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Nano-carboneous materials in water: 

Interaction of nano-C6o with soil and organic pollutants 

by 

Ping Zhang 

Abstract 

The property of nanosized colloidal C6o (nano-C6o) suspensions prepared by 

ultra sonication method was examined for electrochemical properties and 

stability under different physiochemical conditions. Adsorption experiments 

of such materials to Lula soil and other two types of sediments were 

evaluated to investigate the interaction of nano-C6o colloidal particles with 

soil organic carbon. Transport of nano-C6o in porous media was examined in 

column tests at different ionic strength and flow rates. Interactions of nano-

C6o with two model organic pollutants 2,2',5,5'-polychlorinated biphenyl 

and phenantherene were studied by batch adsorption-desorption experiments 

and facilitated column transport experiments. It was found that the sorption 

of nanoparticles to different porous media and sorption of organic pollutants 

to nanoparticles can be modeled by a linear sorption isotherm and nano-C6o 

can serve as carrier for the organic compounds, leading to further migration 

of these hydrophobic organic pollutants. 
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CHAPTER ONE 

INTRODUCTION 

Since the discovery of nanosized carboneous materials of C6o and carbon 

nanotubes, considerable research have been carried out in many fields, food, 

electronics materials, etc. However, the introduction of large quantity of 

such nanomaterials into the environment will produce unpredictable impacts 

on the ecosystem and humans. Therefore, understanding the fate and 

transport of nanomaterials in the environment, especially aquatic 

environment, is necessary to evaluate their environmental risk. 

Sorption and desorption are important processes that control the fate and 

transport of both nanoparticles and environmental contaminants, several 

studies have addressed the adsorption/desorption of organic compounds 

to/from C6o in aqueous solutions [1,2]. In this thesis study, adsorption and 

desorption of 2,2',5,5'-polychlorinated biphenyl (C14PCB) and phenanthrene 

to aqueous nano-C6o suspension have been investigated in batch experiments. 

Sorption hysteresis has been observed for organic compounds desorption 

from soil in many studies [3-7]. One objective of this thesis is to test if 

hysteresis occurs when organic contaminants (CI4PCB and PHEN) desorb 

from aqueous nano-C6o particles in solutions. 
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Another focus of this work is to study the transport of nano-C6o in natural 

porous media and its impact on organic pollutant migration. There is limited 

information available regarding the impact of colloidal nano-carboneous 

materials on the fate and transport of hydrophobic organic compounds. This 

study investigates the transport of water-stable nano-C6o in natural porous 

media as well as its impact on CI4PCB and phenanthrene transport using a 

soil column. 

In this thesis, Chapter 2 will provide background information and a review 

of related research. Experimental study of adsorption and transport property 

of nano-C6o particles and facilitated transport of different organic 

compounds by nano-C6o particles will be discussed in Chapters 3 and 4. 

Conclusions will be summarized in Chapter 5. And in Chapter 6, 

suggestions for future work will be provided. 
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CHARPTER2 

BACKGROUND AND LITERAURE REVIEW 

2.1 Nanotechnology and the environment: 

As a distinct and promising field of research in last two decades, 

nanotechnology has been defined as "research and technology developments 

at the atomic, molecular or macromolecular levels, in the length scale of 

approximately 1-100 nanometer range, to provide a fundamental 

understanding of phenomena and materials at the nanoscale and to create 

and use structures, devices and systems that have novel properties and 

functions because of their small and/or intermediate size" [8]. It is a 

combination of multiple fields, such as chemistry, applied physics, 

interfacial science and as well as colloid science, chemical engineering, 

electrical engineering, etc [9]. 

With respect to the nanotechnology and the environment, mainly two issues 

are concerned. First, the environmental applications of nanotechnology, a 

new generation of environmental sensors with enhanced capabilities for 

detecting and monitoring pollutants can be created, for remediation of 

contaminated water, soil and air, and for decreasing emissions and waste 
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from industrial processes [10] . On the other hand, from the environmental 

perspective, some of these engineered nanoparticles might pose a threat both 

to health of human bodies and to the ecosystem. People need to understand 

the environmental behaviors of these nanomaterials, such as the toxicity of 

these materials and the mechanism of interaction of these materials with 

environmental contaminants. Moreover, due to their large surface area, 

nanomaterials can be important sinks or sorbents for environmental 

contaminants and affect their fate and transport properties in the 

environment, especially for some hydrophobic organic pollutants. Therefore, 

this research on the sorption interaction of nanosized carboneous particles 

with model environmental contaminants of 2,2',5,5'-polychlorinated 

biphenyls (C14PCB) and phenanthrene is fundamental to the understanding 

of the fate and transport of carbon nanomaterials in the environment. 

2.2 Fullerene C60: 

2.2.1 Introduction to Fullerene C60 and nano-C6o aqueous suspension 

Fullerenes, the third form of carbon, are defined [11] as "polyhedral closed 

cages made entirely of n three-coordinate carbon atoms and having 12 

pentagonal and («/2-10) hexagonal faces where n > 20 (but uniquely, not 

22)", among which are C60, C70 and other fullerene varieties, like carbon 
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nanotubes. C6o which was discovered in 1985 by Professor Smalley and 

other researchers [12], has twelve pentagons and twenty hexagons (Figure 

2.1) and is the most abundant fullerene material [13]. 

Characterization of C6o involves many advanced instruments, including mass 

spectrometer, spectrophotometer, chromatography, etc. mass spectrometer 

can be used to locate the presence of C60 [14, 15]. 1JC NMR is the most 

widely used spectroscopic property of fullerenes, which gives a single line 

for C6o [16]. UV/Vis spectrophotometer was used in this work to 

characterize C6o. 

2.2.2. Formation of nano-C6o aqueous suspension: 

Despite of the fact that C6o fullerenes are virtually insoluble in water[14] and 

other organic solvents, like methanol and ethers [15] different approaches 

involving different mechanisms and chemicals have been proposed by many 

researchers for the formation of C6o aqueous solutions, such as solvent 

exchange[17], a sonication [18], redox reactions [19], extended stirring[2, 14] 

and a THF method[20]. The following descriptions of preparing nano-C6o 

aqueous suspension was obtained from Cheng [13] for the first four types of 

methods and Lyon for the PVP method [15]: 

5 



Figure 2.1 Structure of a Cgo molecule 
(image obtained from website at: 

http://www.physics.uc.edu/~pkent/pictures/c60.html accessed on March 15th, 2008) 
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(a) "Solvents Exchange Method": Colloidal dispersion of C6o was prepared 

by Alargova et al [17], by first dissolving C6o in non-polar solvents, such as 

toluene, followed by addition of a small volume of this solution into a larger 

volume of a polar solvent and shaking for homogenization. 

(b) "Sonication Method": Andrievsky, et al, first reported the production of 

nano-C6o by using this method in 1995 [18]. Ultra sonication was applied to 

the mixture of C6(/toluene solution and deionized water for a period of time 

till toluene was completely evaporated. The C6t/water suspension was then 

filtered through microfilters. 

(c) "THF Method": Deguchi and Alargova, et al, [21] reported that C6o can 

be produced by first dissolved in THF to saturation and then C6o/THF was 

injected into water at a curtain flow rate. Finally TFfF in the C6o/TFfF/water 

suspension was removed by purging nitrogen gas through the solution 

producing a nano-C6o suspension. 

(d) "Extended Stirring Method": It was discovered by Cheng, et al, [2] that 

when black C6o powder is dispersed in water and gently tumbled, the 

particles formed are from 20 to 50 |tim in diameter, but when the powder is 
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stirred vigorously with a magnetic stirring bar for 2-3 days or longer, the 

suspension becomes turbid with a brownish color and is a stable suspension. 

(e) PVP method: Yamakoshi el al [22] found that C6o can be solubilized in 

water with poly (vinylpyrrolidone) (PVP), a widely used medical and 

cosmetic dispersant and viscosity regulating agent. C6o (0.8 mg) dissolved in 

toluene (1.0 ml) was added to 2.0 ml of CHC13 containing 100 mg of PVP. 

The solution was well mixed and the solvent thoroughly evaporated under 

vacuum. The residue was redissolved in 2.0 ml of water and the aqueous 

solution thus obtained was sonicated to produce a clear solutions. 

Previous nano-C6o research predominantly focused on nano-C6o particles 

prepared by dispersion and evaporation of organic solvent phase containing 

dissolved C6o- Recently, a new method of synthesizing nano-C6o from direct 

sonication of bulk fullerene C6o solid and other carboneous nanomaterials in 

water was discovered [23]. Such mechanical break-down of nano-C6o is 

more environmental relevant and will be employed in this study as the 

means for preparing aqueous colloidal nano-C6o particle suspensions. 
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2.2.3 Property of nano-C6o aqueous suspension: 

A nano-C60 aqueous suspension is in yellowish or brown color, which is 

composed predominantly of colloidal underivatized Ceo clusters with 

diameters typically ranging from ~5 to 500 nm [17], which do not settle over 

a period of time. The particles in suspension have crystalline or amorphous 

shape depending on the production method [2, 4, 13, 18, 20, 24, 25]. The 

exact makeup and structure of the suspensions of the particles has yet to be 

determined. 

Much attention has been focused on colloidal nanoparticle stability, which is 

significantly affected by addition of salt electrolytes [17, 18, 20, 26]. Nano-

C6o suspensions synthesized by the organic extraction method, when the 

ionic strength of the water suspension is above 0.05 M, will coagulate and 

form larger aggregates, or settle out of the colloidal suspension [14, 21, 27-

30]. Chen and Elimelech [31] studied the impact of ionic strength on nano-

C60 suspension by quantifying and comparing the aggregation and deposition 

kinetics of fullerene nanoparticles in common monovalent and divalent 

electrolyte solutions, with aggregation kinetics of the nanoparticles derived 

by employing time-resolved dynamic light scattering (DLS) over a range of 

electrolyte concentrations and deposition kinetics using the quartz crystal 
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microbalance (QCM) technique. The early-stage aggregation kinetics were 

expressed as the initial rate of increase in the hydrodynamic radius a^t) with 

time t, as measured by DLS. This increase in a^{t) is linearly dependent on 

the initial (primary) particle concentration, No, as well as the initial 

aggregation rate constant, ku and the aggregation attachment efficiencies aA 

at different electrolyte concentrations are then calculated by normalizing the 

slopes obtained under the different solution conditions by the slope obtained 

under fast aggregation conditions. 

