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Abstract 1 

Carbon–based engineered nanoparticles have been widely used due to their small size and 2 

unique physical and chemical properties. At the same time, the toxic effect of these 3 

nanoparticles on human and fish cells has also been observed; therefore, their release and 4 

distribution into the surface and subsurface environment is a subject of concern. The aim of 5 

this research is to evaluate and compare transport and retention of two types of engineered 6 

nanoparticles (multi-walled carbon nanotubes (MWCNT) and C60) and natural carbon 7 

nanoparticles collected from a fire accident. Several laboratory experiments were conducted 8 

to observe transport behavior of nanoparticles through a column packed with silica sand. The 9 

column experiments were intended to monitor the effect of ionic strength on transport of 10 

nanoparticles as a function of their shapes. It was observed that the mobility of both types of 11 

engineered nanoparticles was reduced with increase in ionic strength from 1.34 mM to 60 12 

mM. However, at ionic strength upto 10.89 mM, spherical nanoparticles were more mobile 13 

than cylindrical nanoparticles but the mobility of cylindrical nanoparticles became 14 

significantly higher than spherical nanoparticles at 60 mM. In comparison with natural fire 15 

nanoparticles, both types of engineered nanoparticles were much less mobile at the selected 16 

experimental condition in this study. Furthermore, inverse modeling was used to calculate 17 

parameters such as attachment efficiency, the longitudinal dispersivity, and capacity of the 18 

solid phase for the attachment of nanoparticles. The results indicate that the combination of 19 

nanoparticles shape and their solution chemistry are responsible for the transport and 20 

retention of nanoparticles in natural environment however fire burned particles can be highly 21 

mobile at the natural groundwater chemistry. 22 

Keywords: Carbon-based nanoparticles; transport; retention; porous media; modeling. 23 
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1. Introduction 24 

The last decade has seen growth of nanotechnology into a prominent, interdisciplinary field 25 

that influences almost every major branch of science. Engineered nanoparticles (ENPs) 26 

constitute the fundamental building blocks in nano-technological applications and are 27 

compositionally categorized as carbonaceous (e.g., carbon black, fullerene (C60), carbon 28 

nanotubes (CNTs)) and non-carbonaceous  (e.g., oxide nanoparticles like TiO2, ZnO, SiO2 29 

and quantum dots, dendrimers). Carbon-based nanoparticles have been the focus of much 30 

interest due to their unique physical and chemical properties. They have been proposed for 31 

many applications and implemented in various fields, such as nonlinear optical material 32 

(Wang et al., 2009), medical devices and pharmaceuticals (He et al., 2013), energy 33 

conversion, environmental monitoring and waste water treatments (Tan et al., 2012) and in 34 

lots of consumer products (Grassian, 2008). Because of the extensive usage, their production 35 

and disposal are expected to increase dramatically over the next several decades (Klaine et 36 

al., 2008). 37 

Concerns over the potential adverse effects of exposure to carbon based nanoparticles 38 

(such as, nano C60 and CNTs) have initiated research on their fate and transport in the 39 

environment (Petersen et al., 2011). Although allotropes of carbon, fullerene (C60) and CNTs 40 

are hydrophobic in nature, the dispersion of multi-walled carbon nanotubes (MWNTs) and 41 

C60 into water in the presence of natural organic matter (NOM) has been reported recently 42 

(Hyung et al., 2007; Mashayekhi et al., 2012; Zhang et al., 2014). Natural carbon-based 43 

nanoparticles can also be formed during the incomplete burning of coal, oil and gas, garbage 44 

or other organic substances (Nisbet and LaGoy, 1992). Migration of these particles, which 45 

typically contain large amounts of metals and poly-aromatic hydrocarbons (PAH), is a 46 

subject of concern (Hertzberg and Blomqvist, 2003; Sharma et al., 2016).  47 
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Chemical and physical conditions of the environment can affect mobilization of 48 

carbon based nanoparticles through porous media. Previous studies have investigated the 49 

effect of chemistry of the solution, water content, porous media grain size (Sharma et al., 50 

2014; Mattison et al., 2011), degree of saturation (Mekonen et al., 2014), flow rate (Liu et al., 51 

