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Carbon nanotubes (CNTs) have been one of the most studied nanoparticles and 

incorporated into various consumer products. It has been reported that CNTs can enter 

groundwater systems by accidental or intentional release into the subsurface. As 

transport mechanisms of CNTs are not well understood, investigation on mobility of 

CNTs in the subsurface will be helpful to define disposal regulations of CNTs. The 

objective in this study is to investigate the effect of solution chemistry (pH and ionic 

strength) and physical factors (collector grain size and flow rate) on the transport of 

multi-walled carbon nanotubes (MWCNTs). One-dimensional convection-dispersion 

model incorporated with collector efficiency for cylindrical nanoparticles was used to 

simulate the transport of MWCNTs in porous media. It was observed that higher pH 

led to increase in mobility of MWCNTs. The critical point of ionic strength for 

MWCNTs getting mobilized was narrowed down in the range of 2 to 5 mM. It was 

observed that the finer porous media could retain more nanoparticles. The decrease in 

pore water velocity resulted in a clear retardation, lowered the hydrodynamic force 

acting on the particles and led to more retention. 
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Abstract 

Carbon nanotubes (CNTs) have been one of the most studied nanoparticles and 

incorporated into various consumer products. It has been reported that CNTs can enter 

groundwater systems by accidental or intentional release into the subsurface. As 

transport mechanisms of CNTs are not well understood, investigation on mobility of 

CNTs in the subsurface will be helpful to define disposal regulations of CNTs. The 

objective in this study is to investigate the effect of solution chemistry (pH and ionic 

strength) and physical factors (collector grain size and flow rate) on the transport of 

multi-walled carbon nanotubes (MWCNTs). One-dimensional convection-dispersion 

model incorporated with collector efficiency for cylindrical nanoparticles was used to 

simulate the transport of MWCNTs in porous media. It was observed that higher pH 

led to increase in mobility of MWCNTs. The critical point of ionic strength for 

MWCNTs getting mobilized was narrowed down in the range of 2 to 5 mM. It was 

observed that the finer porous media could retain more nanoparticles. The decrease in 

pore water velocity resulted in a clear retardation, lowered the hydrodynamic force 

acting on the particles and led to more retention. 
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1 Introduction 

1.1 Background 

As the nanotechnologies are developing, nanomaterials such as fullerene have already 

been widely used in industrial and commercial field (Maynard et al., 2006). 

Nanomaterials represent a significant breakthrough in material design and 

development for industry and consumer products, including cosmetics, stain-resistant 

clothing, pesticides, tires, and electronics, as well as in medicine for the purpose of 

diagnosis, imaging and drug delivery (Mauter et al., 2008). Within the concerns of 

engineered nanoparticles (ENPs), carbon nanotubes (CNTs) have been one of the 

most studied nanoparticles. CNTs are a long and cylindrical form of fullerenes with a 

length range from 100 nanometers to 10 micrometers composed entirely of carbon. 

They have unique properties that lead to their use in many applications (e.g., 

electronics, optics, cosmetics, and biomedical technology) (Chen et al., 2009). With 

increased use, there is an increase in potential risk to human health as well as adverse 

ecological consequences following dispersal to the environment (Klaine et al. 2008; 

Wiesner and Bottero 2007). Recent studies have reported toxic effects of CNTs on 

living organisms and potential risks of CNTs to the ecosystem by entering into the 

food chains, since CNTs are hard to biodegrade in the environment (Petersen et al., 

2011). Unfortunately, it is inevitable that CNTs can enter the environment through 

improper disposal or incidental leakage. Even with barrier systems, it is still unclear 

that the barrier could stop the filtration of CNTs. Thus, there is a possibility that CNTs 

may enter into groundwater, reservoirs, and river systems. 

Colloid filtration theory (CFT) has been widely used in the literature to explain the 

flow and transport behavior of colloids/nanoparticles (mostly spherical particles) in 

subsurface systems (Yao et al., 1971). According to traditional colloid filtration theory, 

the transport of CNTs is finite and governed by interception, Brownian diffusion, and 



2 

 

gravitational sedimentation. The removal mechanisms include, site blocking 

(retention due to primary minimum), straining, porous media charge heterogeneities, 

colloid surface charge variation and secondary energy minimum (see Chapter 2.5). 

Zhou et al. (2011) suggested that increased deposition of colloids occurs with an 

increase in solution pH as well as colloid collision efficiency α (see Chapter 3). 