1 ,dah{t) 

A kn(fast) 1 (dah(t) 
N0(fasty dt )l^'fast 

QCM-D was employed to measure the deposition kinetics of fullerene 

nanoparticles onto the silica coated quartz surface. The deposition 

attachment efficiency, aD, is used to quantify the deposition kinetics at 

different electrolyte concentrations; 

dAfm/dt 
au = rAAf „ A (2.2) 

(dAf(3)/dt)fav 

where Afn is the shift in resonance (or overtone) frequency. 

The conclusions were that the electrostatic double layer repulsion controls 

nanoparticles aggregation and deposition kinetics. Electrophoretic mobility 

10 



of the particles becomes less negative as the electrolyte concentrations are 

increased; divalent cations are more effective than monovalent cations. 

Another issue related to nano-C6o stability is the particle zeta (Q-potential. 

Zeta potential, from a theoretical viewpoint, is electric potential in the 

interfacial double layer (DL) at the location of the slipping plane versus a 

point in the bulk fluid away from the interface [3 2]. In other words, zeta 

potential is the potential difference between the dispersion medium and the 

stationary layer of fluid attached to the dispersed particle. The significance 

of zeta potential is that its value can be related to the stability of colloidal 

dispersions. Colloids with high zeta potential (negative or positive) are 

electrostatically stabilized. Colloids with low zeta potentials tend to 

coagulate or flocculate [33], which is widely used for quantification of the 

magnitude of the electrical charge at the double layer 

A poorly understood observation is that purely carbon based C6o fullerene 

nanoparticles have a negative electrophoretic mobility or zeta potential, 

regardless of the synthesis techniques [13, 15, 20, 31, 34]. Brant, et al, [35] 

verified the negative electrophoretic mobility of fullerene nanoparticles 

synthesized through three solvent exchange methods while employing 
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different combinations of solvents, as well as by the method that consists of 

the extended mixing of fullerene with water. Although hypotheses have been 

made [34], the origin of zeta potential and the mechanisms underlying the 

properties of nano-C6o aqueous suspensions are not yet fully understood. 

2.3 Adsorption and desorption: 

2.3.1 Basic concepts and sorption isotherms: 

Sorption is referred as the process in which chemicals become associated 

with solid phases. It is adsorption if the molecules attach to a two-

dimensional surface and absorption if the molecules form a three-

dimensional homogeneous phase [13,36]. The sorbent(s) is a particular solid 

or mixture of solids with which a chemical associates while the chemical is 

called the sorbate. The term "adsorption" is the process in which molecules 

accumulate in the interfacial layer; while "desorption" is the reverse process. 

From an environmental point of view, sorption is of fundamental importance 

to the fate and transport of chemicals in the environment [14]. 

In terms of mechanisms of the association of sorbents with sorbates, there 

are mainly two mechanisms: (1) hydrophobic effect, is the effect that 
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dominates the partitioning of nonpolar hydrophobic organic compounds [37]; 

(2) the organic molecules (sorbates) may also associate with the surface via 

van der Walls, dipole-dipole, and other weak intermolecular forces [23, 36]. 

A sorption isotherm is the graphic representation of the sorption behavior of 

a substance [36]. Experimentally determined adsorption isotherms exhibit a 

variety of shapes for diverse combinations of adsorbates and adsorbents. 

Some well-defined adsorption isotherm types include: Langmuir 

isotherm[38]; Freundlich isotherm [36]; linear isotherm (a special case of 

Freundlich isotherm); and Brunauer-Emmett-Teller (BET) isotherm [39], 

mention a few. 

2.3.2 Adsorption/desorption hysteresis: 

Desorption isotherms can deviate considerably from the corresponding 

adsorption isotherms, suggesting the presence of hysteresis, i.e., the 

desorption isotherm from each sample is not the reverse of the adsorption 

isotherm [4, 14, 40, 41]. Sorption/desorption hysteresis can be evaluated as 

the solid-water distribution coefficient measured in the sorption step is 

smaller than that measured in the desorption step [3, 13, 14]. 
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Sorption/desorption hysteresis has been reported for many classes of organic 

compounds, including PAHs, chlorinated benzenes, phenols, halogenated 

aliphatic hydrocarbons, pesticides, surfactants, and PCBs [3, 13, 42-47], 

which have been investigated by numerous researchers [3, 5-7, 48-51]. For 

example, Kan, et al, reported that after 10 successive desorption steps, as 

high as 62% of naphthalene was resistant to desorption [41]. Pignatello, et al, 

[46] observed similar results for desorption of nine low molecular weight 

halogenated alkanes. 

2.3.3 Multilayer adsorption and Langmuir-Blodgett isotherm 

In Langmuir-Blodgett [52-54] type adsorption, a monolayer of an organic 

substance on the surface of a liquid can be transferred to a glass slide by 

pulling the slide through the monolayer and the glass slide becomes coated 

with an organic substance. Repetitively dipping the slide produces another 

layer on the slide with each pass through the surface monolayer [55, 56] 

(Figure 2.2). The formation of these multilayers is dependent on forming a 

stable monolayer. Multilayered structure on glass can form from surfactant 

derivatives, which is able to form stable monolayer [57]. The monolayer is 

adsorbed and the head group reacts with the substrate to produce a 

permanent chemical attachment and each following layer is chemically 
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attached in a similar manner[56]. Moreover, Hunter et, al [58] proposed that 

the adsorption of SDBS to anatase may be a consequence of Langmuir-

Blodgett type adsorption. 
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Figure 2.2 Schematic of Y-type Langmuir-Blodgett film deposition [55] 
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2.3.4 Adsorption of Organic Compounds to C6o from Aqueous Solutions 

The interactions of nano-carboneous suspensions (nano-C6o and carbon 

nanotubes) prepared by various methods with different organic compounds 

have been investigated by many researchers [2, 59]. Cheng, et al, studied the 

adsorption of naphthalene and 1,2- dichlorobenzene(DCB) to bulk phase C6o 

particles and aqueous nano-C6o suspensions[2, 6, 59, 60]. In the study of 

uptake and sequestration of naphthalene and DCB by bulk C6o adsorption of 

naphthalene and DCB can be fitted by linear isotherms and a two-

compartment desorption model, proposed by Kan, et al, [6, 60] , was 

employed to describe the desorption of organic compounds into water: 

1 = K?Cw+-^fp£^ (2.8) 

They found that the different sizes of Ceo aggregates could affect the 

adsorption of naphthalene by orders of magnitude. Desorption of both 

naphthalene and DCB from nano-C6o exhibited hysteresis, which indicated 

that desorption is composed of two-compartments: a labile desorption 

compartment, where organics can be readily desorbed and a resistant 

desorption compartment, where organics can be entrapped in C6o aggregates 

and desorption is hindered. Similar hysteric phenomena can be obtained for 

the adsorption and desorption of naphthalene to and from aqueous nano-C6o 
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colloidal suspensions and the reason can be attributed to the deformation of 

micro pores in C6o crystals or due to capillary condensation[2]. 

Several researchers have performed adsorption and desorption experiments 

using carbon nanotubes (CNTs) and single walled nanotubes (SWNTs) and 

multiwalled carbon nanotubes (MWNTs) for the purpose of understanding 

the environmental application of CNTs, in terms of competitive sorption and 

the effect of dissolved organic matter [88-90]. Chen W, et al, [61] examined 

the CNTs adsorption of organic compounds with varied physical-chemical 

properties, including hydrophobicity, polarity, electron polarizability, and 

size to test the hypothesis that the strong adsorptive interaction between 

carbon nanotubes and nitroaromatics was due to the n-n electron-donor-

acceptor interaction between nitroaromatic molecules (electron acceptors) 

and the highly polarizable graphene sheets (electron donors) of carbon 

nanotubes. Wang, et al, [62] focused on the interaction of dissolved organic 

matter by examing the sorption of three types of dissolved organic matters to 

CNTs by using the Polanyi model. They concluded that the correlation curve 

for the Polanyi model was applicable for sorption of aromatic compounds of 

similar structure by the original and DOM-coated carbon nanotubes. Yang, 

et al, [63] investigated the competitive sorption of three types of organic 
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pollutants of pyrene, phenanthrene, and naphthalene on MWNTs by 

applying the Dubinin-Ashtakhov model. They found that the observed 

competitive sorption depends on the relative equilibrium concentrations of 

both primary and cosolutes. 

2.4. Transport of solute in Porous Media: 

2.4.1 Principles of solute transport in porous media: 

The one-dimensional advective dispersion equation [64] is generally used to 

model the flow of non-reactive components through porous media, like soil 

and sand: 

dt " dx2 V dx (2.9) 

where, Cv is the volume-averaged concentration defined as the mass of 

solute per unit volume of fluid contained in an elementary volume at a given 

time- mg/L; t is the time- sec; D is the dispersion coeffeicent-cm /sec; x is 

the downstream distance-cm and v is the linear velocity or pore velocity. To 

account the sorption of an organic compound to the porous media, a term is 

added to equation 2.9 and yields: 
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dCv = j p d 2 Q v
dCv pdS (2 10) 

dt dx2 dx s dt 

where S is the concentration of organic compound sorbed by the porous 

media (mg/g); p is the bulk density of the soil (g/ml) and s is the porosity of 

the soil (dimensionless). When the amount of contaminant sorbed by the soil, 

S is directly proportional to the solution concentration, Cv, for linear sorption, 

equation 2.10 can be written as [65, 66]: 

RSCJL = D^__vdCJL ^ 2 U ) 

dt dx dx 

R = 1 +0.63 ?-f0CK0W (2.12) 

n 

The above development is predicated on two assumptions [64, 67]: a linear 

sorption isotherm and equilibrium partitioning of the organic compounds 

between the flowing solution and the soil. 