2009), concentration (Kasel et al., 2013) and the particle diameter (O’Carroll et al., 2013). 52 

However, the effect of shape of carbon based nanoparticles on their transport and retention is 53 

still scarcely reported (Seymour et al., 2013).  54 

A spherical (C60), a cylindrical (CNT), and natural (fire born) nanoparticles are 55 

chosen in this study. Although the toxicity of C60 nanoparticles and carbon nanotubes (CNTs) 56 

in aqueous suspensions has been studied, the current understanding of their fate and transport 57 

in subsurface environments is quite limited. Furthermore, no comparative evaluation of the 58 

fate of C60, CNTs and other natural carbon particles (such as fire born particles (FBP)) has 59 

been reported in literature. This study proposes to fill this gap by comparing the effect of 60 

ionic strength on the transport and mobilization behavior of these three distinguished shape of 61 

carbon-based nanoparticles in saturated porous media by conducting a series of laboratory 62 

column experiments. A 1-D finite element model was also used to simulate the experiments, 63 

examine the ability of the model to capture the observed particle retention and find unknown 64 

transport parameters such as dispersivity, attachment efficiency and maximum adsorption 65 

capacity. Derjaguin-Landau-Verwey-Overbeak (DLVO) theory was employed to understand 66 

the effective mechanisms responsible for retention of these nanoparticles. 67 

2. Material and methods 68 

2.1. Nanoparticles  69 

2.1.1. C60: A stable aqueous solution of spherical C60 was prepared by using the method 70 

proposed by Brant et al (2006). In brief, 20 gm of fullerene (C60, sublimed 99%) powder 71 

procured from Sigma-Aldrich was dissolved in 20 ml of toluene then the solution was diluted 72 
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by addition of 200 ml of de-ionized (DI) water and sonicated for 1.5 hours using ultra-probe 73 

sonicator (ultrasonic homogenizer, Biologics Inc., Model 3000) with 40% power output, 74 

followed by 1 h sonication using bath sonicator in order to disperse the nanoparticles in the 75 

solution (Kerry Ultrasonic LTD, 50 Hz). The large aggregations were then filtered through 76 

11-μm nylon filter membrane (Nylon Net Filter, Merck Millipore Ltd, NY1100010, MA, 77 

USA). The final concentration of C60 solution was 7 mg/l for column experiments. The zeta 78 

potential and hydrodynamic diameters of C60 solution at their respective ionic strength were 79 

measured using zeta sizer (Malvern Instruments). A 24 h test to check the stability of the 80 

particles resulted in no change in concentration during the experimental period. 81 

2.1.2. Multi-walled carbon nanotubes: Multi-walled carbon nanotubes (MWCNTs) (95% 82 

pure) with diameters 20-30 nm and length 0.5-2 μm were purchased from Cheap Tubes, Inc 83 

(Brattleboro, USA). In order to dissolve MWCNTs in aqueous solution for column 84 

experiments, functionalization using concentrated sulfuric/nitric acid in the ratio of 3:1 was 85 

performed (Liu et al., 1998; Sharma and Fagerlund 2014; Mekonen et al., 2014). Finally, the 86 

solution was filtered through 11-μm hydrophilic nylon filter membrane (Nylon Net Filter, 87 

Merck Millipore Ltd, NY1100010, MA, USA) and washed with hot Deionized water (DI 88 

water). The functionalized MWCNTs were finally diluted to a concentration of 7 mg/L with 89 

DI water and sonicated for 30 minutes using the ultra-probe sonicator (ultrasonic 90 

homogenizer, Biologics Inc., Model 3000). The zeta potential and hydrodynamic diameters 91 

of MWCNT solution at their respective ionic strength were measured using zeta sizer. 92 