Bradford et al. (2007) suggested that greater retention occurs with higher ionic 

strength due to an increase in the attractive force (van der Waals force) between 

colloids and collector surfaces as well as an increase in deposition at the secondary 

energy minimum, which is consistent with DLVO theory. It has also been pointed out 

that the effluent concentration decreases with larger ratio of media grain size to 

colloid size because of increased straining (Bradford et al., 2002). However, several 

studies on engineered nanoparticles have found that CFT did not fully explain the 

experimental results (Liu et al., 2009). The reason might be that CFT assumes that 

both collectors and colloids are spherical but, in fact, most nanoparticles are 

non-spherical, such as CNTs, which are cylindrical (Li et al., 2008). Another reason 

might be that the studied colloids are in the scale of nanometers, and thus are smaller 

than traditional colloid particles. 

The unfunctionalized CNTs are extremely hydrophobic and tend to aggregate in 

aqueous solutions (Tasis et al., 2003). It has been reported that dispersed CNTs (To 

generate the hydrophilicity and stability of CNTs in the aqueous solution, the treated 

CNTs are also called functionalized CNTs. The procedures in details are seen in 

Chapter 2.1) which are more stable in the solution are used for biomedical purposes 

(Shen et al., 2009). One of the applications in the biomedical field is drug delivery. 

Here it is essential that the CNTs remain dispersed and mobilized to make sure that 

can be delivered within the human body (Sahithi et al., 2010). On the other hand, as 

the consumer products containing CNTs are already available in the market, there are 

also studies focusing on how to immobilize the CNTs in order to stop them from 

entering aquifers and contaminate drinking water (Petersen et al., 2008). Given the 

fact that the disposal regulations of CNTs are not well defined and transport 
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mechanisms are poorly understood, an improved understanding of mobility of CNTs 

is necessary to formulate appropriate disposal systems (Gottschalk et al., 2009). 

Therefore, it is important to study and understand the fate and transport of CNTs in 

porous media and the effects of various physical and chemical factors.  

There are generally two types of CNTs: multi-walled carbon nanotubes (MWCNTs) 

and single-walled carbon nanotubes (SWCNTs). SWCNTs are single-layered graphitic 

cylinders with diameters only on the order of a few nanometers. MWCNTs 

uncertainly have from 2 to 30 concentric cylinders with outer diameters from 30 to 50 

nm (Petersen et al., 2011). A large number of studies have been done on SWCNTs. 

Nevertheless, considering the diameter of MWCNTs is one or two orders of 

magnitude larger than SWCNTs, the transport of MWCNTs in the porous media still 

needs to be investigated. There are few studies about the transport of MWCNTs in the 

porous media. Liu et al (2009) suggested that the pore water velocity is a factor which 

strongly influences the MWCNTs transport observed in their column result. Moreover, 

they also developed a new method to calculate the collector efficiency for cylindrical 

particles and spherical collector in order to incorporate an adsorption blocking term 

with the model based on traditional CFT in the numerical simulation, which greatly 

improved the model fits. Mattison et al. (2011) pointed out that retention of MWCNTs 

increases with decreasing grain size of collector since the surface area for particle 

deposition increased with decrease in grain sizes (16). Yi et al. (2011) suggested that 

the higher oxidized MWCNTs (HO-MWCNTs) are easier to aggregate than the lower 

oxidized MWCNTs (LO-MWCNTs) in the monovalent electrolyte due to the 

HO-MWCNTs have a higher surface charge density.  

1.2 Objectives 

Despite the research on effect of collector grain size and flow rate on transport of 

MWCNTs in porous media are available, investigations on the effect of solution 

chemistry (such as pH and ionic strength) on possible deposition onto the collector 



4 

 

surfaces are still lacking. Solution chemistry such as pH and ionic strength can have a 

large effect on the mobility of colloids in porous media and can therefore be critical 

for the spreading of CNTs in the environment as well as associated risks. High ionic 

strength (56 to 106mM) under unfavorable pH conditions for attachment (pH=10) 

results in a great retention of colloids (yellow-green fluorescent latex microspheres) in 

saturated porous media (Bradford et al., 2007).  

The main objective of this study was to investigate the effects of solution chemistry 

on the mobility of CNTs over a range of pH and ionic strength conditions and 

specifically determine under what conditions the particles become immobilized. The 

second objective was to further investigate the combined effect of solution chemistry 

and physical factors such as the grain size and pore-water velocity on the mobility of 

CNTs. To this end, a laboratory-scale column packed with acid-cleaned quartz sand 

was used to study the transport, retention and remobilization of MWCNTs while the 

parameters of interest were varied. Finally, the third objective was to test if existing 

theory of colloid filtration and attachment could describe the experimental 

observations over the range of tested conditions. This was done by simulating the 

experiments in a one-dimensional finite element model. The model was based on CFT 

with an additional site-blocking term developed for previous studies by Liu et al. 

