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I 
 

 

Abstract 
 

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

physical and chemical properties. They can dissolve in water, transport through soil and reach drinking 

water resources. The toxic effect of engineered nanoparticles on human and fish cells has been 

observed; therefore, their release and distribution into the environment is a subject of concern. In this 

study, two types of engineered nanoparticles, multi-walled carbon nano-tubes (MWCNT) and C60 with 

cylindrical and spherical shapes, respectively, were used.  The aim of this study was to investigate 

transport and retention of carbon-based engineered and natural nanoparticles through saturated porous 

media. Several laboratory experiments were conducted to observe transport behavior of the 

nanoparticles through a column packed with sand as a representative porous media. The column 

experiments were intended to monitor the effect of ionic strength, input concentration and the effect of 

particle shape on transport.  The results were then interpreted using Derjaguin-Landau-Verwey-

Overbeak (DLVO) theory based on the sum of attractive and repulsive forces which exist between 

nanoparticles and the porous medium. It was observed that as the ionic strength increased from 1.34 

mM to 60 mM, the mobility of the nanoparticles was reduced. However, at ionic strength lower than 

10.89 mM, mobility of C60 was slightly higher than that of MWCNTs. At ionic strength of 60 mM 

MWCNT particles were significantly more mobile. It is rather difficult to relate this difference to the 

shape of particle and further studies are required. 

The effect of input concentration on transport of MWCNTs and C60 was observed in both 

mobility of the particle and shape of breakthrough curves while input concentration was elevated from 

7 mg/l to 100 mg/l. A site-blocking mechanism was suggested to be responsible for the steep and 

asymmetric shape of the breakthrough curves at the high input concentration. 

Furthermore inverse modeling was used to calculate parameters such as attachment efficiency, 

the longitudinal dispersivity, and capacity of the solid phase for the removal of particles. The inversion 

process was performed in a way that the misfit between the observed and simulated breakthrough 

curves was minimized. The simulated results were in good agreement with the observed data.  

 

 

Keywords: Nanoparticle, MWCNT, C60, Transport and mobilization, DLVO theory, Ionic 
strength, Input concentration, Clean-bed filtration theory, Column test 

 



II 
 

 

Populärvetenskaplig sammanfattning 
 

Nanopartiklar avser partiklar med en eller flera dimension som understiger 100 nm. De besitter unika 

kemiska och fysikaliska egenskaper. Kolbaserade nanopartiklar, som behandlas i denna studie, 

används i många typer av produkter, alltifrån sportutrustning till medicinska apparatur, elektroniska 

komponenter och vattenrening. Dessa partiklar kan hamna på markyta under tillverkningsprocessen, 

transport, användning och avfallshantering. Toxiska effekten av kolbaserade nanopartiklar har 

observerats på mänskliga celler och fiskceller. Detta gör att det finns en oro för de potentiella riskerna 

för människa och miljö vid användandet av nanomaterial. Få studier har gjorts för att undersöka 

transport och deponering av nanopartiklarna i sand och jord under varierande kemiska och fysikaliska 

förhållanden. Det har observerats att avsättningen av partiklarna i sanden är starkt beroende av de 

kemiska och fysikaliska egenskaperna. 

I denna studie har flera experiment i laboratorieskala genomförts för att förstå effekten av 

koncentration och jonstyrka på transport och deponering av kolbaserade nanopartiklar. Två typer av 

kolbaserade nanopartiklar som har olika former studerades; flerväggiga kolnanorör (MWCNT) och C60 

partiklar med cylindriska eller sfäriska former. En kolonn av sand användes som ett representativ 

poröst material. Resultaten indikerar att hög jonstyrka och låg koncentration av dessa två typer av 

nanopartikelsuspensioner ökar avsättningen av dem i porösa material och hindrar dem att transporteras 

till en dricksvattenkälla (t ex en akvifär). 
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1 Introduction 
Nanoparticles refer to particles with one or more dimensions less than 100nm. They possess unique 

chemical and physical properties because of their small size. Large surface area, high adsorption 

capacity, high tensile strength, high electrical and thermal conductivity are some reasons for being 

widely used in a range of everyday commercial products. The applications of these particles are 

common in medical devices, pharmaceuticals, energy conversion (solar cells, fuel cells, hydrogen 

storage, lithium ion batteries and electrochemical super-capacitors), environmental monitoring and 

waste water treatments (for the detection and removal of gas pollutants, pathogens, dyes, heavy metals 

and pesticides) (Tan et al. 2012), and in lots of consumer products ranging from cosmetics to 

electronics, with many upcoming applications (Grassian, 2008).  

The engineered nanoparticles may reach the land’s surface during production, transport, use or 

disposal. Their migration primarily occurs with water flow. Engineered nanoparticles can be made 

from different base minerals, with different structures.  The carbon-based nanoparticles, which are 

considered in this study, are reported to be hydrophobic and insoluble in water but in a curtain 

conditions, when their surface is charged, they are able to form a stable aqueous suspension (Deguchi 

et al. 2001). Therefore stable aqueous suspensions of the nanoparticles can migrate through porous 

media. Depending on chemical and physical characteristics of the porous medium, the particles may 

be retained in the medium. Previous researches have revealed the potential risk of these particles for 

human and organisms (Lam et al. 2004; Musee, 2011). In a research study by Musee (2012), which 

defines a qualitative quantification of the toxicity level of different nanomaterials based on the 

currently available eco-toxicity data, carbon-based nanoparticles are considered as high level 

hazardous material. Hence, the capability to determine their fate, mobility and retention helps to assess 

the potential risk of these particles to reach the water table and pollute the drinking water resources. In 

addition the fundamental knowledge to design and develop effective waste management systems for 

industrial, commercial, or household nano-waste streams, can be obtained (Musee, 2011). 

Chemical and physical conditions of the environment can affect mobilization of nanoparticles 

through porous media. Lots of research has been done in order to investigate the effect of chemistry of 

the solution, water content, porous media grain size (Mattison et al. 2011), degree of saturation 

(Mekonen et al. 2014), flow rate (Mekonen et al. 2014) (Liu et al. 2009), concentration (Kasel et al. 

2013) and the particle diameter (O’Carroll et al. 2013). The effect of shape of carbon nanoparticles on 

their transport and retention is still only scarcely reported (Seymour et al., 2013).  

In this study I have examined the mobilization and transport of two different carbon-based, 

engineered nanoparticles and natural carbon, which is present in a sample from a fire location, by 

using several laboratory scale column experiments. Two types of engineered carbon-based 

nanoparticles have been studied: multi-walled carbon nanotube (MWCNT) and C60, which 

havecylindrical and spherical shapes, respectively, together with natural, fire born particles (FBP). 
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MWCNT and C60 are inherently insoluble in water. The addition of a hydroxyl group to the 

structure of particles makes their surface negatively charged and increases their stability in water 

(Deguchi et al. 2001). The procedure for functionalizing MWCNTs has been done by adding hydroxyl 

groups to their surface using sulfuric and nitric acid. Functionalized MWCNTs have negatively 

charged surface such that the particles tend to separate and disperse in water. Two general methods 

have been used in previous studies in order to make stable aqueous suspension of C60, the physically 

mixing method (Wang et al. 2014) and Solvent Exchange method (Andrievsky et al. 1995; Brant et al. 

2006; Wang et al. 2014; ).  

Number of studies have been done in the past decades to investigate the effect of chemical and 

physical parameter on transport of MWCNTs. O’Carroll et al. (2013) have observed that smaller 

diameter MWCNTs are more retained in the column compared with the larger ones,  perhaps due to 

more collision due to Brownian motion. Although, the results of research by Mekonen et al. (2014) 

showed that shorter MWCNTs are more mobile than their longer  counterparts. Liu et al. (2009) have 

reported that greater pore water velocity significantly mobilizes MWCNT. The combined effect of 

ionic strength and pH was examined by Yuan Tian (2012). The results show strong influence of ionic 

strength and pH on mobilization of MWCNTs. He has reported significant increases in irreversible 

retention of particles with slight increase of ionic strength. Effect of input concentration has also been 

studied by Kasel et al. (2013). They observed that the relative concentration of effluent increased by 

increasing input concentration and also the shape of the breakthrough curve (BTC) was more 

asymmetric. Mekonen et al. (2014) reported slightly lower mobility of MWCNTs in fine sands 

(d50=150μm) in comparison with coarse sand (d50= 300 μm). 