2.1.3. Fire born particles: A sample in aqueous phase was collected from a fire location, 93 

which was filtered with 11-μm nylon filter. SEM images of the sample revealed that the 94 

average size of irregular shaped particles was 200±5 nm, however, the hydrodynamic 95 

diameter of the filtered FBP stock solution were measured using zeta sizer. Chemical analysis 96 

of this sample reflected the presence of PAH (Sharma et al., 2016). The ionic strength of the 97 
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sample was estimated to be around 60 mM using eq 1, from its measured electrical 98 

conductivity value (Lind, 1970):  99 

𝐼𝑐 = (1.4769 × 10−5) × (𝐸𝐶) + 0.00015       (1) 100 

where Ic is ionic strength (M), EC is electrical conductivity (μS/cm). The pH of the sample 101 

was adjusted to 7 by addition of HCl acid to match the chemistry of the other two 102 

nanoparticles.  103 

2.2. Porous media 104 

The silica sand was purchased from Sibelco Nordic, Baskarp, Sweden to be used as porous 105 

media in the column experiment after sieving by 250 and 400 μm sieves. The sand was 106 

washed with hydrochloric acid (0.1 M) and hydrogen peroxide (7%) according to the method 107 

of Sharma and Fagerlund (2014) to remove impurities. Finally the sand was washed several 108 

times with DI water. The washed sand was dried in the oven at 105°C for 24 hours and stored 109 

in a plastic bottle. The surface potential of the sand at different ionic strength and the selected 110 

pH are determined using SurPASS Electrokinetic Analyzer (Anton Paar USA Inc., Ashland, 111 

VA). 112 

2.3. Column experiments  113 

A borosilicate glass column (Chormaflex Inc.) with two steel mesh filters (0.2 mm) combined 114 

with 100 μm nylon filters at each end was used for the column experiments. The size of the 115 

column chosen in this study was 15 cm length and 2.5 cm diameter, the length and diameter 116 

ratio of the column for the selected porous media was adequate to avoid the preferencial flow 117 

along the wall (Arbuckle and Ho, 1990). The column was packed with 120 g silica sand and 118 

flushed with background solution which was buffered to pH 7 with sodium phosphate buffer. 119 

The properties of the sand filled column are listed in Table 1. A calibrated peristaltic pump 120 

(IPC8, Ismatic, Glattbrug, Switzerland) was used to inject the experimental solutions into the 121 

sand column. These experimental solutions were aqueous suspension of C60, MWCNT and 122 
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FBP with the same pH and ionic strength as the background solution. The experiments were 123 

started (at time zero) by injecting the main solution to the column for about five pore volumes 124 

of experimental solution (C60, MWCNT or FBP) (Phase I) followed by three pore volumes of 125 

background solution (Phase II). Thereafter, three pore volume of DI water was introduced 126 

into the column (phase III) to investigate the remobilization of the retained particles. The 127 

effluent solution was directed to a UV/vis Spectrophotometer (Model DR 5000, Hach Lange 128 

Ltd) in order to measure the absorbance/concentration of the outflow sample at an interval of 129 

1 min using an auto sampler at a fixed wavelength (344 nm for C60, 332 nm for MWCNT, 130 

and 400 nm for FBP). The effluent fractions were also collected at 5 min interval using 131 

fraction collector (CF-2, Spectrum Labs Inc.). To assess the water flow and hydrodynamic 132 

dispersion in the column, a tracer test with a 2 mM sodium chloride solution was conducted. 133 

Five pore volumes of tracer solution were injected followed by three pore volume of DI-134 

water. All other parameters were kept constant throughout these experiments (i.e. porous 135 

media characteristics, temperature, flow rate and pH) while the ionic strength was varied 136 

from 1.34 to 60 mM. All experiments are performed in triplicate and the experimental 137 

protocols are summarized in Table 2. 138 

2.4. DLVO theory 139 

Derjaguin-Landau-Verwey-Overbeak (DLVO) theory is the most common theory that has 140 

been used to explain aggregation, transport and retention of nanoparticles under different 141 

chemical conditions (Sharma et al., 2008a; 2008b; 2014; Jiang et al., 2009; Kasel et al., 2013; 142 

Mekonen et al., 2014).  Based on DLVO theory, sum of van der Waals attractive energy (EV) 143 

and electrostatic double layer energy (Eedl) controls the interaction between particles and the 144 

resulting net energies (the interaction energy (Ei)) can be used to predict the probability of 145 

particle attachment (Wang et al., 2008; Sharma et al., 2008c). Particles can have a net 146 

attraction in a primary or secondary minimum. Aggregation at the primary minimum is 147 
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irreversible but there is a possibility of attachment of a particle at secondary minimum only at 148 

a particular separation distance. Ev and Eedl can be calculated using following equations 149 