(2009). 
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2 Materials and Methods 

2.1 Multi-Walled Carbon Nanotubes 

Multi-walled carbon nanotubes (MWCNTs) have diameters in the range of 30 to 50 

nm and length of 10 to 20 um, obtained from Cheap Tubes Inc. (Brattleboro, VT). In 

order to generate the hydrophilicity and maintain the stability of MWCNTs in the 

aqueous solution, the MWCNTs were functionalized by adding the carboxylic and 

hydroxyl groups using 3:1 volumetric ratio of sulfuric (with 95-97% purity) and nitric 

acids (70%). The mixture was placed in a bath sonicator for 2 hours, and then heated 

to 100℃ on a hot plate for another 5 hours. The functionalized MWCNTs suspension 

was filtered by using a 0.2 mm nylon filter membrane placed on the filter holder with 

the vacuum accelerating the filtration. Boiling deionized water was added to the 

solution of MWCNTs for several times to buff the solution. The MWCNTs were 

finally crapped out of the filter membranes and stored after dried in the desiccators 

until they were completely dry. 

For column experiments, a dispersed, functionalized MWCNTs solution was made by 

placing 5 mg of MWCNTs in a 300 mL beaker containing 200 mL of aqueous solution. 

The probe of Ultrasonic Homogenizer (Model 3000, BioLogics Inc. Manassas, 

Virginia) was placed in the beaker with 40% power output for 45 min (power output: 

0 - 300 WATTS). The dispersed solution of MWCNTs was then mixed with another 

800 mL of same aqueous solution to reach the concentration of 5 mg/L. The solution 

of dispersed MWCNT was sealed in the beaker and left for 24 hours to allow the 

solution to reach equilibrium. Experiments were conducted immediately following 

that period, and there were neither nanotubes agglomerates nor sedimentation 

observed on the sides or bottoms of the beaker. 
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2.2 Porous Media 

Quartz sands with 3 different grain size distributions (Sibelco Nordic, Baskarp, 

Sweden) were used in this study. It was sieved to fine (0.125–0.177 mm), medium 

(0.1.77–0.225 mm), and coarse (0.25–0.5 mm) sand by using appropriate size of 

standard sieves. To remove all the impurities, the sand was washed sequentially by 

hydrochloric acid (0.1M) solution for 10 minutes, and then flushed with tap water for 

30 seconds and rinsed by deionized water. The sand was then washed by 30% H2O2 

and deionized water with a volumetric ratio of 8 to 35 in the shaking flask for total 40 

minutes with stirring the sand every 10 minute. Finally, the sand was placed in the 

oven at 105℃ for 24 h after cleaning by deionized water for 5 times to ensure neutral 

pH. The rinsed, dry sand was stored in a clean plastic bottle. The hydraulic 

conductivity of the sand used in the experiments was determined using falling head 

method. The specific surface area of the sand was determined by assuming them as 

spherical. The average sand size, porosity, bulk density, hydraulic conductivity, and 

total surface area of sand in the column are listed in Table 1.  

Table 1 Information of Sand 

Distribution 

(µm) 

Average 

Diameter(µm) 

Porosity 

(-) 

Bulk 

Density 

(g/cm
3
) 

K(cm/day) Specific 

Area(m
2
/m

3
) 

350-250 300 0.40 1.65 1.18 520000 

250-177 211 0.44 1.65 0.77 744000 

177-125 150 0.44 1.65 0.56 1050000 

2.3 Aqueous Solution Chemistry  

Three aqueous solutions were employed with 3 different pH values, which were 5, 7 

and 10 respectively. Aqueous solution with 5 different ionic strengths which are 10 

mM, 8 mM, 5 mM, 2 mM and 0.1 mM, was also induced in this study. The 
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experiments for flow rate and grain size were conducted under the condition of pH = 

5 and ionic strength (IS) = 2 mM. There were also other combinations. The details are 

shown in the Table 2. 

Table 2 Summary of experimental condition. 

Experiment  

Label 

Ionic 

Strength 

(mM) 

pH Grain Size 

(µm) 

Flow Rate 

(cm/min) 

Pore Water 

Velocity 

(m/day) 

Exp. A 2 5 300 1.08 15.5 

Exp. B 2 5 300 0.36 5.17 

Exp. C 2 5 300 0.12 1.71 

Exp. D 2 5 211 1.08 15.5 

Exp. E 2 5 150 1.08 15.5 

Exp. F 2 7 300 1.08 15.5 

Exp. G 2 10 300 1.08 15.5 

Exp. H 0.1 5 300 1.08 15.5 

Exp. I 10 5 300 1.08 15.5 

Exp. J 8 5 300 1.08 15.5 

Exp. K 5 5 300 1.08 15.5 

2.4 Column Experiments  

A glass column (Chromaflex Inc.) with 2.5 cm in diameter and 15 cm in length was 

used in the experiment. A single-layer filter membrane (20 m) was used on both side 

of the glass column in order to stop the sand from entering into tube and make the 

aqueous flow homogenously distributed. The corresponding tubes were flushed and 

filled with background solution or solution of MWCNTs to remove air bubbles before 

the experiment. The quartz sand was wet-packed into a cylindrical sand column until 

10 cm in height. IPC high precision multichannel (8 channels) pump (Ismatec, 
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Glattbrugg, Switzerland) was used for solution injection. The peristaltic pump used in 

the column experiment was calibrated and the calibration curve of flow rate versus 

pump speed is shown in Figure 1. 