As for non-linear sorption, due to Freundlich isotherm, 5 = KCN. According 

to chain rule, equation 2.10 can be written as: 

dCv =D
d2cv v

dCv P dS a cv (2 10b) 
dt dx2 dx s dC„ dt 

Thus, ^JL = D^f-v^L-.R(KNC
N-1)^ (2.10c) 

dt dx dx s dt 

Thus, the retardation factor is in the form of: 
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R = \ + ̂ (KNCN-') (2.12b) 
£ 

Usually, the N value is not equal to one: Kan and Tomson [68] found that a 

non-linear Freundlich isotherm S = KPCN, with N=0.81 fitted a series of 

transport experiments through a find sand with a high correlation. Batch 

isotherms of a number of soil/pesticide combinations were fitted to 

Freundlich isotherms with N values ranging from 0.75 to 0.92 [69]. 

2.4.2 Simulating contaminant transport 

Solutions of the advection-dispersion equation 2.9 can take the form of an 

analytical solution or a numerical solution. It is necessary to differentiate the 

volume-averaged concentrations and flux-averaged concentrations for 

column displacement experiments in order to maintain the mass balance and 

solute flux continuity at the column inlet [67, 70]. Mathematical 

transformation of the advection-dispersion equation from volume-averaged 

to flux-averaged concentration was presented by Parker and van Genuchten 

[70] by using the definition of the flux-averaged concentration: 

V OX 

where Cf is the flux-averaged concentration (mg/L) 

Cv is the volume-averaged concentration (mg/L) 
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v is the pore velocity (cm/hr) 

Above equation can be transformed into: 

dCf 82Cf dCf f =D f-v f 

dt - " ^ v dx (2.H) 

which is mathematically identical to equation 2.13 with Cv replaced by Cf. 

Assuming a semi-infinite column and the transformed initial and boundary 

conditions as follows [67]: 

initially condition: Cf (x,0) = 0 

lower boundary condition: —-(<»,0 = 0 
dx 

upper boundary condition: Cf(0,t) = C0 

the solution for equation 2.14 is: 

^ , N 1 r, x-vt . 1 .vx. . . x + vt . ,- . r^ 
CAx,t) = -erfc( —) + - exp(—)erfc{ —) (2.15) 

Above solution can be expressed in the following form [67, 70]: 

Cf(x,t) = -erfc{ X"Vf/2) + l e x p ( ^ ) g r / c ( ^ ^ 4 r ) (2-16) 

where pore water velocity (v) is replaced by the velocity of the contaminant 

in the water (vc): 
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capacity and can be effective sorbents of low solubility, strongly sorbing 

contaminants [73]. Transport of colloids in groundwater causes an increased 

risk of leaching of contaminants generally regarded as relatively immobile. 

The source of mobile colloids in the vadose zone is generally considered to 

be the in situ release of water-dispersible colloids [73]. 

2.4.5.2 Colloidal facilitated transport of hydrophobic organic compound: 

The term of colloidal facilitated transport was first proposed by West and 

Tomson (1984) [74]. The proposition that colloids are capable of enhancing 

the groundwater transport of low-solubility contaminants, especially 

strongly sorbing contaminants, came up as early as 1960s [75] and gained 

widespread acceptance in 1990s [76]. Traditionally, the movement of 

nonvolatile contaminants was assumed to partition between immobile solid 

and the mobile water phase. The strongly sorbing substance is assumed to be 

mainly associated with the solid phase and consequently, the solution 

concentration of this substance in the pore water should be small [77]. 

However, it has become evident that [73, 78] predictions and results 

obtained in laboratory systems may not always be applicable to field 

situations. Also, colloids in the solid phase may be mobile and can therefore 

act as a third phase, thus enhancing the transport of contaminants [79], 
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which is investigated and verified by several laboratory column experiments 

of co-transport of contaminants sorbed to suspended colloids from sewage 

effluent [80], humic material [74], well-defined surrogates for dissolved and 

colloidal organics [68, 81] and packed sediments[82]. 

Ryan and Elimelech 1996 [76] presented an overall review of facilitated 

transport of cations and anions by inorganic colloids particles in natural 

groundwater systems. Laboratory experiments have confirmed that colloids 

can accelerate the transport of cationic and anionic metals through porous 

and fractured media [83-85]. When contaminants have appeared at distances 

far greater than those anticipated based on the assumption of partitioning 

between solution and stationary sediment phases, colloid facilitated transport 

can be a possible explanation for greater transport distances of the 

contaminants associate with the mobile colloids. 

On the other hand, much attention has also been devoted to the role of 

"organic colloids" or natural and synthetic organic macromolecules, 

especially soil colloids, in enhancing contaminant transport [79, 86-88]. 

Many environmental contaminants, such as polynuclear aromatic 

hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), are hydrophobic 
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and have low aqueous solubility, which mainly sorb strongly to the porous 

matrix, and the environmental risk is assumed to be low [81, 89]. However, 

if dissolved macromolecules or colloidal particles are dispersed in the 

groundwater, they may adsorb the pollutants, allowing them to be 

transported with these mobile carriers. Processes resulting in such 

"facilitated transport" are generally not incorporated into environmental fate 

models [81, 89]. Some investigators found poor correlation between sorptive 

partition coefficients or calculated retardation values and observed transport 

of trace hydrophobic organics [90, 91]. Hydrophobic chemicals have also 

been observed to migrate farther and to achieve greater concentrations in the 

environment than predicted based upon their sorptive partitioning [79, 86-

88]. Binding of hydrophobic pollutants to "carriers" such as colloidal 

particles may also serve as a mechanism for enhanced mobility, even in 

homogenous isotropic porous media [79, 81]. Grolimund [92] stated, with 

unambiguous evidence, that in a natural porous material, colloid facilitated 

transport can indeed represent the dominant transport pathway for a strongly 

sorbing contaminant. 

Magee, et al, [81] stated that, for colloidal carries, two conditions must be 

met to increase hydrophobic contaminants mobility: (1) the carrier must be 
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able to bind these pollutants to an appreciable extent, and (2) the carrier 

must have a greater mobility than the pollutant that it binds. Ryan (1996) [76] 

pointed out that the strength of some of the contaminant-colloid associations 

is especially relevant for consideration of facilitated transport, with 

increasing the strength of the contaminant-colloid association increases, the 

time to reach desorption equilibrium increases, resulting in increased 

distances for colloid- facilitated transport. 

Many investigations (Kan et al [68], Vinten et al[80], West [74], Magee, et 

al, [81]), have helped to develop a qualitative understanding of carrier 

effects on mobility. Enhanced transport of hydrophobic pollutants has been 

observed in laboratory columns in the presence of suspended solids from 

sewage effluent [80], humic material [74], well-defined surrogates for 

dissolved and colloidal organics [68, 81]. These investigators developed a 

modified form of the advective-dispersion equation in which pollutant 

binding to the carrier was considered. 
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2.4.3.3 Quantification of colloidal facilitated transport of contaminants: 

In this study, the issue of facilitated transport of hydrophobic organic 

pollutants triggered by the colloidal particles will be discussed and 

consideration of inorganic transport behavior will be omitted from this study 

in that the governing mechanisms for the transport of inorganic are different 

than those for organic colloidal particles[76]. The methodology developed 

by West, Kan and Tomson [68, 74] in the study of the facilitated transport 

of phenantherene, naphthrene and DDT is adopted for the quantification of 

pollutants transport in porous media in this thesis study. 

The derivation of equations governing the facilitated transport originates 

with the one-dimensional advective dispersion equation and the expression 

of retardation factors, introduced in section 2.4.1 as follows: 

dt " dx2 V dx (2.9) 

R = l + (pb ls)(dqldC) (2.10) 

C denotes the concentration of the total contaminants in solution, which are 

assumed to be in two phases: bound to aqueous DOC (CDoc) and that free in 

solution: 
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C = CD0C+Cfree (2.21) 

The concentrations in Equation 2.21 are in units of ug contaminant per unit 

volume of water; while q in equation 2.10 is assumed to be given by the 

Freundlich isotherm: 

q = Ksoll*(Cfree)
N (2.22) 

The contaminant/DOC partition coefficient, KDOc was used to express Cfree 

in terms of C defined as follows: 

fig compound -boundIg DOC /o o-2\ 
K°oc = 1—T—T~I :— \i.i5) 

fig compound - free I ml water 

where g DOC refers to the mass of DOC in a milliliter of water. Combining 

equation 2.21 and 2.23 for a corresponding volume of water, Vw, and 

equation 2.22 can be written as: 

q = KsoilC
N /(l + KmcDOCy (2.24) 

where DOC is in units of g/ml. Hence, the retardation factor for DOC-

facilitated transport becomes: 

R = l + (pb ln)(N)KsoilC
(N-X) /(l + KDOCDOC)N (2.25) 

when N in above equation is equal to one, the retardation factor is in the 

form of: 
R = 1 + (A, ln)KsoU /(l + KDOCDOC) (2.26) 
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As for the case of a linear isotherm, retardation factor of the facilitated 

transport can be further developed as follows: 

R = l+0.63KowOCPb/n 

\ + 0.63KowDOC v 

Equation 2.27 regarding the calculation of pollutant concentration and 

amount in the porous media in the colloidal facilitated transport experiments 

will be utilized. 
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CHAPTER THREE 
INTERACTION OF NANO-C60 WITH POROUS MEDIA 

3.1 Introduction: 

Much attention has been focused on the possible impact of the emerging 

nanosized materials, especially with the increased amount of produced 

nanomaterials [1, 93]. Due to its unique physical and chemical property, 

fullerene (C6o)> a type of carbonaceous nano-material, has attracted great 

scientific interest, especially in its environmental toxicity, fate and transport 

[1, 20, 94, 95]. It is believed that the aquatic environment will turn out to be 

an important potential sink for C6o and environmental impact researches of 

C6o focus on its aqueous phase phenomena, namely aqueous phase solubility, 

partition, transport and sorption behavior ([1, 25, 94, 96-99]. 