(Gregory, 1981): 150 

𝐸𝑣 = −
𝐴𝑎

12𝑑
[1 −

5.32𝑑

𝜆
ln (1 +

𝜆

5.32𝑑
)]                                  (2) 151 

𝐸𝑒𝑑𝑙 =
64𝜋𝑛𝑘𝑇𝑎

𝜅2
𝑡𝑎𝑛ℎ2 (

𝑧𝑒𝜁

4𝑘𝑇
) 𝑒(−𝜅𝑑)                                  (3) 152 

where, A is Hamaker constant (6.7× 10-21 J for C60 (Chen and Elimelech, 2006), 9.8×10-21 J 153 

for MWCNTs (Mekonen et al., 2014) and 3.84×10-21 J for FBP (Sharma et al., 2016). λ is the 154 

characteristic wavelength of the interaction, which is assumed to be 100 nm, a is the particle  155 

radius  and d is the separation distance (m), k is the Boltzmann constant (1.38.10 -23 J/K), T is 156 

the absolute temperature (K), z is the ion valence (-), e is the electron charge (1.6× 10-19 157 

coulombs), and 𝜁 is the surface potential of particles and the sediments (the surface potential 158 

can be approximated by the determination of zeta potential) (Sharma et al., 2008c).  159 

If εr is the relative dielectric constant of water (78.55) and ε0 is the vacuum permittivity 160 

constant, the inverse of Debye-Huckel length ’κ’ can be calculated from the following 161 

formula:  162 

𝜅 = √
2𝑒2𝑁𝐴  𝐼𝑐

𝜀𝑟 𝜀0𝑘𝑇
                                                     (4) 163 

where NA is the Avogadro number and Ic is the ionic strength of the solution (Wang et al., 164 

2008). To calculate the interaction energy between MWCNTs and porous media, 165 

hydrodynamic diameter was used as their effective size (Tian et al., 2012).  166 

2.5. Mathematical model 167 

A numerical model (1-D finite element code) was used to simulate the transport of C60, 168 

MWCNT, and FBP in porous media (Liu et al., 2009). The model is based on mass balance in 169 

the aqueous solution (eq 5) and solid phases (eq 6): 170 

𝜕𝐶

𝜕𝑡
+

𝜌𝑏

𝑛

𝜕𝑆

𝜕𝑡
+ 𝑣

𝜕𝐶

𝜕𝑥
− 𝐷

𝜕2𝐶

𝜕𝑥2 = 0                                              (5) 171 



9 
 

𝜌𝑏

𝑛

𝜕𝑆

𝜕𝑡
− 𝑘𝑎𝑡𝑡ψC +

ρbkdet

𝑛
S = 0                                                   (6) 172 

where C is the concentration of nanoparticle in the aqueous phase, t is time, ρb is the solid 173 

phase bulk density, n is porosity, S is the amount of particles associated with the solid phase, 174 

v is the pore water velocity, x is the spatial dimension in the column and D is the dispersion 175 

coefficient (D = v * αL, where αL is the longitudinal dispersivity). katt is the attachment 176 

coefficient associated with mechanisms typically linked with colloid filtration theory (Liu et 177 

al., 2009). 𝜓  is an attachment site blocking term and kdet is the rate constant for the 178 

detachment of nanoparticles associated with the solid phase. The attachment site blocking 179 

term is defined as: 180 

𝜓 = 1 −
𝑆

𝑆𝑚𝑎𝑥
                                                                       (7) 181 

where Smax is the maximum adsorption capacity of the solid phase for the attachment of 182 

particles due to mechanisms typically associated with colloid filtration theory, the attachment 183 

rate constant katt is defined as: 184 

𝑘𝑎𝑡𝑡 =
3𝛼𝜂0 𝑣(1−𝑛)