Few studies have been done in order to understand transport behavior of C60 in porous media 

(homogeneous and heterogeneous). Among these few studies, transport properties vary considerably. 

It has been observed that mobilization of C60 particles decreases with decreasing the medium grain size 

and pore water velocity (Wang, 2009). In research by Wang (2009), the C60 retention was irreversible 

and only 6.9% of retained particles remobilized after injecting deionized (DI) water. It was also 

concluded that the retention of MWCNT in sand increases with increasing ionic strength independent 

of the type of salt (Ca2+ or Na+) and clean-bed filtration theory was not able to describe transport of 

C60 particles because the breakthrough curves were not symmetric.  
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1.2 Objectives 
The primary aim of this study was to examine transport and retention of different types of engineered 

and natural carbon-based nanoparticles through saturated porous media. 

The following points were specific objectives of this study: 

 To study the effect of solution chemistry (ionic strength and input concentration) on 

transport and mobilization of carbon-based nanoparticle. Therefore two types of 

engineered nanoparticles with different shapes (MWCNT and nC60) have been 

investigated 

 To investigate the effect of shape of engineered nanoparticles on their transport and 

retention in saturated porous media. Therefore the observed BTCs of MWCNT and C60 

were compared to observe the differences and understand the possible effect of shape of 

particles on their transport behavior.  

 To conduct an experiment to understand mobilization of natural carbon present in a 

sample of fire born particles (fire- extinguishing water from a single fire location) and 

compare its mobilization with the engineered nanoparticles.  

 To simulate the results of experiments using a 1-D finite element model to find transport 

parameters such as dispersivity, attachment efficiency and maximum adsorption capacity 

and also examine the ability of the model to describe the observed particle retention.  
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2 Theory 

2.1 DLVO Theory 
Dispersed particles in a solution, sized between 1nm to 1μm, tend to aggregate and deposit out of the 

suspension. Derjaguin-Landau-Verwey-Overbeak (DLVO) theory is the most common theory used to 

explain aggregation of sub micrometer spherical particle and approximated for non-spherical particles. 

Recently lots of studies have been done to understand manufactured nanoparticle aggregation, 

transport and retention under different conditions, based on DLVO theory (e.g. Kasel et al. 2013; 

Mekonen et al. 2014).  

Due to physical processes, particle surfaces interact with each other and this contact can lead 

to attachment or repulsion of the particles. Short-range thermodynamic interactions allow for particle-

particle attachment to occur. If the attachment is between two similar particles it is called homo-

aggregation (nanoparticle-nanoparticle attachment) and if it is between two dissimilar particles it is 

called hetero-aggregation (nanoparticle-sand particle attachment). Aggregation between manufactured 

nanoparticles and natural particles are more probable than homo-aggregation which is due to higher 

quantity of the natural particles in the environment. Therefore hetero-aggregation has higher effect on 

the retention process. The probability of attachment to occur is defined by ‘attachment efficiency’ 

(α)(Pennell et al. 2008). 

Based on DLVO theory, van der Waals attractive energies (EV) and electrostatic double layer 

(Eedl) energies control the interaction between particles and the sum of these two energies (the 

interaction energy (Ei) ) can be used to predict the probability of particle attachment (Wang et al. 

2008). The resultant force can be negative or positive (i.e., repulsive or attractive). Plot of van der 

Waals attractive (Ev) and electrostatic double layer (Eedl) repulsive energy versus separation distances 

between particles together with sum of these two energies (Ei) can help to understand the process 

(Figure 3). Particles can aggregate at primary or secondary energy minima, where the attractive energy 

exceeds the repulsive energy. Aggregation at the primary minimum is irreversible but there is 

possibility of attachment at secondary minimum to separate again. Ev and EEDL can be calculated by 

Gregory equations (Gregory, 1981). 

 

1
.

ln 1
.

																														(2) 

                              (3) 

 

Where, A is Hamaker constant (6.7× 10-21 J for C60-water-C60 is (Chen and Elimelech, 2006) , 

9.8×10-21 J for MWCNTs (Mekonen et al. 2014) and 3.84×10-21 for FBP (Iverfelt, 2014)).  λ is the 
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2.2 Modeling of nanoparticle transport 
Transport of MWCNTs in porous media can be simulated with a numerical model (one dimensional 

(1D) finite element code) (Liu et al. 2009).  The model was generated using MATLAB by Denis M. 

O'Carroll (Assistant Professor, University of western Ontario), modified by Prabhakar Sharma, to 

solve following mass balance equations. 

The aqueous phase mass balance is represented as: 

 

0                                          (5) 

 

Where C is the concentration of nanoparticle in the aqueous phase, t is time, ρbis the solid phase bulk 

density, n is porosity, S is the amount of particles associated with the solid phase, v is the pore water 

velocity, x is the spatial dimension in the column and D is the dispersion coefficient (D = v * αl, where 

α1 is the longitudinal dispersivity).  

The solid phase mass balance equation is represented as: 

ψC
ρ

S 0																																														 (6) 

Where katt is the removal rate constant associated with mechanisms typically linked with colloid 

filtration theory. Diffusion (random movement of particles), sedimentation (due to gravity) and 

interception (moving of particles through stream lines close to the collector) are the three mechanisms 

that cause the particles to reach the collector’s surface. ψ is an absorption site blocking term and kdet is 

the rate constant for the detachment of nanoparticles associated with the solid phase. The adsorption 

site blocking term is defined as: 

1                                                                    (7) 

 

Where Smax is the maximum adsorption capacity of the solid phase for the removal of particles due to 

mechanisms typically associated with colloid filtration theory, the removal rate constant katt is defined 

as: 

k
αη 	                                                                (8) 

Where α is the attachment efficiency, η0 is the theoretical single collector efficiency and dc is the mean 

diameter of the collector (grain). The attachment efficiency (α) typically fits to the experimental data 

whereas the theoretical single collector efficiency is based on theoretical considerations. 

 

In this study the theoretical collector efficiency (η0) is assumed to be the sum of three distinct collision 

mechanisms, collision due to particle interception (ηI), gravity sedimentation (ηG), and diffusion (ηD). 

For MWCNTs, it is assumed that they are uniform cylinders with diameter of dp and length of l, 

therefore interception can occur both in side or end of cylinders (Liu et al. 2009). 
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 For “end contact”, η0 is defined as follow: 

3                       (9) 

And “side contact” is defined as below: 

1
2

3 														 10  

where  

.
                   (11) 

and  

4.03 ln

1 1

3
3
2

1  

                                                                                                                        (12) 

 

 

For spherical shape C60 particles, the theoretical collector efficiency (η0) is calculated by the following 

equation (Logan et al. 1995): 

0.0038
18

4  

                                                                                                                          (13) 

			 14 , 1 				 15 	, 							 16 		and  3⁄  (17) 

 

Where l is the length of colloid and dp is the colloid diameter, ρp is the particle density, 

ρ is the fluid density, H is Hamaker constant, v is pore water velocity, n is porosity, D is 

diffusion coefficient, μ is the fluid viscosity, T is the absolute temperature, and k is the 

Boltzmann constant. 
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3 Materials and Methods 
In this section, the properties of the materials and the preparation methods of aqueous suspension of 

each material have been described. The characteristics of the porous media and the experimental 

conditions are also clarified. 

3.1 Porous Media 
The silica sand was purchased from Sibelco Nordic, Baskarp, Sweden to be used as representative 

porous media. The chemical composition of the sand showed that it was not pure silica and there were 

some impurities that need to be removed (table 1). Hydrochloric acid 0.1 M and hydrogen peroxide 

(7%) were used to wash the sand to get rid of the composition other than silica (Huang and Weber, 

2004). Hydrochloric acid is a strong acid that react with the impurities in sand and dissolves them. 