Even though C6o is insoluble in water [94, 95], various methods have been 

introduced to produce aqueous nano-C6o solution/suspension with 

concentration more than ten order of magnitude higher than the estimated 

solubility [1, 25, 98-101]. The problem is that these methods of producing 

aqueous nano-C6o solution might inevitably involve the use of organic 

solvents, which may not be relevant to environmental conditions. In this 
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study, an organic-free method is established and tested for the stability and 

properties of aqueous nano-C6o suspensions. 

The study of the environmental impact and toxicity of nano-sized engineered 

materials requires knowledge of the mobility of such materials in the 

environments, such as groundwater. Because of their size and structure, 

nano-C6o suspensions can be treated as colloidal particles in terms of 

transport in porous media [100-102]. Another issue is the adsorption 

behavior of nanomaterials to the environmental media like soil, since soil 

media will be another sink of importance for these colloidal nanomaterials. 

In this thesis work, the method of organic-free ultra sonication method has 

been applied to produce nano-C6o colloidal suspension, followed by 

characteristic test for various physiochemical properties. By employing this 

colloidal suspension, study of nano-C6o has been carried out on the 

adsorption to soil particles and transport in soil media. 

3.2 Materials and Methods: 

3.2.1 Chemicals and materials: 

Chemicals: Chemicals used were Ceo fullerene powder with purity > 99.5%, 

the SES Research, Houston, TX. Ottawa pure sand from Aldrich and sieved 

31 



through 50-60 mesh sieves; Suwannee River NOM (RO isolation, 

International Humic Substances Society, Atlanta, GA); Millex-AP 

membrane filter with pore size of 2um, Milipore Company; Toluene with a 

purity of 99.8%, Sigma-Aldrich; Tritiated water, Amersham Co. Arlington 

Height, IL; Sodium chloride (biological grade) and calcium chloride 

dehydrate (Fisher Scientific, Pittsburgh, PA); sodium azide (98%) to inhibit 

microbial activity (Eastman Kodak Co, Rochester NY); electrolytes with 

composition of 0.005 M sodium chloride, 0.005 M sodium azide and 0.6 

mM calcium chloride were made in order to simulate the groundwater 

systems and will be used in all of the followings experiments. 

In this work, several different types of buffers were utilized to control the 

pH of synthesized fiillerene suspension: PIPES (piperazine-N,N-bis [2-

ethanesulfonic acid]) monosodium salt (pKa= 6.8) with purity of >99%; 

HEPES (4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid)) (pKa=7.5) 

with purity of >99.5% and tris buffer (trishydroxymethylaminomethane) 

(pKa=8.33) with ACS certified grade was purchased from Fisher Scientific 

(Pittsburgh, PA). A phenylxylylmethane based liquid scintillation cocktail 

(Ready Safe™) and high performance gel-forming cocktail (Ready- Gel™) 

were purchased from Beckman Coulter, Inc. (Fullerton, CA) for scintillation 

counting. 

32 



Soil. Lula surface soil (fine sand), collected from a ranch near Lula, 

Oklahoma, was obtained from R.S Kerr Environmental Research Laboratory, 

Ada, Oklahoma. The soil was composed of 92% sand, 6% silt and 2% clay 

[67]. The organic carbon content of the soil was 0.27% [1]. The mean 

particle size of Lula soil is about 250 urn, with about 76% (wt/wt) in the 

106-500 urn range [67]. Soil density is 2.62 g/cm with porosity of 0.398, 

determined from the retention volume of tritiated water. 

3.2.2 Dispersion of C60 fullerene into aqueous phase by direct sonication: 

A sonolytic dispersion method similar to that of Huang, et al, [103] was 

introduced for the preparation of nano-C6o aqueous suspension carried out by 

W185 Sonifier cell disruptors (Heat systems ultrasonics Inc., Farmingdale 

NY). In a typical reaction, each type of buffers (PIPES, HEPES, Tris) was 

added to a 150ml glass beaker containing 100ml prepared electrolytes to a 

concentration of 10 mM, respectively. Approximately 0.15g of C6o powder 

was weighted and drop into the beaker, followed by sonolytic dispersion 

carried out at the power input intensity of 100 W/cm for different sonication 

time periods of 30, 60 and 180 min. The sonication probe tip was located 

near the bottom of the beaker for good mixing of the particles throughout the 

reactor. The beaker was water-jacketed by a circulation bath (Julabo SW22, 

Vista, CA) to control the temperature at 25±1°C, which is the same as that of 
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He, et al, [104]. After a selected time of sonication, colloidal nano-C6o 

suspension was filtered with 2-um Millex-AP prefilter (Millipore 

Carrightwohill, Co. Cork Ireland) to remove larger C6o aggregates. 

3.2.3 Analytical Methods 

3.2.3.1 Particle characterization: Size and morphology: 

Digital light scattering (DLS): Digital light scattering method was 

employed for the nano-C6o particle size measurement by using ZetaPALS 

zeta potential analyzer (Brookhaven Instruments Corporation, Holtsville, 

NY) assisted by Dynamic light scattering software and zetaPALS software. 

Transmission electronic microscope (TEM): Transmission electronic 

microscope (JEOL 1230, Japan), operating at 120 KV was employed. The 

TEM samples were prepared by evaporating several drops of nano-C60 

suspension on a 200-mesh lacey Formvar film coated with a thick layer of 

carbon (Ted Pella Inc. Redding CA). TEM Bright Field images, Selected 

Area diffraction pattern of nano-C60 were obtained. 
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3.2.3.2 nano-C6o suspension concentration measurement: 

The concentration of nano-C6o suspension can be determined by ultraviolet 

absorbance on an ultraviolet-visible spectrophotometer (DR/4000, HACH 

Company, Loveland, CO). Concentration of nano-C6o suspension can be 

measured by method of toluene extraction [1, 59] at 407 nm or in aqueous 

phase at 336 nm directly. In this study, both methods were applied to make 

the measurement and comparisons were made periodically to validate the 

accuracy of measurements. 

3.2.4 Adsorption of nano-C6o to porous media: 

Adsorption isotherm was determined by conventional batch isotherm tests 

[105]. A Lula soil-free control was included to determine if there was any 

loss other than by soil adsorption. Nano-C6o sample suspension prepared by 

ultra sonication method was continuously diluted with totally seven samples 

of nano-C6o suspension with different concentrations prepared. The same 

amount of Lula soil was pre-weighted and transferred to a glass vial. 

Twenty-five milliliters of nano-C6o suspensions with different concentrations 

were added into each glass vial with no head space. These vials were sealed 

with Teflon-septum caps and rotated end-over-end at about 3 rpm at room 

temperature (22.3 °C) for more than 3 days (72 hours). After that, samples 
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were collected and allow to settle down for a few minutes. Then, filtered 

with 2-um Millex-AP prefilter (Millipore Carrightwohill, Co. Cork Ireland) 

with supernatant solution collected. Spectrophotometric analysis of each 

sample was repeated three times at 336nm. Sorption of nano-C6o to 

inorganic membrane was accounted for by dividing the measured 

concentration by 0.976 which is determined by preliminary experiments. 

The amount of bulk phase nano-C60, which was adsorbed on the surface of 

soil particles) was calculated from the difference in concentration before and 

after adsorption. 

3.2.5 Transport of nano-C6o in porous media: 
3.2.5.1 Lula soil apparatus: 

In Figure 3.1 is shown the column apparatus, which were similar to that of a 

previous study [1].A Tricorn high-performance column (0.5cm ID, 5 cm L, 

GE) was connected to a syringe on the bottom and an auto sampler was 

connected via PEEK 1/16" tubing ( 0.75mm ID, GE). Accessories inside this 

Tricorn column include plungers, O-ring, filter holders and other necessary 

parts, shown in Figure 1. There is a type 316 stainless steel screen (0.5 cm 

ID 2um pore size, Small Parts Inc., Miami Lakes FL) on both sides of this 

column to prevent soil particles coming out of the column. Nano-C6o 

suspension introduction was achieved by a syringe infusion pump (Harvard 
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Apparatus Inc., Holliston, MA). A BD syringe with a Luer-Lok Tip with 

capacity of 30ml (BD Franklin Lakes NJ) was used to load the nano-C6o 

suspension. Effluent collection was accomplished by an ISCO auto sampler 

(ISCO Inc. Lincoln NE). 

3.2.5.2 Nano-C6o breakthrough experiments: 

Physiochemical parameters of wet-packed soil column are listed in Table 1. 

The porous media inside the column is assumed to be homogeneous and 

isotropic. Effluent concentrations are displayed as breakthrough curves, 

showing the change in normalized effluent particle concentration (C/C0) as a 

function of pore volumes. The linear flow velocity chosen for this study 

were 1.22, 6.1 and 12.2 m/day. Pumping nano-C6o into the soil column was 

shut down after 100% breakthrough in the effluent was achieved and a nano-

C60 free electrolyte solution was loaded into the column to examine the 

nanoparticle concentration in the flush out effluent. 
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syringe pump 
BD column 

three ways 

auto sampler 

FIGURE 3.1. Figure for transport experiment setup (modified from Cheng, 

e ta l , [ l ] ) 
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3. 3 Results and Discussion: 

3.3.1 Property of nano-C60 colloidal suspension: 

The nano-C6o suspension prepared by the ultra sonication method was 

yellow to brown in color; the higher the concentration the darker the color 

(Figure 3.2). Figure 3.3 shows that the nanoparticle concentrations increase 

from 40 to 180 mg/L with the increase of the sonication time from 30 min to 

180 min and the mean diameter of nano-C6o particle decreases from 114.1nm 

to 55.1nm, respectively. 

The pH and ionic strength effect on the prepared nanoparticle stability were 

investigated with the finding that the zeta potential (Figure 3.4) becomes 

more negative with increase in pH from 2 to 10 and a decrease in ionic 

strength from 0.05 M to zero all at constant sonication time of 60 minutes. 