2𝑑𝑐
                                                                   (8) 185 

where α is the attachment efficiency, 0 is the total single collector efficiency and dc is the 186 

mean diameter of the collector (sand grain). The attachment efficiency (α) typically fits to the 187 

experimental data whereas the total single collector efficiency is based on theoretical 188 

considerations.  189 

The total collector efficiency (0) is assumed to be the sum of three distinct collision 190 

mechanisms, collision due to particle interception (I), gravity sedimentation (G), and 191 

diffusion (D) (Sharma et al., 2008a; Liu et al., 2009; Sharma 2012). In order to estimate the 192 

unknown parameters, the model was programmed to find the best set of parameters which 193 

produce the simulated breakthrough curve with minimum root-mean-square error (RMSE) 194 

from the observed breakthrough curve using an optimization routine. 195 
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3. Results 196 

3.1. Experiments 197 

Experimental results from sand-packed columns and dispersed aqueous suspensions of the 198 

nanoparticles (pH=7) at different ionic strengths ranging from 1.34 mM to 60 mM are shown 199 

in Fig 1. The response of spherical nanoparticles (C60) and cylindrical nanoparticles 200 

(MWCNT) breakthrough curves with increasing ionic strength was in same order and the 201 

retention of both nanoparticles were enhanced with increase in ionic strength, which is 202 

consistent with previous studies (Brant et al. 2005; Zhang et al., 2012; Sharma et al., 2014). 203 

The concentration of nanoparticles in the effluent increased rapidly initially, and then the 204 

relative concentration increased at a much lower rate in phase I. As background solution was 205 

injected into the column during phase II, the concentration of nanoparticles decreased and 206 

reached close to zero. The shape of the breakthrough curves (BTCs) was also more 207 

asymmetric at elevated ionic strength, and the rate of increase in relative concentration was 208 

faster (steeper slope) for MWCNTs than for C60. As the concentration of salt in the 209 

suspension increased, the difference between the breakthrough curves for MWCNTs and C60 210 

became larger (Fig 1). At ionic strength 1.34 mM and 10.89 mM, the breakthrough curves for 211 

both types of nanoparticles were less variable even though the C60 particles were relatively 212 

more mobile than MWCNTs. The maximum relative concentration of both C60 and 213 

MWCNTs in the effluent was 0.93 at ionic strength of 1.34 mM at 5.67 pore volume (PV) but 214 

slightly higher mobility was observed for C60 nanoparticles as ionic strength increased to 215 

10.89 mM. However, at the highest ionic strength (60 mM), MWCNTs became more mobile 216 

than C60, and the relative concentration of MWCNTs in the effluent reached a maximum 217 

value of 0.69 while the corresponding maximum value was 0.4 for C60 particles (Fig 1). In 218 

Section 3.3, the attachment term through numerical modeling for both cases has been 219 

discussed. The area under the BTCs was calculated and considered as the total mass of the 220 
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nanoparticles in the effluent for all the experiments, as shown in Fig 2a. Only 12% of the 221 

total injected MWCNTs and 10% of C60 nanoparticles were retained in the column at ionic 222 

strength 1.34 mM, while at an ionic strength of 60 mM about 40% of the MWCNTs and 68% 223 

of the C60 were trapped in the porous medium (Fig 2a).   224 

A column experiment was performed to investigate the transport of FBP at ionic 225 

strength 60 mM and pH 7 (at their original solution chemistry), which is shown in Fig 3. The 226 

BTC shape was asymmetric; the maximum relative concentration of FBP in the effluent was 227 

0.92 which was achieved at 5.7 PV. After 11 PVs (phase I, II and III) 90% of the injected 228 

mass was recovered in the effluent. The image analysis (using Scanning Electron 229 

Microscope) indicates that the particle sizes of FBP in the influent and effluent samples were 230 

in the same order of magnitude (Fig 4). 231 

3.2. Remobilization  232 

The mechanisms responsible for retention and transport of nanoparticles at different chemical 233 

conditions in the experiments were investigated using DLVO energy profiles. The zeta 234 

potential and hydrodynamic diameters of C60 solution at their respective ionic strength and 235 

the average diameter of the nanoparticles in stock solution are shown in Table 3. The role of 236 

secondary energy minima in retention of the particles in the sand column at different ionic 237 

strengths was investigated by injecting DI water into the column during phase III. All BTCs 238 

of the experimental data (MWCNT, C60 and FBP experiments) showed a secondary peak at 239 