Hydrogen peroxide (H2O2) is the simplest peroxide and a strong oxidizer. The standard procedure to 

wash the sand is based on a method proposed by Huang and Weber (2004). To prepare 0.1 M 

hydrochloric acid solution, 12 ml HCl 37% was added to 1 liter of de-ionized water. 1.5 kg sand, 

which is previously passed through 250 and 400 μm sieves, was added to the HCl solution and left for 

30 min to allow reactions to be completed and impurities to be dissolve in acid. Afterward the liquid 

was poured out of the sand flask and the sand was washed by DI water several times.  

 

Table 1: Chemical composition of the purchased sand (Sibelco Nordic, Baskarp, Sweden) 

parameter SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O 

Result % 
weight 

90.9 4.9 0.52 0.37 0.1 1.1 1.96 

uncertainty ±0.5 ±0.3 ±0.02 ±0.01 ±0.01 ±0.02 ±0.04 

 

Then the sand was washed by H2O2 solution. 240ml of H2O2 (30%) was added to 1050 ml DI 

water gradually. The sand was added to the solution and allowed to react for 40 minute to allow the 

reactions to be completed. Finally the sand was washed several times with DI water to remove the 

impurities completely. The washed sand was dried in the oven at 105˚C for 24 hours and stored in a 

plastic bottle.  
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3.2 Carbon-based Nanoparticles 
Multiwall carbon nanotubes (MWCNTs) and C60 are the two types of engineered carbon-based 

nanoparticles that were purchased in order to use in this study. The nanoparticles were inherently 

hydrophobic. Therefore laboratory procedures were done to make them hydrophilic and stable in 

water. Polycyclic aromatic hydrocarbons (PAH) which are present in the fire extinguishing water were 

also studied as natural carbon-based nanoparticles. The details of methods which have been used to 

prepare aqueous suspension of each type of nanoparticles in this study are described in the following 

section.  

3.2.1 Multi-Walled Carbon Nanotubes 

Multiwalled carbon nanotubes (MWCNTs) purity >95%, with diameters 20-30 nm and length of 0.5-2 

μm were purchased from Cheap Tubes, Inc (Brattleboro, USA). The particles were hydrophobic and 

unstable in water, thus functionalization of MWCNTs has been done in order to make them 

hydrophilic. A concentrated sulfuric/nitric acid was used to functionalize the nanotubes which resulted 

in a large concentration of carboxylic acid (-COOH) and Hydroxyl (-OH) groups on the nanotube 

surface (Figure 4). The added groups to the particle surface produce high negative zeta potential 

depending on pH of the solution. In order to generate functionalized MWCNTs,  a mixture of 240 ml 

sulfuric acid (95-97%) and 80 ml nitric acid (70%) was prepared (Mekonen et al. 2014) . Afterward 

320 mg untreated MWCNTs were added to the mixture of acids. The solution was then set into the 

bath sonicator for 2 hours at room temperature to disperse the particle in the liquid. The solution was 

placed on a hot plate at 90˚C and stirred slowly by using magnetic stirrer for 5 hours. The resultant 

solution was then filtered through 0.2 μm hydrophilic polypropylene membrane filters and washed 

several times using hot DI-water to remove the residual acid. A vacuum was used to accelerate the 

filtering process.  The functionalized MWCNTs were scraped out of the membranes using spatula and 

finally the filters were washed by DI water to remove all the particles. The resulting solution was dried 

in the oven and the remaining powder was collected and kept in a small glass bottle.  

For column experiments, dispersed solutions of MWCNT with concentrations of 7 mg/l and 

100 mg/l were required. To prepare 7mg/l solution, 7 mg of the functionalized MWCNTs was added 

to 200 ml de-ionized (DI) water and sonicated for 30 min using an Ultrasonic Homogenizer (Model 

3000, BioLogics Inc. Manassas Virginia) with 40% power output. The solution was then diluted by 

adding 800 ml of DI- water to achieve the required concentration. The same procedure was used to 

prepare higher concentrations. The suspension looked stable after 24 hour and no sedimentation or 

aggregations was observed. The pH of the solution was measured using pH meter (METROHM Ltd. 

CH-9101, Herisau, Switzerland and its electrical conductivity was measured by a conductivity meter 

(Cond 340i/SET, WTW, Germany). A wavelength scan was also done using UV-vis 

spectrophotometer (Model DR 5000, Hach Lange Ltd) and a peak was observed at wavelength 300 nm 
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3.2.3 Fire-born particles (FBP) 

A sample in aqueous phase has been collected from a fire location, where water had been used for 

extinguishing the fire. The collected solution was filtered using an 11 μm nylon filter to remove the 

particles larger than 11μm.The chemical analysis of the filtered sample has shown that  it contains  a 

large amount of PAH even when filtered (shown in Appendices, table A1). 

The pH of the sample was measured by a pH meter which was 9.98 at 22˚C. The electrical 

conductivity (EC) of the sample was measured by a conductivity meter. The concentration of particles 

in the sample was estimated by weighing the remained powder from drying up 100 ml of the sample in 

oven. To be able to compare the transport behavior of these samples with manufactured nanoparticles 

(C60 and MWCNT) the pH of the sample has been adjusted to 7 using Hydrochloric acid (0.1M). The 

electrical conductivity of the sample was 4.36 mS/cm at 22˚C. By using the following empirical 

equation, the ionic strength (IS) of samples was estimated to be around 60mM (Lind, 1970).  

IS (M) = (1.4769.10-5 (M/ μS/cm)). (EC (μS/cm)) + 0.00015       (1) 

 3.3 Column Experiments 
A glass column (Chormaflex Inc.) with 2.5 cm diameter and 15 cm length, filled with 120 g silica sand 

( 250<d<400 μm), was used as representative porous medium. The properties of sand column are 

shown in table 2. Two steel mesh filters (0.2 mm) together with two 100μm nylon filters was used at 

both side of the column to prevent the sand from moving out of the column. A Peristaltic pump (IPC8, 

Ismatic, Peristaltic pump), which was calibrated previously (Figure A1), was used to inject the 

solutions into the sand column. The effluent solution was directed to a UV-vis Spectrophotometer 

(Model DR 5000, Hach Lange Ltd) in order to measure the absorbance/concentration of the outflow 

sample at one minute interval using auto-sampler. The effluent was then collected in small laboratory 

tubes by using fraction collector (CF-2, Spectrum Labs Inc.) every 5 minutes.  

 

Table 2: Properties of the sand column and constant experimental condition 

 

 

 

 

 

 

 

 

 

Grain size  250-450 μg 

Density 2.65 g/cm3 

Weight 120 mg 

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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In order to investigate the effect of ionic strength on C60 mobilization, four C60 solutions with 

different ionic strength of 1.34, 10.89, 32.7 and 60mM were prepared. The pH of the main solution for 

the first four experiments (E1, E2, E3, and E4, table 3) was equal to 7. The pH and ionic strength was 

controlled by using Sodium phosphate buffer solution. A C60 solution with high concentration was also 

prepared to use at E5 to observe the effect of concentration on C60 particle transport behavior.  

Experiment 6 was performed using FBP. The ionic strength of the sample was estimated to be 

60mM using the electrical conductivity value. The pH was adjusted at 7 by adding HCl to the solution 

drop by drop. Three experiments were also conducted to study the transport and retention of the 

MWCNT solution. At experiments 7, 8 and 9 the injected main solution was MWCNT with same 

properties but different ionic strength. The ionic strength of each solution was adjusted by adding 

sodium phosphate.  In order to observe the effect of input concentration on C60 and MWCNT, 

experiment 10 and 11 were conducted. 

 

Table 3: Experimental conditions 

 

3.4 DLVO calculations 
In this study the values of Zeta potential of C60 and MWCNT at pH= 7 are adapted from Brant et al. 