The particle stability is determined by both surface charge and particle size 

[32]. For particles that were nanometer to submicron, the aqueous systems 

will be stable when the value of zeta potential is more negtive than the 

critical value of -30mV for colloidal systems [102, 106, 107]. Hence, 

according to Figure 3.4, it can be inferred that nano-C6o colloidal system can 

be stable at pH value larger than 6 and IS values lower than 0.05 M, which 

is similar to the results of nano-C6o prepared by tetrahydrofuran (TFIF) [25] 
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investigated with the finding that the zeta potential (Figure 3.4) becomes 

more negative with increase in pH from 2 to 10 and a decrease in ionic 

strength from 0.05 M to zero all at constant sonication time of 60 minutes. 

The particle stability is determined by zeta potential and surface charge [32]. 

For particles that were nanometer to submicron, the aqueous systems will be 

stable when the value of zeta potential is more negtive than the critical value 

of-30mV for colloidal systems [102, 106, 107]. Hence, according to Figure 

3.4, it can be inferred that nano-C6o colloidal system can be stable at pH 

value larger than 6 and IS values lower than 0.05 M, which is similar to the 

results of nano-C6o prepared by tetrahydrofuran (THF) [25] and toluene 
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method [94], indicating a similarity in properties of nano-C6o colloidal 

particles synthesized by different methods. 

Sonolytic effect on the particle size may be attributed to the collapse of the 

cavitation bubbles [103, 104] around the nano-C6o particles by separating the 

large colloidal aggregates into smaller parts away from each other farther 

than the scope of Wan der Waals attracting force. On the other hand, during 

the sonolytic promoting dispersion process, nano-colloidal particles can be 

hydrolyzed with hydroxyl radicals, making the surface negatively charged, 

which is consistent with the zeta potential measurement (Fig.3.4). The strong 

electrostatic repulsion force will hinder the aggregation of colloid particles. 

Therefore, as the sonication time increases, the concentration of fullerene 

nanoparticles dispersed aqueous solution increases. The pH effect on particle 

size can be explained by the more availability of hydroxyl ions, which will 

be much more capable in preventing the aggregation of dispersed fullerene 

colloids, compared to that of hydrogen ion, leading to the inverse relation of 

pH and particle size. 

40 



(a) (b) (c) (d) 

Figure 3.2 Representative photographs of nano-C6o colloidal suspensions 

formed by ultra sonication method (a) Deionized water; (b) 2.5 mg/L nano-

C6o suspensions; (c) 10 mg/L nano-C6o suspensions; (d) 35 mg/L nano-C6o 

suspensions 
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In order to demonstrate the long term stability of the nano-C6o suspensions, 

several samples prepared at pH=8.3 controlled by Tris buffer and for 

sonication time of 90 min were kept in glass vials and the zeta potential and 

colloidal particle size were determined periodically for 180 days. Figure 3.5 

shows that the colloidal system will become stable after 30 days with zeta 

potential values and particle sizes varying insignificantly. Hence, in this 

study, all the fullerene suspensions were utilized after 30 days. It can also be 

inferred that the ultra sonication method is capable of producing relatively 

stable nano-C6o colloidal suspensions for at least six months. 

3.3.2 Morphology and diffraction patterns of nano-C6o particles 

With respect to particle morphology, similar to the results of previous works 

[1, 29, 108], particle integrity can be proven by TEM micrographs of nano-

C6o aqueous particles in this work, due to the existence of the rectangular 

and other irregular shapes of nanoparticles (Fig. 3.5a). Comparison of the 

particle morphology between nano-C6o particles synthesized by methods of 

toluene extraction and aqueous sonication indicated that there was no 

significant difference as far as particle morphology was concerned. 
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As for the analysis of nano-particle diffraction patterns (DP), carried out by 

applying the Selected Area Diffraction (SAD) technique, Bragg equation 

which is originally in the form of2<isin# = nA can be written as [109]: 

Rd = A,L (3.1) 

R is the measured diffracted beam on DP; L is the camera length; X is the 

wavelength of incident light; 0 is the angle of incidence between the beam 

and the layer of sample and d is the crystal spacing. The product AL is a 

constant for a certain TEM system and can be calibrated using an aluminum 

standard (Fig. 3.6e). The crystal spacing (d) value for each axis thus can be 

calculated by measuring the diameter of the DP. In this study, the first three 

strong bands were studied for lattice analysis. The experimental results of 

the crystal spacing of the three strong bands (dj, d2 and d^) from nano-C6o 

particles and as well as nano-C6o interacted with Lula soil particles were 

shown in Table 3.2. According to the comparison and quantification study of 

the TEM images in Figure 3.6, it can be concluded that (i) the nano-C6o 

colloidal particles in aqueous suspension prepared in this work were in 

crystalline structure due to the fact of the existence of the diffraction pattern; 

(ii) lattice structures of nano-C6o particles produced by means of ultra 

sonication and toluene extraction are similar to each other in terms of the 

values of the crystal spacing of the three strong bands, indicating that the 
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nano-particles produced by these two methods are similar to each other in 

terms of microscopic structures. 

3.3.3 Adsorption of nano-C6o to porous media: 

Adsorption behavior of nano-C6o to different types of soil/sediments has 

been evaluated at room temperature with sorption data fitted to a linear 

isotherm with a partitioning coefficient of (1.364± 0.209) ml/g for Lula soil 

(0.27% OC [13]) and Lake Charles (4.1% OC [6]) of (25.917±5.436) ml/g 

and Anacostia sediment (4.8 % OC [110]), shown in Figure 3.7. Since the 

sorption data for Anacostia sediment can not be fitted well by a linear 

isotherm, a Freundlich type isotherm was applied. Table 3.3 summarizes the 

partitioning coefficient and soil independent partitioning coefficient (Koc) of 

adsorption of nano-C6o to each adsorption media. Due to the similarity of the 

Koc values, partitioning of nano-C6o to these soil/sediment media with 

different organic carbon content is generally carbon based, regardless of 

soil/sediment types and organic carbon content in soil/sediment. The 

partitioning coefficient of nano-C6o to Lula soil will be utilized in the section 

of transport of nano-C6o in Lula soil. 
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(a) (b) 

(c) (d) (e) 

Figure 3.6 TEM micro images of nano-C6o (a) Morphology of nano-C 60 

particles synthesized by ultra sonication; (b) Diffraction pattern of nano-C 60 

particles in (a); (c) Morphology of nano-C60 particles attaching on the 

surface of a soil particle; (d) Diffraction pattern of nano-C6o particles in 

image (c); (e)Diffraction pattern of aluminum standard 
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3.3.4 Transport of nano-C6o in porous media: 

Nano-C6o colloidal particles prepared by the direct sonication method 

(Section 3.2.1), were used for the study of nano-C6o transport as well as the 

transport of 2,2',5,5'-polychlorinated biphenyl (C14PCB) and phenantherene 

(PHEN) with nano-C6o in soil column transport experiments, which will de 

discussed in Chapter 4. The transport of solute in soil columns can be 

described by a one dimensional advective-dispersion equation (Bear 1979 

[64] (Section 2.4.1): 

R°£ = D*£-V* (3.2) 
dt dx dx 

where C is the contaminant concentration in the flowing water; t the 

contaminant traveling time and x the traveling distance; and v denotes the 

linear flow velocity; D the dispersion coefficient and R is the retardation 

factor, which is related to the linear partition of organic contaminants to soil 

by the following relationship: 

R = 1 + 0 . 6 3 ^ f0CK0C (3.3) 
e 

where pb is the bulk density of the porous media; 8 is the media porosity. For 

a linear isotherm, q=KpC and dq/dC=Kp, the partitioning coefficient Kp can 
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be calculated from the measured values of retardation factor (R), introduced 

in Section 2.4.1. 

A soil column packed with Lula soil (0.27% OC) was pumped with nano-C6o 

particles in electrolyte buffered solution (0.01 M IS and pH 8.33). Initially, a 

tritiated water tracer experiment was conducted to determine the pore 

volume of the packed soil column. In Figure 3.8 is plotted the breakthrough 

curve of tritiated water tracer through the soil column at flow rate of 1.22 

meter/day with breakthrough curves simulated with the analytical solution of 

a one dimensional convective dispersion equation [70] and the porosity was 

determined to be 0.398. 
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Figure 3.8 Breakthrough curve of tritiated water in Lula soil column 
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Nano-C6o breakthrough curves at different Darcy velocities from 1.22 m/day 

to 12.2 m/day and one tracer tritiated water breakthrough curve at 1.22 

m/day are plotted in Figure 3.9 with the same mathematical simulation by 

assuming a local equilibrium and linear isotherm. Table 3.4 summarized the 

retardation factor value and dispersivity value obtained from the analytical 

modeling solution. The breakthrough curves of nano-C6o in Figure 3.9 show 

that nanoparticles passed through soil column pore space and reach total 

breakthrough with a retardation factor of 6 to 8 pore volumes with a mean 

value of 6.965±0.938 and a mean dispersivity (—) of 0.291±0.112 cm. As 

v 

discussed in Section 3.3.2, adsorption of nano-C6o to Lula soil follows a 

linear isotherm with partitioning coefficient (Kp) of 1.364 ml/g. The organic 
carbon normalized partitioning coefficient Koc = KpIOC = \02mml/g-OC , 

such value is several orders of magnitude lower than that of typical 

hydrophobic organic pollutants adsorption to soil, like phenantherene, 

PCBs[3] and naphthalene[2]. Since C6o presents a very hydrophobic 

surface [25, 29], it was expected that C6o could adsorb strongly to the organic 

matter of soil, comparable to many common organic pollutants. However, 

the observed Koc value is much less than expected in this study, indicating of 

possible lower hydrophobicity of such nanoparticles. 
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Figure 3.9 Breakthrough curves of tritiated water, nano-C6o through the 
Lula soil columns at 1.2 to 12.2 m/d linear velocity. Solid lines were the 
results of analytical simulation. 
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By using Kp value of 1.364 ml/g and the porosity of 0.398 and the bulk 

density of soil of 1.57 g/cm , a retardation factor R= 6.35 can be calculated 

for nano-C6o breakthrough based on equation 3.3, which is comparable to the 

results from column observations. The dispersivity is similar to that reported 

previously for Lula soil and is very reasonable for the porous media [67, 74]. 