9.2 pore volumes which is 1.2 PV after injection of DI water into the column and the peak 240 

height raised with increasing ionic strength (Phase III of Fig 2b for C60 and MWCNT 241 

respectively but FBP data not presented in this paper). Mass calculations indicated that at low 242 

ionic strength (1.34 mM), 7% of the total injected MWCNTs and C60 were remobilized 243 

during phase III. This percentage increased to 40.3% for C60 and 28.9% for MWCNTs at high 244 
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ionic strength (60 mM) (Fig 2b). It was observed that only 12.32% of the retained FBP were 245 

remobilized during phase III (data not presented in the paper). 246 

The DLVO energy profiles for both C60 and MWCNTs indicated that a reduction in 247 

primary energy height and increase in secondary energy minimum with increase in ionic 248 

strength (Fig 5). However, the separation distance for primary energy minimum reduces with 249 

increase in ionic strength, i.e., the nanoparticles need to stay more closer to the sand surfaces 250 

for primary minimum attachment for high ionic strength condition (but opposite for possible 251 

attachment at the secondary minimum). 252 

3.3. Modeling  253 

The model, which incorporates traditional colloid filtration theory with a site-blocking term 254 

and a detachment rate, was in a good agreement with the experimental results (Fig 1 & 3). 255 

The observed data of all column experiments were used in the inverse modelling to simulate 256 

breakthrough curves of MWCNTs, C60 and FBP and find the best set of unknown transport 257 

parameters. The fitted dispersivity with the observed BTC of the tracer experiment was 258 

0.0026 m. Since dispersivity is a medium dependent parameter (Xu and Eckstein, 1997), this 259 

value was kept constant for the rest of the simulations. The calculation of theoretical single 260 

collector efficiency (η) for MWCNTs, tested under assumption of both end contact and side 261 

contact (as similar to Liu et al., 2009), revealed that diffusion, which is independent of 262 

orientation (Wang et al., 2008), is the dominant mechanism for transport of particles to the 263 

surfaces of sand. Thus, it was assumed that the attachment of MWCNTs was possibly 264 

through side contact with the collector. Similar calculations for C60 particles also confirmed 265 

that the dominant mechanism is diffusion (99.7%). To calculate the theoretical single 266 

collector efficiency for FBP, it was assumed that the particles are spherical in shape (based on 267 

SEM images in Fig. 4). The relative concentration at the end part of BTCs did not reach the 268 

background value which indicates that the attachment of particles to the sand was reversible 269 
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even before injecting DI-water to the column. Therefore, a detachment coefficient (kdet) was 270 

considered in the modeling of these results. For experiments E1 to E7, kdet, α, and Smax were 271 

fitted to the observed breakthrough curves. The best fitted parameters with minimum RMSE 272 

are given by Table 2. Comparing the simulated parameters of all experiments revealed that 273 

the Smax and attachment efficiency values increased with increasing ionic strength (Fig 6). 274 

4. Discussion 275 

The experimental results showed that retention of MWCNTs and C60 nanoparticles was 276 

enhanced by increasing the ionic strength of the solution, which has also been observed in 277 

previous studies (Brant et al., 2005; Tian et al., 2012; Zhang et al., 2012; Sharma et al., 278 

2014).  On the other hand, it was observed that cylindrical shaped MWCNTs were 30% more 279 

mobile than spherical shaped C60 nanoparticles at high ionic strength (60 mM) while at lower 280 

ionic strength they had shown similar behavior. This means that the interaction force between 281 

nanoparticles and sand surface was in same order for both nanoparticles at low ionic strength 282 

however other mechanisms (such as aggregation, primary minima deposition, or straining due 283 

to large aggregates) are operative at higher ionic strength (Yang et al., 2013). Based on 284 

DLVO theory, increasing ionic strength reduces the size of the electrostatic double layer and 285 

repulsive forces (Hotze et al., 2010) which leads to higher retention of nanoparticles in the 286 

media at high ionic strength.  Previous research has revealed that both Ev and Eedl forces are 287 

affected by change in the shape of nanoparticles (Vold, 1954; Bhattacharjee and Elimelech, 288 

1997; Montgomery et al., 2000) which is consistent with our observations. Remobilization 289 