(2005) and Sharma et al. (2014), respectively. Brant et al. (2005) have prepared the C60 solution by the 

solvent exchange method and sodium phosphate has been used to adjust the ionic strength. The zeta 

potential of sand particles at pH=7 at different ionic strength are adapted from Saiers and Lenhart 

Experiment nanoparticle Concentration 
(mg/l) 

pH IS  
(mM) 

E0 (tracer) C60 7 8.08 2 

E1 C60 7 7 1.34 

E2 C60 7 7 10.89 

E4 C60 7 7 32.7 

E5 C60 7 7 60 

E6 FBP 3.38  7 60 

E7 MWCNT 7 7 1.34 

E8 MWCNT 7 7 10.89 

E9 MWCNT 7 7 60 

E10 C60 100 7 60 

E11 MWCNT 100 7 60 
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(2003) (Table 4). FBP Particle diameter has been estimated using a SEM image (Figure A4) and zeta 

potential and Hamaker constant is a rough estimation adapted from a previous study on same samples 

(Iverfelt, 2014). To calculate the interaction energy between MWCNTs and porous media, both length 

and diameter were used as effective size. 

 

Table 4: The parameters that have been used for DLVO calculations 

Particle Diameter 
(nm) 

Length 
(μm) 

Ionic strength 
(mM) 

Zeta potential 
of sand 

(mv) 

Zeta potential 
of 

nanoparticle 
(mv) 

Hamaker 
constant 

(J) 

C60 160 - 1.34 -55.7 -44 6.7× 10-21 

C60 160 - 10.89 -41.5 -25 6.7× 10-21 

C60 160 - 32.7 -33.9 -20 6.7× 10-21 

C60 160 - 60 -29.1 -15 6.7× 10-21 

MWCNT 25 1.25 1.34 -55.7 -50 9.8×10-21 

MWCNT 25 1.25 10.89 -41.5 -40 9.8×10-21 

MWCNT 25 1.25 60 -29.1 -20 9.8×10-21 

FBP 200 - 60 -29.1 -5 3.84×10-21 

3.5 Modeling 
The known parameters which were included in the model are given by table 5. In order to estimate the 

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

simulated breakthrough curve with minimum root-mean-square error (RMSE) from the observed 

breakthrough curve using an optimization routine. In this model it was assumed that the mechanisms 

associated with traditional colloid filtration, detachment of particle from the collector and site blocking 

term are the effective mechanisms.  

 

Table 5: Input parameters which been used to run the model 

Particle Length of 

column (m) 

Bulk density 

(kg/m3) 

Porosity Darcy velocity 

(m/s) 

Collector 

efficiency (η) 

MWCNT 

0.15 1630 0.39 3.4.10-5 

5.93×10-3 

C60 5.4×10-2 

FBP 7.37×10-3 
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4 Results and Discussion 
In order to compare transport and mobilization of MWCNT and C60, several experiments have been 

performed to observe transport behavior of these two types of particles at different ionic strengths and 

input concentrations, while the other parameters were kept constant (e.g. pore water velocity, grain 

size, pH, input concentration). The effect of solution chemistry (ionic strength and input 

concentration) on the particle transport was examined for both MWCNT and C60, separately in section 

4.1. The comparison of transport behavior of MWCNT and C60 with FBP has been discussed in 

section 4.5.  

4.1 Effect of Solution Chemistry 
Effect of ionic strength and input concentration on mobilization and transport of both MWCNT and 

C60 have been investigated by conducting several column tests (E1-E10). The observed and simulated 

breakthrough curves of all experiments have been plotted and discussed in this part.  

4.1.1 Effect of ionic strength  

4.1.1.1 MWCNT 
Three column experiments (E7, E8 and E9) were performed to study the effect of ionic strength on 

transport and retention of MWCNTs. The observed and simulated breakthrough curves of these 

experiments, at three phases, are illustrated by figure 6. Ionic strength of the aqueous suspension of 

MWCNT was adjusted at 1.34, 10.89 and 60 mM in experiment E7, E8 and E9, respectively. The 

other chemical and physical conditions maintained constant during experiments as described in tables 

2 and 3. After starting injection of the suspension at time zero, the first appearance of MWCNT in the 

effluent was observed at 0.67 PV which is approximately at the same time with the conservative 

tracer.  

The maximum effluent concentration for experiment E7, E8 and E9 was 0.96, 0.83 and 0.69, 

respectively, and was observed at about 5.67 PV.  The area under the BTCs, which corresponds to the 

outflow mass after phase 1 and 2 (total 8 PV), equals to 0.88, 0.79 and 0.60 for E7, E8 and E9 

respectively. It shows that at higher ionic strength, more particles have been retained in the column. In 

order to see the effect of ionic strength on retention of particle in the sand column, the BTCs of 

experiments E7, E8, and E9, are shown together figure 6.  

The relative concentration at the end part of BTCs did not reach the background value which 

indicates that detachments of particles from the sand grains were happening. This indicates that the 

attachment of particles to the sand is reversible even before injecting DI-water to the column. 

Therefore detachment coefficient (kdet) was considered in the modeling of these results. 

The results specify that mobilization of the particles is decreasing with increasing ionic 

strength. Enhancing retention  of MWCNTs by increasing ionic strength of the solution has been 

observed in previous studies (Tian, 2012).  Based on DLVO theory, by increasing ionic strength of 
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suspension, negative surface charge of both particle and sand grains is reduced and repulsive 

interaction energy is declined.  

 

Figure 6: Simulated (solid lines) and observed (dashed lines) BTCs of MWCNT at different ionic strength (phase 1 and 2), at 
all experiments pH was 7 and input concentration was equal to 7 mg/l. The BTCs are simulated for only phase 1 and 2 

 

The total eluted mass from the column at phase 1 and 2 was reduced at higher ionic strength 

(Figure 7). At ionic strength 1.34 mM the total eluted mass was about 88% which was lowered to 60% 

by increasing ionic strength to 60mM. The amount of remobilized mass at phase 3 was increased with 

increasing of ionic strength (Figure 6).  

The results of Sharma et al. (2014) suggests almost no BTCs for MWCNTs at ionic strength 

higher than 4 mM, where pH was 5 and flow rate was 2 ml/min. The size of particles used in that 

research was larger than particles used in current study (30-50nm in diameter and length of 10-20 μm) 

and the input concentration was less (5 mg/l).  Higher input concentration, higher pH, shorter particle 

length in this study may be the reason for higher mobility of the particles. 

In other work by Liu et al. (2009) the impact of ionic strength was observed to be only on the 

rate at which steady-state is achieved. But in the current study the maximum relative concentration and 

the total effluent mass is also changing with ionic strength. The ratio of total outflow mass during 

phase 1 and 2 to the total inflow mass shows a decreasing trend by increasing ionic strength (Figure 

7). The ratio of remobilized particle at phase 3 to the total injected mass in the column has increased 

with ionic strength (Figure 7b). The area under the BTCs was calculated and considered as the mass 

out for all the experiments (Table A2).  At ionic strength of 1.34mM only 10% of the particles retained 
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in the column after phase 2 while at ionic strength of 60mM about 40% of total influent particles 

remained in the column.   

 

Figure 7:  Proportion of the outflow particles during (a) phase 1 and 2 (b) phase3, to the total input particles (MWCNTs) into 
the column (The values are the average of two or three replication of the experiments ±standard deviation) 

 

The results of the current study are very close to a previous study by Mattison et al. (2011). In 

that research maximum effluent of around 0.8 for ionic strength of 7.5 mM after 10 PV was observed. 

Which is very close to our results for ionic strength 10.89 (maximum effluent = 0.83 at 5.67PV). 

Based on our results, higher maximum effluent is expected for ionic strength of 7.5 mM, the 

difference is probably because of lower flow rate in their experiment (half of the flow rate in our 

study) that causes lower mobility.   The input concentrations (8 mg/l), pH (7), the salt for adjusting the 

ionic strength (sodium phosphate) are similar. Their particles were shorter in length but larger in 

diameter (around 30 to 50 nm diameter and 200 to 800 nm length) than ours. However the size of the 

particles has been used in their study is determined by X-ray photoelectron spectroscopy but we have 

used the size information from the product information given by manufacturer.  