In contrast with our earlier observations of sporadic breakthrough of nano-

C6o in the same porous media, there is no evidence of "filter ripening". This 

may be attributed to the differences in preparation methods of aqueous nano-

C6o suspensions, input particle concentration and soil composition, etc. 

Previous results were obtained from nano-C6o prepared by solvent 

evaporation, which method may inevitably result in the organic residue in 

nanoparticle cluster. 

Many authors studied the structure of aqueous nano-C6o particles and the 

mechanism for the solubility of C6o molecules [26, 111, 112]. Recently, 

Chaplin [113] explained the structure of aqueous fullerene molecules as 

fullerene sitting in an icosahedral water cluster missing its inner water 

dodecahedron (Figure 3.10 a,b), with the remaining water molecules situated 

to form -OH - n hydrogen bond to each of the twenty 6-membered rings in 

the fullerene. This arrangement would present a negatively charged surface 
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to the environment and the carbon atoms would be centers of electron-

deficiency and capable of interacting with lone pair electrons donated by 

extra water molecules. The resultant symmetrical positioning of six 

hydroxide ions increases the electron density so strengthening the -OH- % 

electrons hydrogen bonding (Figure 3.10c). 

In this column study, the totally amount of soil organic matter is calculated 

to be 9 mg, based on the soil mass of 3.33 gram and 0.27% of soil organic 

carbon composition. A total surface area of organic matter can be obtained 

as 0.009 m2 by assuming the surface area of organic matter to be 1 m2/gram 

[36]. The retention of nano-C6o inside the soil column in the first 7 pore 

volumes of breakthrough was about 0.0105 mg. Surprisingly, this amount of 

C6ocorresponds to approximately mono-layer coverage on the soil organic 

carbon, as can be seen from the following calculation. Since the average 

particle size of nano-C6o cluster is determined to be 80 nm in diameter, each 

cluster will have a projection surface area of 5.02x10'ucm2, by assuming a 

spherical shape of nano-C6o cluster. The total projection area of 0.0105 mg 

of nano-C6o can be calculated to be 0.000140 m2, which is about only 1.55% 

of the total surface area of organic carbon. This calculation shows that, if 

monolayer of sorption of nano-C6o onto the surface of soil organic carbon is 
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assumed, only 1.55% total surface of soil organic carbon can be covered by 

nanoparticles before nano-C6o passed through soil column with total 

breakthrough. Clearly, more research is needed to confirm the underlying 

process. 
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Figure 3.10 Structure of aqueous C6o molecules 
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In a separate experiment, loading of nano-C60 into the soil column at a flow 

rate of 1.2 m/d was shut down once total breakthrough was achieved. A 

nano-C6o free electrolyte solution (IS 0.1 M and pH 8.33) was loaded into 

the column to examine the nanoparticle concentration in the effluent. The 

results show that no nanoparticle could be detected in the effluent and the 

breakthrough curve dropped to zero just after the input of electrolyte 

solution (Figure 3.11). After two data pointes were collected from the 

electrolyte flush out experiment, the whole process was repeated in the same 

column with the same nano-C6o suspension and the same nanoparticle free 

electrolyte solution. In Figure 3.10 is plotted the breakthrough curves of 

nano-C6o for three cycles of loading and flush-out. Each cycle is similar to 

the others in terms of breakthrough curve shape and breakthrough points and 

no nanoparticle could be detected in the electrolyte flush-out experiments. 

The input concentration of nano-C60 suspension was 2.85 mg/L and the 

amount of the accumulated carbon from nano-C6o in the soil column was 

only 0.0105 mg per cycle, which is negligible compared to the amount of 

soil organic matter of 9 mg. 

The correspondence of the nano-C6o adsorption isotherm to the retardation of 

nano-C6o in the column may not be due to the local equilibrium of nano-C60 

inside soil column, as is the assumed for the analytical solution of one-
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dimensional advective dispersion equation. The nano-Ceo would be eluted 

out by electrolyte solution. In order to explain the fact that no nano-C6o 

exists in the aqueous phase inside the soil column, a multi-layer structure of 

nano-C6o adsorption onto the surface of soil organic matter might be 

assumed. The first layer of C6o interacted and bound with surface of soil 

organic matter by means of hydrophobic interaction during the process of 

the first time of pumping of C6ointo the soil column. The following pumping 

of C6o-free electrolyte solution might not break the -OH- % boding, resulting 

in no C6o coming out of the column. During the second cycle of pumping of 

nano-C6o suspension, the second layer of C6o molecules might bind with the 

upper surface of the first layer of C6o molecules, etc. This multiple layer 

adsorption of C6oto soil organic matter might be similar to multiple layers of 

Langmuir-Blodgett type adsorption. Langmuir-Blodgett-type adsorption was 

originally for a monolayer adsorption of an organic substance on the surface 

of a liquid by pulling a glass slide through the monolayer and the surface of 

the glass was coated with a layer of organic substance. Repetitively dipping 

the slide produces more layers on the slide on each pass through the 

monolayer. [52, 54, 56, 58]. More recently, Hunter, et al [58] observed a 

similar process of multilayer adsorption of surfactant onto nano-anatase 

(Ti02) by separating the Ti02 by centrifugating, pouring off the liquid, and 
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then adding more surfactant solution. This latter process of Hunter's might 

be more closely related to the present column observations. However, above 

hypothesis, the validity of using Langmuir-Blodgett type adsorption and 

such multi-layered structure needs to be verified by future study. 

On the other hand, pH and ionic strength effect on the nanoparticle 

migration on soil media was examined (Figure 3.12). Typical groundwater 

IS was in the range of 1 to 10 mM and pH ranges from 6 to 9. According to 

the comparison of the breakthrough curves of the condition of pH=8.33 with 

no IS and that of pH=6.75, IS=0.01 M, there is little difference in terms of 

the curve shape and the breakthrough point, which indicate that pH and IS, 

at least over these narrow ranges, might not affect the nanoparticle migration 

through soil column. At pH=6.75 and IS=0.06 M, the breakthrough curve 

spread wider and the breakthrough point occurred later. When IS was 

increased to 0.165 M, significant difference was observed. 
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Figure 3.11 Multi-time passes and flush out of nano-C6o into Lula soil 
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Table 3.1. Summery of physiochemical parameters for migration of 

nanoparticle in Lula soil column experiments 

Average particle radius (ac) 

Porosity (e) 

pH 

Electrolyte composition 

Density of nano-C6o* 

Initial nano-C6o concentration 

125 mm 

0.40 

6.70 ±0.01-7.20 ±0.01 

5mM NaCl and 5mM NaN3 

1.41 g/cm3a 

From 80-180 mg/L 

a from Leconant et al [114] 
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Table 3.2. The calculated crystal spacing value for different materials 

Materials 

nano-C6o prepared by ultra sonication 

nano-C6o prepared by toluene extraction 

nano-C6o associated with soil particles 

dTTA dz/A ds/A 

7.04±0.014 6.04±0.017 4.23±0.012 

7.02±0.011 5.95±0.012 4.22±0.007 

7.03±0.014 5.93±0.021 4.24±0.019 
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Table 3.3 Summery of adsorption parameters of nano-C6o sorption to 

different porous media 

Lula soil 

Lake Charles 

Anacostia 

KP 

1.364± 0.209 

25.917±5.43 

33.616±7.707 

OC (%) 

0.27% 

4.1% 

4.8% 

Koc 

505±77.4 

632±132.4 

700±160.6 
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Table 3.4 Summery the retardation factor and dispersivity value obtained 

from the analytical modeling solution 

3H20 Tracer 

nano-C60 flow at 1.22 m/day 

nano-C6o flow at 6.1 m/day 

nano-C60 flow at 12.2 m/day 

R 

5.999±0.32 

6.835±0.626 

6.776±0.321 

8.25U0.525 

Dispersivity/cm 

0.03868±0.0156 

0.0907±0.0882 

0.159±0.0782 

0.221±0.143 
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CHAPTER FOUR 

FACILITATED TRANSPORT OF ORGANIC POLLUTANT BY 

NANO-Qo 

4.1 Introduction: 

The fate and transport of nanoparticles in the environmental is a critical 

issue for the future development of nanotechnology and its industrial 

application. Once dispersed into aqueous phase, nanoparticles like nano-C6o 

particles will be colloidal in size and mobile in water. The hypothesis is that 

nano-C6o colloids are capable of enhancing the groundwater transport of 

low-solubility contaminants. Hydrophobic organic compounds, such as 

PAHs and PCBs are assumed to have limited mobility in water and mainly 

associated with the solid phase. Consequently, the solution concentration of 

these substances in the pore water should be small [77]. However, it has 

become evident that predictions and results obtained in laboratory batch 

systems may not always be applicable to field situations [73, 78]. Colloids in 

the solid phase may be mobile and can therefore act as a third phase, thus 

enhancing the transport of hydrophobic contaminants [79], which is 

investigated and verified by several laboratory column experiments of co-

transport of contaminants adsorbed to suspended colloids. 
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There is limited information regarding the role of nano-carboneous materials 

being colloidal carrier for the hydrophobic organic pollutants, which will 

result in further migration and greater concentration achieved of organic 

pollutant than predicted based upon their sorptive partitioning. The 

processes in "facilitated transport" are generally not incorporated into 

environmental fate models and risk analysis for nanoparticles. 

4.2 Materials and Methods: 

4.2.1 Chemicals: 

14C-radiolabled 2,2',5,5'-polychloronated biphenyl (C14PCB) with specific 

activity of 12.2 uCi/umol and phenantherene (PHEN) with specific activity 

of 55 uCj/umol were purchased from Sigma-Aldrich (St. Louis, MO). Upon 

receipt of the radiolabeled organics, a stock solution of 429.22 uQ CI4PCB 

per 10 ml methanol (HPLC grade) was prepared by diluting 200 JJ,Q of 14C-

CI4PCB in about 4.76 ml of methanol. The purity of CI4PCB stock solution 

was monitored by gas chromatography with mass spectrometry to assure that 

no auto-radiolysis had occurred. The prepared stock solution for PHEN was 

14.28 nQ/ml by diluting 78.55 uC; of PHEN in 5.5 ml methanol (HPLC 

grade). Tritiated water was purchased from Amersham Co. (Arlington Hts. 