(phase III) results demonstrated that secondary minimum attachment between nanoparticles 290 

and porous media is more favorable for spherical C60 nanoparticles than for cylindrical 291 

MWCNTs at ionic strength of 60 mM. Some other mechanisms than secondary energy 292 

minimum attachment may also be operative which led to irreversible attachment of C60 293 

nanoparticles to the sand (Fig 2b). This mechanism could be straining or aggregation in soil 294 
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pores but cannot be confirmed based on the current study. Theoretically straining can happen 295 

when the ratio of particle diameter to sand diameter is greater than 0.003 (Bradford et al., 296 

2002). This ratio, based on the length of MWCNTs is 0.0038 but it is 0.000076 if MWCNT’s 297 

diameter is being used, and it is 0.00049 for C60 nanoparticles. The ratios are below the 298 

critical ratio based on previous literature (even by using MWCNT length), which means the 299 

straining is not likely an operative mechanism in these cases (Bradford et al., 2002; Jaisi et 300 

al., 2008). But the stability of particles in solution at high ionic strength was critical in this 301 

study. It was observed that the MWCNT solution was stable for several days even for 60 mM 302 

of ionic strength. However, C60 solutions at ionic strengths 10.89 and 60 mM were semi-303 

stable in long-term and aggregated C60 particles were observed in the bottles after few hours 304 

of their preparation. For larger aggregates which can ultimately increase the particle size, 305 

straining and gravitational sedimentation will become more effective mechanisms for the 306 

retention of particles. Therefore gravitational sedimentation is a possible mechanism that 307 

would cause irreversible retention of C60 particles.  308 

FBPs were highly mobile for the conditions of this study and only 10% of the 309 

particles were retained, mostly irreversibly, in the sand column. Higher mobility of FBPs in 310 

comparison with the engineered nanoparticles can be due to their stability and interaction 311 

with the medium at chosen chemical and physical condition. Therefore it is not certain that 312 

the shape of the FBPs has influenced their mobility and a systematic study FBP at various 313 

chemical and physical conditions is needed to understand their transport scenarios in soil and 314 

groundwater. 315 

The modeling results suggest that Smax increased with increasing ionic strength, which 316 

means that the site-blocking mechanism became more operative. This was probably due to 317 

lowering of the repulsive energy between sand and nanoparticles at higher ionic strength and 318 

an associated increase in particle attachment at primary and secondary energy minima. At 319 
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ionic strength of 1.34 mM, the value of Smax was greater for MWCNT than that of C60, but the 320 

value of Smax became larger for C60 than MWCNTs at higher ionic strength. Increasing ionic 321 

strength is related to increasing Smax  and α, for both C60 and MWCNTs in these experiments, 322 

which has also been observed in previous studies (Zhang et al. 2012). This trend indicated 323 

that increasing ionic strength results in greater attachment rate and more attachment sites, 324 

irrespective of the shape of the nanoparticles.  325 

5. Conclusions 326 

The aim of this study was to compare transport behavior of two types of engineered carbon-327 

based nanoparticles (MWCNTs and C60) and natural fire-born particles (FBPs) in saturated 328 

porous media. Several column experiments were conducted at a neutral pH and pore-water 329 

velocity of 7.5 m/d but the ionic strength was varied from 1.34 mM to 60 mM in order to 330 

examine the effect of ionic strength on transport of MWCNTs and C60 in different chemical 331 

environment. 332 

From the experimental results of two types of carbon-based nanoparticles (C60 and 333 

MWCNT), it was observed that at low ionic strength (1.34 and 10.89 mM), C60 was relatively 334 

more mobile than MWCNTs. While at high ionic strength, the mobility of MWCNTs was 335 

much higher than that of C60 particles. About 50% of the retained C60 particles in the column 336 

were not remobilized after injecting of DI water. This suggests that irreversible attachment 337 

between the nanoparticles and sand grains became more important at higher ionic strength. 338 

Straining and gravitational sedimentation are two possible mechanisms which may have been 339 

enhanced due to formation of larger aggregates of C60 nanoparticles at high ionic strength and 340 