The simulated breakthrough curves are fitted very well with the observed results from 

experiments. These results will be discussed later at Chapter 4.3.  Remobilization of the particles at 

phase 3 will also be discussed in Chapter 4.4. 

4.1.1.2 C60 Nanoparticles 
Four column experiments were conducted in order to investigate the impact of ionic strength on C60 

particles mobilization (E1, E2, E4, and E5). Transport of C60 at ionic strength of 1.34, 10.89, 32.7 and 

60 mM has been examined. The resulting BTCs are given in figure 8, which shows the relative 

concentration of C60 in the effluent during phase1 (five PV injection of C60 suspension), phase 2 (three 

PV injection of background solution) and phase 3 (three PV injection of DI-water).  

The first appearance of C60 in the effluent was at 0.67 PV for all the experiments which is at 

the same time with the conservative tracer. The effluent relative concentration then increased fast until 

it reaches a plateau then the relative concentration increases with a much lower rate. The maximum 

relative concentration was achieved at 5.67 PV and was equal to 0.93, 0.89, 0.49 and 0.39 for ionic 
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strength equal to 1.34, 10.89, 32.7 and 60 mM, respectively. After reaching the maximum value, the 

relative concentration decreased fast but did not reach zero. As for the MWCNTs, the reduction of 

relative concentration at the end part of the BTCs did not reach the background value which could be 

explained by the fact that detachments of particles from the sand grains was happening. For that 

reason, a detachment coefficient (kdet) was considered in the modeling of the results. 

Comparing BTCs of different ionic strength revealed that retention of C60 particles were 

enhanced with increase in ionic strength. The same result has been reported by Brant et al. 2005b and 

Zhang et al. 2012. At high ionic strength, the BTCs reached plateau in slower rate than at the lower 

ionic strength. But the rate at the plateau is slightly elevated at higher ionic strength (Figure 8).  

Our results is consistent with the research by Zhang et al., (2012).  They have prepared the 

suspension of C60 using solvent exchange method and the experiments were performed at pH of 6.8, 

ionic strength was increased from 1 mM to 10 mM (NACl).  According to their results, by increasing 

ionic strength, the shape of BTCs becomes more asymmetric and retention of the particles increases, 

which is similar with our findings.  

 
Figure 8: Simulated and observed BTCs of C60 at different ionic strength (phase 1 and 2). The BTCs are simulated for only 

phase 1 and 2 

The ratio of eluted mass to the total injected mass into the column is decreasing by increasing 

ionic strength (Figure 9). At ionic strength 1.34mM, totally 97% of input mass is out of column after 

the three phases. While only 70% of input mass comes out of the column at ionic strength 60 mM after 

11 PV (five PV injection of C60 suspension+ three PV background solution+ three PV DI-water). 

During the experiments it was observed that the stability of C60 suspension is declining by addition of 

salt. At low ionic strength, the suspension was stable for 24 hour, but by increasing ionic strength the 
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particles aggregated faster and tended to sediment out of the suspension after few hours. Therefore 

physical forcing (straining) may be an effective mechanism for retention of some particles at high 

ionic strength. Yang et al. (2013) also reported that size of C60 aggregations increase at high ionic 

strength as a result of reducing zeta potential.  

Figure 9: Proportion of the outflow particles during (a)phase 1 and 2 (b) phase3, to the total input particles into the column 
(The values are the average of two of three replication of the experiments ±standard deviation) 

 

4.1.2 Effect of input concentration 

Two experiments (E10 and E11) were performed to study the effect of input concentration in transport 

of C60 and MWCNTs. In these experiments the ionic strength were adjusted at 60 mM and pH was 7. 

The observed results were used in the model to obtain the unknown parameters. The results for both 

materials have been discussed as follows:  

4.1.2.1 MWCNT 
The ionic strength of MWCNT suspension with concentration of 100 mg/l was adjusted at 60 mM 

using Sodium Phosphate buffer. The column experiment was performed for 11 PV (5 PV injection of 

MWCNT suspension followed by 3 PV background solution and end with 3 PV DI-water). The 

resulting BTC were compared with BTC of Experiment E9 which had approximately 14 times lower 

input concentrations (Figure 10). The early appearance of MWCNT in the effluent was at 0.67 PV, at 

the same time with conservative tracer test and experiment E9. The relative concentration then 

increased rapidly until they reached a plateau with lower increasing rate. The relative concentration at 

this point was higher than for same conditions in experiment E9. In the plateu stage (after approx. 1 

PV), the relative concentration increased with a higher rate in experiment E11 than in experiment E9. 

The relative concentration of MWCNT in the effluent reached a maximum value of 0.92 at 5.53 PV in 

experiment E11, while it reached maximum value of 0.63 at 5.66 PV in E9. The retained mass in the 

0,2

0,4

0,6

0,8

1,0

0 20 40 60 80

M
as

s 
ou

t/
M

as
s 

in
 (

m
g/

m
g)

Ionic Strength (mM)

a

average

Upper limit

Lower limit

0,0

0,2

0,4

0,6

0,8

1,0

0 20 40 60 80

M
as

s 
ou

t/
M

as
s 

in
 (

m
g/

m
g)

Ionic Strength (mM)

b

average

Upper limit

Lower limit



22 
 

column during phase 1 and 2 was two times higher when the input concentration was 7 mg/l compared 

to when it was 100 mg/l (40% of injected mass retained in E9 and 21.97% of injected mass retained in 

E11). These results suggest higher mobility of MWCNTs at high input concentration. 

 
Figure 10: Simulated (solid lines) and observed (dash lines) BTCs of MWCNT (ionic strength of 60mM and pH of 7) at 

different concentrations: 7 mg/l (E9) and 100 mg/l (E11). The BTCs are simulated for only phase 1 and 2 

On the other hand, the mass calculation at phase 3, when DI-water was injected into the 

column, shows that at higher input concentration (E11) only 31.82% of retained particle (retained 

particle in the sand column during phase 1 and 2) are remobilized at phase 3 while at lower input 

concentration (E9), 72.8% of the retained particles remobilized after injection of DI-water into the 

column. It indicates that attachment of more than 70% of deposited particle at higher input 

concentration is irreversible and cannot be due to a secondary energy minimum. These may be related 

to larger aggregation of the particles at higher concentration that results to promote straining 

mechanism or even gravitational sedimentation.  

These results indicate that input concentration has significant impact on transport of 

MWCNTs and higher input concentration results in less retention and high mobility of the MWCNT 

particles. This is consistent with the findings of Kasel et al. (2013). They also observed that shape of 

BTCs is much steeper for higher input concentration which could be explained by blocking behavior. 

Retention sites fill up over time faster when concentration is higher.   

4.1.2.1 C60 Nanoparticles 

Experiment E10 was performed to examine the effect of input concentration on transport behavior of 

C60 particles. The concentration of C60 particles in the injected suspension was about 100 mg/l and 

ionic strength was adjusted to 60 mM using Sodium phosphate buffer. The resulting BTC then was 

compared with the results of experiment E5 which had same condition but lower input concentration 

(Figure11). The BTCs differ both in shape and height. This indicates that at higher input concentration 
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C60 particles are more mobile. The breakthrough curve at E10 was retarded with upper maximum 

relative concentration. During phase 1 and 2, 32.5% of the total injected mass of C60 has been 

observed in the effluent at the lower input concentration (7mg/l), while the outflow mass was two 

times higher (61.78%) at higher concentration (100mg/l).  

. 

 
Figure 11: Simulated (solid lines) and observed (dash lines) BTCs of C60 at different concentrations: 7 mg/l (E5) and 100 

mg/l (E10). The BTCs are simulated for only phase 1 and 2  

At phase 3 when DI-water was injected into the column, only 13 % of retained particles in the 

column remobilized while this value was 63.8% at lower input concentration. This is probably due to 

improving effect of straining or physically forcing mechanisms at higher concentration. 

The BTC of E10 is retarded in compare with BTC of E5. Retardation at the high concentration 

suggests that site blocking is an operative mechanism. As retention sites fill with time rapidly, because 

of high concentration of particle, after a while the concentration of particle increases in the effluent. 
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4.2 FBP 
A column experiment was performed to investigate the transport of FBP. The ionic strength of the 

sample was estimated to be 60 mM (chapter 3.4) and the pH was adjusted at 7 with hydrochloric acid. 

