CNT. 
Oxidized CNTs are also good adsorbents for metals such as: Cu110, Ni111, Cd112,113, Pb114, Ag115 and rare 
earth metals.116 In all the cases, adsorption is pH dependent increasing sorption by increasing pH. 
Fullerenes have also been tested for the adsorption of organic compounds, adsorption depending to a 
great extent on the dispersion state of the C60.117 incomplete dispersion leading to significant 
adsorption-desorption hystheresis.118 Ballesteros et al.,119 found that fullerenes are not very good 
sorbents for organic compounds, but they are efficient for the removal of organometallic contaminants. 
 
There are some examples till the moment concerning sorption of several contaminants on natural carbon 
based nanomaterials in soils, these applications being listed in the table below. 
 
Table 3   Natural carbon containing nanoparticles in soils as sorbents for contaminants  
 
Formation Type Sorbent Contaminant Ref. 
Biogenic Organic  

colloids 
Humic and 
fulvic acids 

phenantrene 120 

Biogenic Organic  
colloids 

Humic and 
fulvic acids 

atrazine 121 

Biogenic Organic  
colloids 

Humic and 
fulvic acids 

Th(IV) 122 

Geogenic Soot fullerenes Organic contaminants 123 
Pyrogenic Soot CNTs 14C-phenantrene 

14C-benzo[a]pyrene 
124 

Pyrogenic Soot CNTs arsenate 125 
Pyrogenic Soot CNTs pesticides 126 
Pyrogenic Soot CNTs pyrene 127 
Pyrogenic Soot CNTs 1,2-dichlorobenzene 128 
Pyrogenic Soot CNTs Organic contaminnats 129 
Pyrogenic Soot CNTs 243 Am(III) 130 
  
 
 
Engineered carbon nanomaterials (CNM) in soils as sorbents for environmental contaminants 
 
 The environmental applications of engineered carbonaceous nanomaterials are both proactive 
(preventing environmental degradation, improving public health, optimizing energy efficiency) and 



retroactive (remediation, wastewater reuse, pollutant transformation).  Carbon unique hybridization 
properties and the sensitivity of carbon’s structure to perturbations in synthesis conditions allow for 
tailored manipulation to a degree not yet achieved by inorganic nanostructures131. 
Wetting plays a key role in the nanototube capillarity. Hydrophobicity and capillarity also contribute to 
the adsorption behavior and orientation of sorbates in micro-porous carbons. Physi-sorption is the 
dominant mechanism of sorption for not functionalized nanomaterials. Adsorption studies report rapid 
equilibrium rates, high adsorption capacity, low sensitivity to pH range, minimal hysteresis in dispersed 
nanoparticle samples and consistency with traditional Langmuir, BET or Freundlich isotherms132. 
Functionalized nanosorbents may provide an optimized approach for targeting specific 
micropollutants, removing low concentration contaminants or improving subsurface mobility. For 
instance, when compared to activated carbon, carbon nanotubes functionalized with hydrophilic –OH 
and –COOH groups exhibited superior sorption of low molecular weight and polar compounds. In 
contrast to the relatively non-specific, hydrophobic sorption mechanisms describing organic sorption, 
inorganic sorption to carbonaceous nanostructures is characterized by specific complexation reactions. 
Surface functional group density, rather than total surface area becomes the primary determinant of 
inorganic sorption capacity. Metal speciation or competing complexation reactions also render sorption 
capacity sensitive to changes in pH. 
Although there are several examples in the literature illustrating the promising sorption properties of 
carbon based nanomaterials, their applications in real environmental samples and particularly in 
agriculture are very scarce. In this regards, this project will contribute to filling the existing gap between 
theory and experimental results by carrying out a comprehensive study of a wide range of novel 
nanosorbents with a truly multidisciplinary approach. 
Nanotubes (CNTs) conceptually represent a micrometer-scale graphene sheet rolled into a cylinder 
nanoscale diameter and capped with spherical fullerenes. Extensive reviews have been published on the 
synthesis and structural conformation of CNTs, highlighting their position on the spectrum of carbon 
hybridization and the effect that this conformation has one property relevant to environmental 
applications.  
The development of various methods for producing graphene - a single layer of carbon atoms bonded 
together in a hexagonal lattice and graphitic nanoplatelets - multilayer of carbon atoms bonded together 
in a hexagonal lattice has stimulated a vast amount of research in recent years. Graphene and chemically 
modified graphene (CMG) are promising candidates as components in applications, such as energy-
storage materials, paper-like materials, polymer composites, environmental sorbent materials133. 

 
 
Fig. 4. Schema of carbon based nanomaterials: functionalized  graphene and CNT 
 
Functionalized CNTs, graphitic nanoplatelets and graphene can be used to bind contaminants such as 
heavy metals, organochlorine remanent pesticides, organophosphate pesticides and polychlorinated 



biphenyls (PCBs). The amount of the contaminant that binds to the nanotube is up to ten times higher 
than the weight of the CNM. Both CNTs and graphene will be embedded in liquid permeable materials.  
Direct sorption of organic contaminants at the nanomaterial surface is driven by the same fundamental 
hydrophobic dispersion and weak dipolar forces that determine sorption energies in conventional 
systems. The higher equilibrium rates of carbonaceous nanosorbents over activated carbon are attributed 
to π-π electron-donor acceptor. Interactions with aromatic sorbates reduced heterogeneity of adsorption 
energies and the absence of pore diffusion as an intermediate mechanism in adsorption134. This 
conclusion is reinforced by results comparing a variety of carbon nanosorbents. Another advantage to 
carbon nanosorbents is the virtual absence of hysteresis between adsorption and desorption isotherms for 
liquid and gases under atmospheric pressure. 
 