IL) for the determination of porosity of the soil column. A 
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phenylxylylmethane based liquid scintillation cocktail (Ready Safe ) and 

high performance gel-forming cocktail (Ready- GelT ) were purchased from 

Beckman Coulter, Inc. (Fullerton, CA) for scintillation counting. 

Aqueous solutions of C14PCB and PHEN were prepared as follows: for 

CI4PCB, the 14C-radiolabled CI4PCB stock methanol solution was delivered 

slowly and gradually into deionized water through a 500ul volume Hamilton 

glass syringe (Hamilton Co., Reno, Nevada) by a syringe infusion pump 

(Harvard Apparatus Inc., Holliston, MA) and this system was stirred by 

Teflon coated stir bars on a magnetic stirrer. The concentration of the 

CI4PCB aqueous solution was about 20ug/L, which is about 1/3 to 1/4 to the 

maximum aqueous solubility of C14PCB at room temperature. The methanol 

concentration in this obtained C14PCB aqueous was less than 0.3%, which 

would only increase the solubility of CI4PCB in water by 1%, or less. 

PHEN aqueous solution was obtained by mixing 14C-PHEN with common 

PHEN (12C-PHEN) stock solution with molecular ratio about 1 to 8 and 

diluted to 116.8ug/L with the same apparatus as the CI4PCB experiment. 

This is about 1/10 of aqueous solubility of PHEN at room temperature. The 

methanol concentration in this PHEN aqueous solution was less than 0.05%, 

which would only increase the solubility of PHEN in water by 0.1%, or less. 
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Lula soil was used in this experiment as porous media and nano-C6o as the 

colloidal suspension, the same as in Chapter 3. 

4.2.2 Batch adsorption-desorption experiments 

Sorption experiments of C14PCB and PHEN to nano-C6o colloidal particles 

were evaluated by using batch experimental setup [105, 115]. 12 mg/L nano-

C60 suspension with volume of 2 ml and different volumes of freshly 

prepared CI4PCB aqueous solutions were pipetted into 12 ml glass 

scintillation vials (Fisher Scientific, Pittsburgh, PA). Thereafter, DIW was 

added till no head space remained, producing mixing solutions of nano-C6o 

of 2 mg/L and a series different concentration of C14PCB. These vials were 

sealed with Teflon-septum caps and rotated end-over-end at about 3 rpm at 

room temperature (22.3°C) for more than 7 days before desorption 

experiments were performed. 

After the batch sorption experiment was completed, the mixed solutions 

inside the glass vials were transferred to centrifuge tubes. An ultra high 

speed centrifugation separation technique was utilized for the purpose of 

precipitating the nano-C6o colloidal particles to the bottom of centrifugation 

vials so that the aqueous phase C14PCB could be separated from the 

adsorbed bulk phase CI4PCB on the surface of nano-C6o colloids. Samples 
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were centrifuged by using an ultra high speed centrifugation machine 

(Beckman-Coulter Optima L-80XP Ultracentrifuge, Fullerton, CA) at the 

speed of 20,000 rpm for one hour separation. The supernatant of CI4PCB 

solution in each centrifugation vial was collected for concentration 

determination immediately following the separation process. Thereafter, 

DIW was added to each vial to induce the desorption of C14PCB from nano-

C6o particles. The same vial was ultrasonicated in a sonication batch for 20-

30 minutes to redisperse nano-C6o colloidal particles back into the aqueous 

phase. The desorption experiments lasted for 14 days before the samples 

were collected for concentration measurement. The concentration of CI4PCB 

and nano-C6o were quantified via scintillation counting and UV absorbance 

at a wavelength of 336 nm. 

Batch adsorption experiments for PHEN were also performed by using 

nano-C6o solution of the same initial concentration of 2 mg/L and same 

experimental setup and separation technique as for CI4PCB experiments. No 

desorption experiments were conducted for PHEN from nanoparticles. 

4.2.3 Soil column apparatus: 
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The soil column was the same as that discussed in Chapter 3, with only 

difference that the syringe used in this experiment was a 200 ml volume 

Hamilton glass syringe (Hamilton Co., Reno, Nevada). 

4.2.4 Facilitated transport of PCB and PHEN by nanoparticles: 

A nanoparticle free C14PCB aqueous solution prepared by procedure 

described in section 4.2.2 was pumped into Lula soil column by a glass 

syringe (Hamilton Co., Reno, Nevada) pushed by a syringe infusion pump 

(Harvard Apparatus Inc., Holliston, MA) at the flow of 0.88 m/d. C14PCB 

was continuously introduced into the soil column for 250 pore volumes. 

Fractions of effluent were collected in pre-weighted scintillation glass vials 

containing 10 ml cocktail Ready Safe solution with interval of 90 minutes to 

several hours. After the collection of all the samples, scintillation vials were 

weighted and concentration of CI4PCB was determined by scintillation 

counting. 

In another column experiment with C14PCB plus nanoparticles, C14PCB and 

nanoparticles were pre-mixed to allow CI4PCB to adsorb to the fullerene 

nanoparticles. Similar to the process of preparing an aqueous CI4PCB 

solution, the mixing of CI4PCB with nano-C6o solution involves the 

delivering of CI4PCB methanol solution into nano-C6o colloidal suspension 
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with a glass syringe (Hamilton Co., Reno, Nevada) pumped by a syringe 

infusion pump (Harvard Apparatus Inc., Holliston, MA) and the stirring of 

such solution by Teflon coated stir bars. The concentrations of nano-C6o and 

CI4PCB in the mixed solution were 2.5 mg/L and 12ug/L respectively, with 

no interference of nano-C6o on C14PCB concentration reading via 

scintillation counting, confirmed by accurately concentration determination 

in a preliminary experiment. A breakthrough experiment was carried out 

right after the mixing of nano-C60 with C14PCB under the condition and 

procedure the same as that in section 3.2.5. Totally, 15 pore volumes of 

mixed solution was loaded into Lula soil column at the flow rate of 

0.88m/day. As for each component of nano-C6o and CI4PCB, the 

concentrations in each vial were determined and breakthrough curves of 

ratio of initial concentration C0 with effluent concentration C as a function 

of number of pore volumes were obtained for both CI4PCB and 

nanoparticles. 

In a separate experiment, facilitated transport of PHEN by colloidal 

nanoparticles was initiated by the binding of nanoparticles with PHEN and 

carried out by using the same setup as CI4PCB experiment with more than 

170 PV of mixture solution of nano-C6o and PHEN pumped through the Lula 

soil column at a flow rate of 0.88 m/day. The initial concentration of nano-
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C6o was 1.55 mg/L and PHEN of 116.8ug/L and samples were collected at 

intervals varying from 90 minutes to several hours and determined for the 

purpose of establishing PHEN breakthrough curve with the co-existence of 

nanoparticles. 

4.3 Results and discussion: 

4.3.1 Adsorption/Desorption of PCB and PHEN to/from nanoparticles: 

4.3.1.1 Adsorption/Desorption of PCB to/from nanoparticles: 

In figure 4.1 is plotted the adsorption and desorption isotherm data of 2, 2', 5, 

5'- CI4PCB to/from nano-C60 colloids. The data could be fitted with a linear 

sorption isotherm with a partitioning coefficient (Kp) of (6.02±0.647)*10 

ml/g, suggesting that the sorption homogenous sites are predominating in the 

course of sorption [36], The observed Kp value in this study is similar to the 

Koc values from literature [3]. Desorption experiments of CI4PCB from 

nano-C6o were carried out under the same conditions. The amount of C14PCB 

desorbed is negligibly small (represented by open triangles in Fig. 4.1), 

which may be due to slow desorption kinetics or duel equilibrium 

desorption[116]. Desorption isotherms deviate considerably from the 

corresponding adsorption isotherms, suggesting the presence of hysteresis. 
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Many studies have been carried out for the sorption/desorption hysteresis of 

hydrophobic organic compounds in soils or sediments by many researchers 

[5, 6, 40, 41, 117]. Consistent with many of those studies, a duel equilibrium 

desorption model has been proposed by Chen et al. [116] to explain the 

phenomenon of sorption/desorption hysteresis with a reversible and an 

irreversible compartment. In the reversible compartment, chemicals can be 

readily and reversibly desorbed, while in the irreversible compartment, 

desorption of organic compounds may be hindered by soil organic matter, 

etc. The desorption distribution coefficient in the irreversible compartment 

was reported to be related directly to soil organic carbon content and has a 

value of ^£~105 9 2 mL/g-OC for a wide range of hydrophobic organic 

compounds [60]. In this study, desorption of CI4PCB from nano-C6o is 

negligible with observed Kd value substantially larger than the reported 

value, indicating of the possibility of a different mechanism for desorption 

from C60 and soil organic carbon materials. 
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In terms of the mechanism of sorption hysteresis, even though still under 

debate, there have been some explanations proposed by different researchers 

with the conclusion that hysteresis can be attributed to: (1) the existence of a 

condensed organic polymeric matter as sorbent, to which the adsorption 

could be kinetically low, site specific and non-linear [13]; (2) the soil 

organic matter can be capable of irreversibly entrapping the sorbed 

chemicals in the soil organic matrix; (3) chemisorption of organic pollutants 

to various components of soil/sediment matrix or biotic or abiotic 

degradation of sorbate compounds. The mechanism of pore deformation in 

carbonaceous materials has been discussed by many researchers. In many 

cases, the deformed pore structure did not recover to its original state even 

when the adsorbate was removed from the adsorbent. Therefore, desorption 

is often different from adsorption. A minimum requirement for true 

adsorption/desorption hysteresis to occur is that the adsorbent surface 

structure can undergo physical-chemical rearrangement upon adsorption; i.e., 

after adsorbent rearrangement, desorption would take place in a different 

molecular environment from adsorption [105]. 