The BTC shape was asymmetric and the first appearance of particles in the effluent was observed at 

0.66 PV (Figure 12). Relative concentration of FBP particle in effluent increased rapidly until reached 

the plateau and then gradually increased to the maximum value of 0.92 at 5.7 PV. At total 11 PV 

(phase 1, 2 and 3) 90% of the injected mass was recovered in the effluent. Around 10% of the injected 

mass was retained in the sand column (during phase 1 and 2) in our experimental conditions which 

indicates that FBPs are highly mobile.  

Only 12.32% of the retained mass in the column were remobilized after injection of DI-water 

into the column. This indicates that the portion of the particles which were retained in the column was 

irreversibly attached or was trapped due to physical forcing (straining). 

 

 

Figure 12:  Simulated (solid lines) and observed (dash lines) BTC of FBP at ionic strength 61.12 mM and pH =7. The BTC is 
simulated for only phase 1 and 2  
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4.3  Simulated Results 
The model which incorporates traditional colloid filtration theory with a site-blocking term and a 

detachment rate was in a good agreement with the experimental results (chapter 2.2).  

The observed data of all column experiments were used in the model to simulate breakthrough 

curves of MWCNT, C60 and FBP. The conservative tracer test results were used to find dispersivity of 

the medium. The values of detachment rate and site blocking term were assumed to be zero while 

attachment efficiency and dispersivity were fitted to the observed breakthrough curve. The RMSE for 

the resulting fit was 0.044 which is an acceptable fit (Figure A5, in Appendix). The fitted dispersivity 

with the observed breakthrough curve of the tracer element was 0.0026 m. Since dispersivity is a 

medium dependent parameter which depends on porosity and the uniformity of the grain size (Xu and 

Eckstein, 1997),the obtained value (0.0026) was kept constant for the rest of the simulations, because 

the porous media characteristics were kept constant during the experiments.  

The theoretical single collector efficiency (η) was calculated for MWCNT assuming both end 

contact (5.93×10-3) and side contact (5.39×10-3) (chapter 2.2). From these calculations it was 

concluded that the dominated mechanism is diffusion, which is independent of orientation, and the 

effect of interception and gravitational sedimentation is very small which was consistent with findings 

of previous study by (Wang et al. 2008). Therefore the difference between the calculated single 

collector efficiencies values for end and side contacts were relatively small. Thus, it was assumed that 

the attachment of MWCNTs was through side contact with the collector.  

Single collector efficiency calculations for C60 particles also confirm that the dominated 

mechanism which is responsible for transport of the nanoparticles to the surface of collector is 

diffusion (99.7%). To calculate theoretical single collector efficiency for FBP, it was assumed that the 

particles were spherical. The average diameter of FBPs was estimated to be 200 nm from a SEM 

image of the particles (Figure A4).  

For experiment E1 to E11, α1 (dispersivity) was kept constant at 0.0026 and kdet (detachment 

rate), α (attachment efficiency), Smax (maximum adsorption capacity) were fitted to the observed 

breakthrough curves. The fitted parameters together with the root mean square error of the fitting are 

given by table 6. 

The RMSE values show that the model is able to describe the experimental results. However 

the model is not capable to predict retardation of C60 particle at experiment E10. Therefore the RMSE 

value is relatively high for this experiment simulation. The obtained value of Smax at low ionic strength 

(1.34 mM) for C60 in this study were similar in order of magnitude with the results of a study by Li et 

al. 2008. Comparing the simulated parameters of all experiments, it was observed that the Smax value 

increased with increasing ionic strength. The Smax values for MWCNT were one order of magnitude 

greater than previous results for MWCNT particles (Mattison et al. 2011) .  

Attachment efficiency (α)and Smax are functions of chemical and hydrodynamic factors such as 

pH, ionic strength and pore water velocity(Mattison et al. 2011). Smaller Smax refers to fewer site-
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blocking occurrences. The results suggest that by increasing ionic strength, Smax have increased and 

the site-blocking mechanism become more operative (Figure 13). It is probably due to lowering of the 

repulsive energy between sand and particles at higher ionic strength and increase in the particle 

attachment at secondary energy minimum. At ionic strength 1.34 mM the value of Smax is greater for 

MWCNT than for C60, but the value of Smax becomes greater for C60 than for MWCNTs at higher ionic 

strength.  

 

Table 6:  Fitted parameter and their RMSE 

Experiment Particle Concentration 
(mg/l) 

IS 
(mM) 

α Smax Kdet α1 

(m) 
RMSE 

E0 - 2 (NACl) 2 5.6×10-3 0 0 2.60×10-3 0.061 

E1 C60 7 1.34 9.15×10-3 9.41×10-5 3.42×10-5 2.60×10-3 0.061 

E2 C60 7 10.89 1.47×10-2 3.51×10-4 1.10×10-5 2.60×10-3 0.083 

E4 C60 7 32.7 2.82×10-2 6.23×10-4 3.49×10-6 2.60×10-3 0.031 

E5 C60 7 60 2.66×10-1 6.30×10-4 3.33×10-6 2.60×10-3 0.021 

E6 FBP 3.8 61.12 8.79×10-2 3.15×10-4 3.45×10-5 2.60×10-3 0.302 

E7 MWCNT 7 1.34 8.71×10-2 1.80×10-4 2.20×10-5 2.60×10-3 0.268 

E8 MWCNT 7 10.89 1.41×10-1 2.47×10-4 3.06×10-6 2.60×10-3 0.072 

E9 MWCNT 7 60 3.06×10-1 6.13×10-4 1.26×10-5 2.60×10-3 0.060 

E10 C60 100 60 6.47×10-1 1.53×10-4 1.12×10-5 2.60×10-3 0.372 

E11 MWCNT 100 60 2.61×10-1 3.1×10-4 1.67×10-6 2.60×10-3 0.075 
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Increasing ionic strength is related to increasing Smax  and α, for both C60 and MWCNTs in 

our experiments, which has also been observed in previous studies (Zhang et al. 2012). This trend 

indicated that increasing ionic strength results in greater attachment rate and more attachment sites.  

 

   

  
Figure 13: Relationship between ionic strength, Smax and Attachment efficiency for MWCNTs and C60 
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4.4  DLVO energy profiles 
The mechanisms responsible for retention and transport of nanoparticles at different chemical 

conditions in the experiments were investigated using DLVO energy profiles. The used parameters 

and values for these calculations were reported previously in chapter 2.1. The possible mechanisms 

that contributed to retention of particles in the media are aggregation, a primary energy minimum, a 

secondary energy minimum, straining or gravitational sedimentation. In order to examine 

remobilization of the retained particles in the sand column during phase 1 and 2, three pore volume 

DI-water was injected into the column (phase 3). Theoretically, attachment of particles to the collector 

due to secondary energy minimum is reversible. Therefore, they tend to release into the water and 

transport out of the column at very low ionic strength (zero). Thus it was possible to examine the role 

of secondary energy minimum for retention of the particles in the media at different ionic strengths.  

All BTCs of the experimental data (MWCNT, C60 and FBP experiments) showed a secondary 

peak at 9.2 pore volumes which is 1.2 PV after injection of di-water into the column. The peak went 

up with increasing ionic strength (Figure 4, 7 and 12).  Mass calculations indicated that by increasing 

ionic strength more particles were retained in the column during phases 1 and 2. At low ionic strength 

(1.34 mM) 59.96 % of the retained MWCNT particles were remobilized during phase 3, while this 

percentage increased to 76.32% at high ionic strength (60 mM). On the other hand, a different trend 

was observed for C60 particles. At ionic strength 1.34, about 68% of the retained particles were 

remobilized at phase 3, while at higher ionic strengths this value decreased to 54% of total retained 

particles. These results show that with increasing ionic strength, a reversible attachment mechanism 

becomes dominant for MWCNT retention.  While for the C60 particles the dominant mechanism leads 

to irreversible attachment.  