FBPs had higher mobility than engineered nanoparticles. Although the shape of nanoparticles 341 

is critical for their transport in subsurface systems, it was rather difficult to establish a 342 

quantitative relationship of transport behavior of MWCNTs and C60 to their shape of the 343 

nanoparticles as the background chemistry play an important role in their mobility. However, 344 
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the results of this study suggest that MWCNTs, C60 and also FBPs are highly mobile in sandy 345 

saturated environments. Therefore the risk of their transport to a greater depth and 346 

contamination of aquifers is considerable even at normally unfavorable conditions for particle 347 

transport, such as high ionic strength in the groundwater   348 
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Figure 1: Observed breakthrough curves for C60 (E1, E2, and E3) and MWCNTs (E4, E5, 461 

and E6) at different ionic strengths (phase I, II and III). The solid points represent the 462 

experimental data and solid lines represent the results of simulations for phase I and II. 463 

Figure 2: Proportion of the outflow C60 or MWCNTs nanoparticles to total input 464 

concentration during (a) phase 1 and 2, (b) phase 3. (The values are the average of three 465 

replication of the experiments±standard deviation.) 466 

Figure 3: Comparison of observed BTCs for MWCNTs, C60 and FBPs at pH of 7 and ionic 467 

strength of 60 mM, experimental data are shown in points with their corresponding 468 

simulations in lines.  469 

Figure 4: Scanning electron microscopy images of filtered (< 11 m size) samples (a) inflow 470 

for column experiments and (b) exited from column experiments. 471 

Figure 5: DLVO energy profiles at different ionic strength for (a) C60 and (b) MWCNTs with 472 

effective diameter for MWCNTs based as its hydrodynamic diameter obtained from particle 473 

size analysis.  474 

Figure 6: Relationship of ionic strength with modeling parameter (a) attachment efficiency 475 

and (b) Smax for MWCNTs and C60 476 
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Table 2: Experimental conditions, model fitted parameters and their root-mean square error. 479 
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Table 1: Properties during column experiments 

Grain size  250-450 μg 

Weight of sand 120 g 

Bulk density 1.63 g/cm3 

Porosity 0.39 

Saturated pore volume 28.35 ml 

Temperature 21-22˚C 

Pore water velocity 7.5 m/d 
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Table 2: Experimental conditions, model fitted parameters and their RMSE 

Experiment Particle IS 

(mM) 

α Smax Kdet α1 

(m) 

RMSE 

E1 C60 1.34 9.15×10-3 9.41×10-5 3.42×10-5 2.60×10-3 0.061 

E2 C60 10.89 1.47×10-2 3.51×10-4 1.10×10-5 2.60×10-3 0.083 

E3 C60 60 2.66×10-1 6.30×10-4 3.33×10-6 2.60×10-3 0.021 

E4 MWCNT 1.34 8.71×10-2 1.80×10-4 2.20×10-5 2.60×10-3 0.268 

E5 MWCNT 10.89 1.41×10-1 2.47×10-4 3.06×10-6 2.60×10-3 0.072 

E6 MWCNT 60 3.06×10-1 6.13×10-4 1.26×10-5 2.60×10-3 0.060 

E7 FBP 61.12 8.79×10-2 3.15×10-4 3.45×10-5 2.60×10-3 0.302 



Table 3: Parameters used for DLVO calculations 

Particle Hydrodynamic 

diameter of 

NPs (nm)a 

Zeta potential 

of NPs 

(mV) 

Ionic 

strength 

(mM) 

Zeta 

potential 

of sand 

(mV)c 

Hamaker 

constant 

(J)d 

C60 618.9 -40 1.34 -57.3 6.7× 10-21 

C60 644.5 -39 10.89 -43.2 6.7× 10-21 

C60 701.2 -15 60 -29.1 6.7× 10-21 

MWCNT 106.7 -41.7 1.34 -57.3 9.8×10-21 

MWCNT 111 -34.7 10.89 -43.2 9.8×10-21 

MWCNT 141.2 -19.6 60 -29.1 9.8×10-21 

FBP 360 -5 60b -29.1 3.84×10-21 

aDiameter measured using zeta-sizer. bConverted from measured electrical conductivity. cZeta 

potential of sand was obtained using surface analyzer. dHamaker constant estimated from 

literature. 