In this study, the hysteresis of desorption of CI4PCB from nano-C6o might be 

due to the deformation of micro pores in nano-C6o clusters. It is proposed 

that during the adsorption process, CI4PCB molecules penetrate into the 
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micro pores in nano-C6o clusters, resulting in the expansion of some pores 

due to the pressure exerted by adsorbate molecules. As a consequence, some 

available pore entrance will be blocked in the desorption process leaving 

some organic molecules entrapped, which is representative of irreversible 

adsorption/desorption compartment, where C14PCB penetrated into the 

micro pores in nano-C6o cluster and become entrapped and resistant to 

desorption. 

4.3.1.2 Adsorption/Desorption of PHEN to/from nanoparticles: 

The adsorption of PHEN to nano-C6o particles was studied and plotted in 

Figure 4.2, with data fitted with a linear sorption isotherm with an observed 

partitioning coefficient (Kp) of (2.419±0.337)*104 ml/g, which is similar to 

the Koc values from literature [3]. The information regarding the sorption 

property of CI4PCB and PHEN to nano-C6o will be utilized in the 

quantification of the transport of these organic compounds in the Lula soil 

column in the next section. 
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4.3.2 Transport of organic pollutant in Lula soil: 

4.3.2.1 PCB transport in soil column in the presence of nanoparticles: 

As for the highly hydrophobic organic contaminants, such as CI4PCB, due to 

the strong sorption to soil, their mobility in soil is very limited. Based on 

equation 3.3, in Lula soil column, the calculated retardation factor for 

CI4PCB in the absence of dissolved organic matter, is about 2.3*10 , with pb 

of 1.57 g/ml and s of 0.4. As shown in Figure 4.3, no C14PCB can be 

detected in effluent for 120 pore volumes of flow. 

The facilitated transport of hydrophobic organic compounds by colloidal 

particles can be mathematically revealed by equation 4.1, where the 

hydrophobic organic compounds were assumed to undergo equilibrium 

partition between the mobile, i.e., dissolved organic carbon (DOC) phase 

and the stationary, i.e., soil organic carbon (OC) phase 

R = l+(pJn)K0Cf0C 

1 -i- K C 
1 "+" -**• DOC ^ DOC 

where, KDOc is the partitioning coefficient of DOC in the unit of ml/g and 

CDOC is the concentration of DOC in the unit of g/ml. If CI4PCB transport in 

the presence of nano-C6o is governed by facilitated transport, the calculated 

CI4PCB retardation factor should be around 3500, 

79 



(1.57 -$- / 0.398) xlO6"09—x 0.27% 
R = l+(Pb^)K0Cf0C =l + ml g ^ 3 5 0 ( ) ( 4 > 1 ) 

1 + ^DOCCDOC 1 i 1Q604 x2.5x!0~6 ^ 
g w/ 

In Figure 4.3 is plotted the breakthrough curves of nano-C6o along with that 

of CI4PCB, obtained at 0.88 m/d flow rate, where these two breakthrough 

curves overlap with each other, indicating of simultaneous breakthrough of 

CI4PCB and nano-C6o during the migration of nano-C6o and CI4PCB in Lula 

soil. In Figure 4.4 is plotted the percentage of C14PCB breakthrough verse 

that of nano-C6o in the effluent, which is linearly correlated with both of the 

slopes and correlation coefficient is close to one. According to Figure 4.3, 

CI4PCB molecules reached complete breakthrough after 7 PV, which is six 

orders of magnitude faster than in the absence of nano-C6o and five hundreds 

times faster than that predicted by facilitated transport. 

The explanation for the difference of the observed retardation factor and that 

from the calculation and the fact that the breakthrough of C14PCB 

synchronized with that of nano-C6o particles and reached total breakthrough 

together with nano-C6o is because once the C14PCB molecules contacted and 

adsorbed on the surface of nano-C6o, as discussed in section 4.3.1.1, C14PCB 

molecules penetrated into the micro pores in nano-C6o cluster and become 
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entrapped. Moreover, based on the portioning coefficient value of C14PCB to 

nano-C60, C14PCB will predominately adsorb on nano-C6o- As a consequence, 

during the pumping of mixed solution of C14PCB and C14PCB, C14PCB 

molecules were unable to partition freely between the stationary OC phase 

and mobile nano-C6o phase and therefore, C14PCB was adsorbed on the 

surface of fullerene colloidal particles and carried by these organic carriers 

through the Lula soil column. 

81 



o 

R -
O <D 

CO 

~ 100 r*** l 
75 

50 

25 

A 
• 

• nano-C60 

• PCB w/ 
nano-C60 
PCB 

0 ^**—*• --;J)K «* -

0 5 10 15 
No. of Pore Volumes 

Figure 4.3 Breakthrough of C14PCB co-eluted with nano-C60 from Lula 

column and C14PCB alone at groundwater flow rate 
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Figure. 4.4 Plot of nano-C60 breakthrough versus C14PCB breakthrough. 
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4.3.2.2 Facilitated transport of PHEN by nanoparticles in soil column 

The calculated retardation factor for PHEN in the absence of dissolved 

organic matter was 135, based on the equation 3.3: 

1.57-̂ -
R = l + 0.63^foeKoe=l + ̂ -Ka,foc=l + -—^xl041x0.27%*135 (3.3) 

s s 0.398 

In the presence of 1.55 mg/L nano-C6o colloidal particles, the facilitated 

transport of PHEN can be quantified, based on equation 4.1: 

1.57 — 
—^xlO4 1—xO.27% 

R = l+(pJn)Kocfoc=l+ 0.398 g ^ ( 4 1 ) 

1 + KDQCCDOC j + 104.38 ^ x L 5 5 x 1Q-6 J L 
g ml 

Based on the above calculations, it can be deduced that the presence of 1.55 

mg/L nano-C6o particles will not enhance the transport of PHEN in Lula soil 

(0.27% OC). Hence, hypothesis can be made that the transport of PHEN in 

Lula soil will reach total breakthrough at 135 PV, regardless of the existence 

of 1.55 mg/L nano-C6o particles. In Figure 4.5a is plotted the PHEN 

breakthrough within the first 10 PV. The effluent concentration of PHEN 

increased simultaneously with that of nano-C6o which reached total 

breakthrough after 7 PV and PHEN reached about 4.3% breakthrough at the 
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same time. The continuous breakthrough of PHEN after first 10 PV in the 

same soil column is plotted in Figure 4.5 b. The effluent concentration of 

PHEN kept constant at round 4.3% breakthrough and started increasing at 

116 PV and reached 50% breakthrough at 125 PV, which is the actual 

determined retardation factor, and finally reached total breakthrough at 

around 136 PV and kept till the end of this transport experiment of 176 PV. 

The reason for the 4.3% breakthrough of PHEN within first 7 PV can be 

explained by the irreversible adsorption of PHEN to nanoparticle surface. 

The same as that of CI4PCB, PHEN molecules adsorbed and became 

entrapped in the micro pores of nano-C6o particles and thus, can not partition 

freely between the OC phase and nanoparticle phase. Based on the 

partitioning coefficient of PHEN to nano-C60, the percentage of PHEN 

adsorption on nano-C6o was about 4.5 %, which explained the observed 4.3% 

breakthrough within first 7 PV. The rest majority of PHEN molecules 

underwent retarded transport by soil organic matter and reached total 

breakthrough at 125 PV. The discrepancy between the calculated retardation 

factor of 135 and observed value of 125 can be due to some artifact or the 

dispersion effect inside the soil column. 
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Figure 4.5 (a) Breakthrough of PHEN co-eluted with nano-C6o from Lula 

column in the first 10 PV and (b) Breakthrough of PHEN alone in soil up to 

180 PV. 
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Such discovery indicated that the nano-C6o colloidal particles, once 

dispersed in natural aquatic environment, will become mobile carriers and 

are capable of binding with hydrophobic organic pollutants, like CI4PCB and 

phenantherene, and enhancing the contaminants transport, resulting in 

further migration of these pollutants and greater concentration achieved in 

the environment than predicted based on the pollutant sorptive partitioning 

model. Such colloidal facilitated transport can be the predominant pathway 

for such hydrophobic pollutants, which are traditionally assumed to be 

adsorbed strongly to the porous matrix with less migration capacity. 
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CHAPTER FIVE CONCLUSION: 

In this study, a stable nano-C6o colloidal suspension was prepared by ultra 

sonication method and characterized for various physiochemical properties, 

such as particle size, stability, morphology and adsorption/desorption 

property. According to the comparison of nanoparticles obtained in this 

work with that prepared by other methods, including toluene extraction, it 

can be found that, nanoparticles from these two methods are similar to each 

other in terms of various physiochemical properties, like lattice structure, 

zeta potential and surface charge. 

Adsorption isotherms of nano-C60 particles to Lula soil as well as other two 

types of sediments were evaluated to be in linear form with similar 

partitioning coefficient (Koc) values, which indicated that the partitioning of 

nano-C6o colloidal particles between aqueous phase and soil/sediment is 

carbon-based. As for the transport property of nano-C6o particles, it has been 

shown that flow rates lower than 12.2 m/d will have little effect on the 

transport of nanoparticle in Lula soil and pH and ionic strength within 

groundwater conditions does not play a major role. Two model organic 

compounds, 2,2',5,5'-polychlorinated biphenyl and phenanthrene were 

chosen for the study of colloidal nanoparticle effect of organic pollutants 
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transport in soil media. The phenomena of colloidal facilitated transport 

were observed for both of these compounds. Based on this information, the 

environmental risk assessment of nano-carboneous materials should take 

into consideration of the possibility of dispersed aqueous nanoparticle 

becoming carriers for hydrophobic organic pollutants and affecting their fate 

and transport in the environment. 
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CHAPTER SIX FUTURE WORK 

The surface chemistry especially the surface structure of carboneous 

nanomaterials in dry and aqueous environment needs to be studies in more 

detail with more advanced characterization technique being applied; 

It is necessary to study the interaction of nanocarbonmaterials with the 

other sorbents such as activated carbon and black carbon in the environment; 

The role of colloidal nanoparticles being carriers for hydrophobic organic 

compounds needs more and extensive research and the current risk analysis 

model of nanomaterials should incorporate such information. 
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