Table 7:  Percentage of the retained particles during phase 1 and 2 which remobilized after DI-water injection 

IS (mM) Concentration 
(mg/l) 

MWCNT (%) C60 (%) FBP (%) 

1.34 7 mg/l 62.39 68.21  

10.89 7 mg/l 71.5 54.20  

32.7 7 mg/l  52.39  

60 7 mg/l 75.56 54.48  

60 ≥100 mg/l 31.82 13.95 12.32 

 

In the DLVO energy profiles of both C60 and MWCNTs (Figure 14, 15 and 16) it was 

observed that at low ionic strength the energy barrier is very high and the separation distance is very 

close at primary energy minimum so the particle should have relatively high energy and be very close 

to the collector to allow irreversible attachment to occur. A secondary energy minimum was not also 

observed at low ionic strength. As ionic strength increases a primary energy minimum and secondary 

energy minimum become more effective because: first, the energy barrier is declining, second, the 

separation distance range where primary energy minimum occurs is increasing, and the secondary 
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energy minimum is happening in a bigger distance range.  These observations indicate that the effect 

of secondary energy minimum and primary minimum is increasing with increasing ionic strength 

(Figure 14 a, b and c). The primary energy minimum, which results in irreversible attachment between 

collector and particle, occurred in a separation distance less than 0.5nm (Figure 15 and 16). The fact 

that this distance is increasing by increasing ionic strength, means that at higher ionic strength 

attachment at primary energy minimum can happen in longer separation distance than lower ionic 

strength. For example, for MWCNTs at ionic strength 1.34 mM, irreversible attachment can occur 

only if the particle is up to 0.01 nm away from the collector (Figure 15). While at ionic strength 

60mM, the particle can irreversibly attach to the collector even if they have 0.41 nm separation 

distance. Therefore the chance for both irreversible and reversible (primary and secondary energy 

minimum) attachment increases with increasing ionic strength. These observations can explain the 

increasing retention of particles with ionic strength in the experimental results.  

 

Figure 14: DLVO net energy profile: energy distribution versus the distance of particles [(a) MWCNT (Diameter), (b) 
MWCNT (Length), (c) FBP and (d) C60 and collector under different ionic strength. 
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The mass calculations (table 7) show that even after 3 PV injection of water, 30 to 50% of 

retained particles are still trapped in the column. The observed data from experiments show that after 3 

PV injection of water the relative concentration of particles in the effluent does not reach the 

background level. Therefore it is rather difficult to confirm the mechanism that causes retention of 

these trapped particles. To be sure about the effective mechanism, phase 3 of the experiments should 

be prolonged until the relative concentration reaches background. If we assume the decreasing 

tendency continues until background concentration between 20 to 40% of the particles would be  

 
Figure 15: DLVO energy profile. Secondary energy minimum at different ionic strength for MWCNT. Dashed lines are 

calculated based on length of particles and solid lines are based on diameter of the particles 

 
Figure 16:  DLVO energy profile. Secondary energy minimum at different ionic strength for C60 particles 
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trapped in the sand column. The possible mechanisms can be primary energy minimum and straining.  

At high ionic strength, both primary and secondary energy minimum become dominating mechanism 

for attachment. On the other hand the stability of particles in solution at high ionic strength was also 

critical in this study. It was observed that the MWCNT solution was stable for several days even for 

60mM of ionic strength. However, C60 solution at higher ionic strength (10.89 and 60mM) was semi-

stable and aggregated C60 particles were observed in the bottle after few hours after their preparation. 

By augmenting the size of aggregates, the straining mechanism and gravitational sedimentation 

become more effective mechanisms for retention of particles. We can conclude that straining and 

gravitational sedimentation are two mechanisms that cause more irreversible retention of C60 particles. 

In a previous study by Mattison et al. (2011), it has been observed that straining is a minor 

mechanism for retention of MWCNT particles. The DLVO calculation using Hamaker constant  for 

C60 particle shows minimum importance of  secondary energy minimum  in C60 retention in a study by 

Li et al. (2008).  

The energy profile of FBP shows a very low energy barrier which indicates that if particles 

have even very low energy at a distance closer than 0.91nm, an irreversible attachment can happen at 

primary energy minima. Therefore only a very small portion of the retained particles remobilized 

during phase 3. 
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4.5  Effect of particle shape  
MWCNT and C60 both are carbon-based nanoparticles with different shapes. One important purpose of 

this study was to explore how mobility of MWCNT and C60 differs under similar chemical and 

physical conditions. For that reason, two similar sets of column experiments were conducted using 

MWCNT and C60 suspensions (Figure 17). Experiment E7 and E1 both were performed at pH of 7 and 

ionic strength of 1.34mM. The resulting BTCs were similar and both relative concentration of particle 

in the effluents reached the maximum value of 0.88.  In experiments E8 and E9, the ionic strength was 

increased to 10.89 mM and the other conditions were kept constant. The results showed slightly higher 

mobility of C60 in this condition. At ionic strength 1.34 mM and 10.89 mM, the breakthrough curves 

for both types of nanoparticles were very similar even though the C60 particles were slightly more 

mobile than MWCNTs. At high ionic strength (60 mM), the behavior looked different. Here 

MWCNTs were considerably more mobile than C60. Relative concentration of MWCNTs in effluent 

reached to maximum value of 0.7 while the maximum was 0.4 for C60 particles. The shape of BTC 

was also different at elevated ionic strength. The rate of increasing relative concentration was greater 

for MWCNT. As the concentration of salt in the suspension increases, the difference between 

breakthrough curves became more visible (Figure 18).  

The mass calculations also revealed that at high ionic strength (60mM) 75.56% of retained 

MWCNT particles remobilized at phase 3 while this value was only 54% for the C60 particles (table 7). 

Extreme amount of irreversible attachment of C60 particles in the media suggests physical forcing 

(straining) or primary energy minimum are the responsible mechanism for the retention.  

 

Figure 17: Comparing observed BTCs of MWCNT and C60 under various ionic strengths.  
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Figure 18:  Fraction of nanoparticle mass in the effluent to the total injected mass into the column at different ionic strength. 
The fraction is higher for C60 at lower IS and for MWCNT at higher ionic strength 

Aggregation of the C60 particles in the sand column which can enhance straining mechanism 

could be one of the reasons responsible for more irreversible retention of these particles. Straining can 

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

2002). Even though the size of MWCNTs and C60 were not measured using appropriate imaging 

methods the characteristics of MWCNTs were obtained from product information given by 

manufacture (25 nm diameter and 1.25 μm length) and C60 particle size was also adopted from the 

published articles which used same preparation method as our study (160 nm diameter). The ratio of 

particle diameter to collector diameter (d50 = 325 μm) considering length of MWCNT is 0.0038 and 

considering diameter is 0.000076. The ratio is 0.00049 for C60 particles. The ratios are below or close 

to the critical ratio. The initial C60 suspension used in this study (before addition of salt) was stable for 

24 hours and no aggregation was observed during this period. However after addition of the salt the 

particles tended to aggregate. Therefore the salt was added to the suspension just few minute before 

conducting each experiment. It was observed that this instability was elevated by increasing the 

amount of the added salt.  

At high input concentration also MWCNTs were more mobile than C60 particles. The mass 

calculation indicates that after injection of DI-water into the column, 31.82% of retained MWCNT 

remobilized which is higher in comparison with of 13.95% of remobilized C60 particles. This can be 

also as a result of larger aggregation and further straining. 
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Figure 19: Comparing observed BTCs of MWCNT, C60 and FBP (pH = 7, ionic strength=60 mM, input concentration≥100 
mg/l) 

The BTC of Experiments E6, E10 and E11 are illustrated by figure 19. These experiments are 

conducted in same conditions (chemical and physical conditions) in order to compare transport 

behavior of them. The concentration of MWCNT and C60 in the injected suspension was 100 mg/l.  