 
Table 4 Engineered based carbon nanoparticles CNTs as sorbents for contaminants (inorganic and 
organic ones) 
 
Sorbent Application Contaminant Ref 
Iminodiacetic acid 
functionalized MWCNTs 

Separation and 
preconcentratin 

Heavy metals 135 

CNTs and carbon 
encapsulated magnetic 
nanoparticles 

Kinetics of sorption Copper ions 136 

CNTs doped with metal 
impurities 

Sorption from aqueous 
solutions 

Pb(II) 137 

Modified MWCNTs Sorbents Traces of gold (III) 138 
CNTs and carbon 
encapsulated magnetic 
nanoparticles 

Sorbents Heavy metals 139 

Carbon-nanotube silver 
composite 

Sorbent for capture and 
analysis 

Hg(II) 140 

Ag-CNTs Mercury trap Hg(II) 141 

Oxidized MWCNTs Sorption from aqueous 
solutions 

Pb(II) 142 

L-cysteine functionalized 
MWCNTs 

Selective sorption and 
preconcentration 

Heavy metals 143 

Non-oxidized MWCNTs Enrichment efficiency of 
sorption 

Metal ions 144 

CNTs Sorption from aqueous 
solutions 

Divalent metal ions 145 

Carbon nanosorbents Concentration and 
separation 

Metal ions 146 

Carbon nanotubes Sorbent for aqueous 
solutions 

Ni(II) 147 

Modified CNTs adsorption sulfamethoxazole 148 

MWCNTs Competitive adsorption Naphthalene, 2,4-
dichlorophenol, 4-chloroaniline 

149 

Natural organic matter Sorption in natural samples Organic contaminants 150 



(NOM) CNTs in the presence of NOM 
CNTs Adsorption  phenolic compounds 151 

CNTs  Sorption in the presence of 
NOM 

Organic contaminants 152 

MWCNTs Competitive sorption Pyrene, phenantrene, naphtalene 153 

 
 
 
Table 5 Engineered based carbon nanoparticles (graphene) as sorbents for contaminants (inorganic and 
organic ones) 
 
Sorbent Application Contaminant Ref 
Lignite activated 
nanstructured carbon 

Fixed-bed results HgCl2 154 

Oxidized MWCNTs 
and graphene 

Mixed sorbents Zn(II) and naphtalene 155 

Nanostructured wood 
charcoal 

Natural sorption Hydrophobic organic compounds 156 

Surface modified 
graphite nanosheets 

Adsorbent for water 
samples 

1,2-dichlorobenzene 157 

Graphite and soot Mediated reduction 2,4-dinitrotoluene, hexahydro-1,3,5-
trinitro-1,3,5-triazine 

158 

Nanoporous carbon 
xerogels 

sorbent Organic contaminants 159 

Wood charcoals  Different 
thermochemical 
conditions  

Single-ring organic compounds 160 

Nanostructured black 
carbon  

sorbent Aromatic compounds 161 

Nanostructured charcoal Competitive 
experiments 

Aromatic compounds 162 

    

Exfoliated graphite 
nanoplatelets (xGnP) 

Sorption from aqueous 
solutions 

Phenolic compounds 163 

Exfoliated oxidized 
graphite nanoplatelets 
(xGnP) 

Sorption from aqueous 
solutions 

Pb(II) 164 

Nanostructured wood 
charcoal 

sorbents Hydrophobic contaminants 165 

 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Possible solution for water decontamination using nanomaterials impregnated curtains 
 
 
 
 
 
 
 

 
 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
Fig. 6 Solution for soil decontamination using nanoparticles 
 
The decontamination processes will take place simultaneously by entrapping the proposed nanomaterials 
(mixing as grown and oxidized CNTs or graphene) in combination on different supports and introducing 
these tools in the flow path of contaminated waters. Their performance will be assessed by testing 
samples from contaminated areas before and after decontamination using the developed filtration 
methods and tools. 
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Conclusion 
 
Nanotechnologies can find applications in many others environmental and agri-food thematic areas:  

- in efficient use of soil resources (nanoparticles in soil in situ remediation, absorption 
and release of contaminants in soils; nanoscale iron particles in rapid destruction of 
chlorinated hydrocarbons in soil and groundwater; nanosensors in monitoring of heavy 
metals) 

- in efficient use of water resources (nanotechnology in desalination and water 
purification; nanoporous membranes in filtration of viruses; nano-sponges in the 
absorption of toxic metals) 

- in delivery mechanism in plant, soil and animal systems (mesoporous silica 
nanoparticles in delivering DNA and chemicals into plants; smart magnetic silica core-
shell nanomaterials in specific targeting, cell sorting and bio-imaging; organically 
modified silica nanoparticles as DNA carriers; carbon nanofibers in gene therapy of 
plants; carbon nanotubes as molecular transporters) 

- in the use of agricultural waste/biomass (biosynthesis of nanoparticles by microbes, 
biosynthesis of nanoparticles by the utilization of agriculture residues) 

- in food processing (nanotechnology in food safety and quality control and in the 
production of functional and nutritive food; in biosensors, nanocantilevers, carbon 
nanotubes) 

- in food packaging (nanoscale titanium dioxide particles in plastic packaging, 
nanosensors, bio-polymers based nanocomposites for safe storage) 

 
This review treated in the its first part the applications of natural and engineered carbon-based 
nanomaterials as sorbents for environmental contaminants, a second part offering a synthesis of carbon-
based nanomaterials with applications in sensors for pesticides. 
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