Concentration of solid phase in the FBP suspention was estimated to be 3.5 g/l.   
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5 Conclusion 
The aim of this study was to investigate transport behavior of two types of carbon-based nanoparticles 

(MWCNT and C60) and compare it with transport of a sample of fire born particles through saturated 

porous media. Several column experiments were conducted in order to examine the effect of ionic 

strength and input concentration on transport of MWCNTs and C60. All the experiments were 

conducted at pH of 7, pore-water velocity of 7.5m/d and the ionic strength was varied from 1.34mM to 

60 mM. The effect of input concentration was also examined by conducting experiments at 100 mg/l 

as high and 7 mg/l as low input concentration.  

After the comparison of the two types of carbon-based nanoparticles (C60 and MWCNT), it 

was observed that at low ionic strength (1.34 and 10.89 mM) C60 was slightly more mobile than 

MWCNTs. While at high ionic strength, the mobility of MWCNTs was significantly higher than that 

of C60 particles. About 50% of the retained C60 particles in the column were not remobilized after 

injecting of DI-water. This suggests that irreversible attachment between the nanoparticles and sand 

grains became more abundant at higher ionic strength. Straining and gravitational sedimentation are 

two possible mechanisms which may have been enhanced due to formation of larger aggregates of C60 

nanoparticles at high ionic strength. FBP had higher mobility than engineered nanoparticles.  

The experimental observations revealed that the concentration of nanoparticles had an 

important role in their transport behavior. Both the mobility of the particles, as inferred from the 

observed retention behavior and the shape of the BTCs were affected by changing the input 

concentration. Increasing input concentration led to increase in mobility of nanoparticles (both 

MWCNT and C60). The observed BTC at higher input concentration had more asymmetric shape 

which can be explained by the effect of site blocking. When the concentration of particles was high, 

the retention sites filled up faster and caused a high amount of retention during early times. Over time, 

when the available sites became full the retention decreased and concentration of particle in the 

effluent increased. In the simulations that considered CFT, the inclusion of a site blocking term and a 

detachment rate produced good agreement with the observations.  

More research is required to establish a quantitative relationship between the effect of ionic 

strength and input concentration on transport of MWCNT and C60 through saturated porous media. It 

was rather difficult to link the observed differences between transport behavior of MWCNT and C60 

nanoparticles to the shape of the particles. Imaging methods may help to monitor the exact shape and 

size of the nanoparticles inside the sand column, as well as in the inflow and outflow solution. 

The results of this study suggest that MWCNT, C60 and also FBP are highly mobile in sandy 

saturated environments. Therefore the risk of their transport to depth and contamination of aquifers is 

considerable.  
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Appendix 
 

Table A1: Chemical analysis of sample from fire location (filtered from 11 μm nylon filter) (Alcontrol laboratories, 
Linköping, Sweden) 

Method Component concentration(μg/l) STDEV 

GC/MS Acenaphthene 1.3 ±0.3 

GC/MS Acenaphthylen 12 ±2.4 

GC/MS Naphthalene 6.2 ±1.2 

calculated PAH-L, total 20  

GC/MS Anthracene 11 ±2.2 

GC/MS Phenanthrene 55 ±11 

GC/MS Fluoranthene 25 ±5 

GC/MS Fluorene 5.7 ±1.1 

GC/MS Pyrene 22 ±4.4 

calculated PAH-M, total 120  

GC/MS Benzo (a) anthracene 5.6 ±1.1 

GC/MS Benzo (a) pyrene 3.3 ±0.7 

GC/MS Benzo (b) Fluoranthene 5.5 ±1.1 

GC/MS Benzo (k) Fluoranthene 1.3 ±0.3 

GC/MS Benzo (ghi) Perylene 1.6 ±0.3 

GC/MS Chrysene / Triphenylene 7.6 ±1.5 

GC/MS Dibenzo (a, h) Anthracene 0.4 ±0.1 

GC/MS Indeno (1,2,3-cd) Pyrene 1.9 ±0.4 

calculated PAH-H, total 27  

calculated PAH ,Carcinogenic 26  

calculated PAH, Total others 140  

ISO 17294 As 12 ±3.0 

ISO 17294 Ba 13000 ±3300 

ISO 17294 Pb 320 ±80 

ISO 17294 Cd 4.9 ±1.2 

ISO 17294 Co 95 ±24 

ISO 17294 Cu 650 ±160 

ISO 17294 Cr 140 ±35 

ISO 17294 Ni 140 ±35 
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Calculation of Ionic strength of Sodium phosphate buffer solution 

Molecular weight of Na=23, H=1, P=31 and O=16, therefore the molecular weight of 

NaH2PO4 H2O is equal to 138 and the molecular weight of Na2HPO4.7 H2O is equal to 268. 13.8 g of 

NaH2PO4 H2O has been added to 100ml DI water to prepare 1M solution A. 14.2 g of Na2HPO4 .7H2O 

has been added to 100ml DI water to prepare 0.53M solution B.  42.3ml of solution A and 57.7 ml of 

solution B has been mixed to prepare 100ml of 0.729M buffer solution. The concentration of NaH2PO4 

H2O is 0.423M and the concentration of Na2HPO4 .7H2O is 0.306M in the new solution. 

1
42.3	
100	

0.423  

0.53
57.7	
100	

0.306  

Total concentration of sodium phosphate in DI water is 0.729M. Considering the dissociate reaction, 

pH of the solution can be calculated: 

H2PO4
- <==> HPO4

2- + H+ 

    ; At room temperature  equals to 7.21 

7.21
.

.
     ; PH=7.07 

Ionic strength calculation considering following formula: 

1
2 	  

[Na+] = 0.306M (two sodium in Na2HPO4) and 0.423M (one in NaH2PO4). 

[HPO4
2-] = 0.306M 

[H2PO4
-] = 0.423M 

IS=1/2{(2(0.306) +1(0.423)) (1)2 + (0.306) (-2)2 + (0.423) (-1)2} = 1.341 M 

Ionic strength of 0.729M solution is 1.341M.  If the solution diluted by the factor of 1000 (0.5 ml 

/500ml DI water), the IS would be 1.341mM. If diluted by the factor of 125 (4ml/500ml), the IS would 

be 10.888. 
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Pump calibration  

Using several nominal rate of the pump and pumping water for 10 minute, the actual rate were 

calculated by measuring the weight (which is equal to volume) of the pumped water. The calibration 

curve and its related equation are given by figure A1. For the experiments in this research the nominal 

pump rate was selected to be 0.517ml/min in order to achieve actual rate of 1 ml/min. 

 

Figure: A1 Pump calibration trend line and its related equation 

Pipe effect correction 

The volume of solution in the pipe between the fraction collector and the spectrophotometer, 

cause a time shift between their measurements. Therefore the measurements of both 

spectrophotometer and the fraction collector measurements have been plotted to find the time that 

should be corrected in tracer test data. After plotting both data a shift of around 10 minute has been 

estimated. 

 

Figure A2: Absorption measurements of tracer test effluent, by spectrophotometer, both automatically and manually after 
passing a pipe to fraction collector   
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Figure A3: Matched curves of the manually and automatically measurements of tracer test after pipe correction 

 

 

Table A2: Mass calculation results of all experiments (with repetitions) 

 Mass out/Mass in % 

Experiment Total phase 1&2 phase 3 
E1.1 97.12 90.36 6.76 
E1.2 96.64 89.43 7.21 
E2.1 95.18 84.64 10.55 
E2.2 91.94 82.40 9.54 
E4.1 65.10 41.36 27.74 
E4.2 71.46 40.05 31.41 
E4.3 66.47 42.18 24.29 
E5.1 63.71 22.02 40.69 
E5.2 70.58 20.19 50.39 
E5.4 69.27 32.51 36.76 
E5.5 76.58 32.69 43.88 
E6.1 90.01 88.59 1.42 
E6.2 90.16 88.36 1.81 
E7.1 95.83 89.06 6.76 
E7.2 95 87.59 7.41 
E8.1 90.58 78.94 11.64 
E8.2 94.47 80.6 13.87 
E9.1 87.9 58.15 29.75 
E9.2 72.65 44.38 28.27 
E9.3 90.76 62.19 28.57 
E10 67.16 61.87 5.29 
E11 85.3 78.03 7.26 
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