 
Figure 1 Calibration curve of flow rate versus pump speed 

One 3-way valve was used to control the type of liquid flow (MWCNTs solution or 

background solution) and same valve was used at the connection between the glass 

column and the pump to remove air bubbles. 

 

Figure 2 Experimental setup of flow through column experiment 
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The column effluent was collected by a CF-2 fraction collector (Spectrum 

Chromatography, Houston, TX) and the concentration was measured by a DR 5000 

UV-VIS Spectrophotometer (HACH LANGE GMBH, Düsseldorf, Germany) at a 

wavelength of 400 nm. A calibration curve of concentration of MWCNTs versus 

absorbance was shown in Figure 2. 

 

Figure 3 Calibration curve of MWCNTs concentration versus absorbance 

A number of tracer tests (using Brilliant Blue) were conducted to obtain the 

breakthrough curve (BTC) with different collector grain sizes and flow rates, which 

was consistent with the MWCNTs experiment. 

Before the experiment started, columns were flushed with the corresponding aqueous 

solution with high pump speed for 10 pore volumes. Then the flow rate was reduced 

to the experimental flow rate for 2 pore volume. Once the absorbance of the effluent 

sample had reached background levels (absorbance <0.004), the experiment is ready 

to start. The MWCNTs solution was firstly injected for 4.32 pore volumes, and then 

the sand column was flushed with background solution for another 4.32 pore volumes. 

Finally, DI water was injected for 4.32 pore volumes in order to lower down the ionic 
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2.5 DLVO Theory  

Derjaguin-Landau-Verwey-Overbeek (DLVO) Theory (Derjaguin and Landau, 1941; 

Verwey and Overbeek, 1948) describes the stability of a colloid system which is 

determined by the sum of attractive and repulsive forces which exist between colloid 

particles and the porous medium. This theory proposes that an energy barrier resulting 

from the repulsive force prevents particles approaching the porous media. But if 

particles with sufficient energy overcome that barrier, they will form an irreversible 

attachment on the porous media (attachment at the primary energy minimum). The 

same mechanism between particles is referred as aggregation. However, in certain 

situations (e.g. at high ionic strength), there is a possibility for attachment at a 

“secondary minimum”. The secondary minimum describes a much weaker and 

reversible adhesion between particles and porous media. In the secondary minimum, 

particles and porous media are not physically contacted. The distance between them is 

determined by the physical and chemical conditions in the colloid system (grain size, 

solution chemistry).  

The ionic strength and pH have a strong influence on the aggregation and attachment. 

High ionic strength would lead to an increase in both aggregation and attachment due 

to DLVO force. The electrostatic interaction energies (repulsive energy) for a 

colloid-collector system are calculated by equations for sphere-plate geometry and 

expressed as (Gregory, 1975): 

           
  

  
 
 

                      (1) 

And Γi for i = 1, 2 is defined as: 

Γ        
      

   
               (2) 

where   is the dielectric permittivity of the medium, R the particle radius, k is the 

Boltzmann constant, T is the absolute temperature, z is the ion valance, e is the 

http://en.wikipedia.org/wiki/Boris_Derjaguin
http://en.wikipedia.org/wiki/Lev_Davidovich_Landau
http://en.wikipedia.org/w/index.php?title=Evert_Johannes_Willem_Verwey&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Theo_Overbeek&action=edit&redlink=1
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electron charge,      is  the surface potential of particles and the sediments, s is the 

separation distance and   is the inverse of Debye-Hückel length, which is given as : 

    
       

 

   
                                                (3)                                                       

where    is the number concentration of the ions in solution, and    is the ion 

valence. 

The van der Waals (vdW) interaction energies were calculated as (Gregory, 1981) 

       
  

  
   

     

   
     

   

     
                            (4) 

Where A is the effective Hamaker constant, and    is a characteristic length of 100 

nm. The effective Hamaker constant was calculated using the individual Hamaker 

constants of the liquid and solid for homogeneous interactions (Hiemenz and 

Rajagopalan, 1997, P492) 

                  
 
                                  (5) 

where     is the effective Hamaker constant of the liquid and     is the Hamaker 

constant of the solid, it is chosen depend on different grain sizes. So the DLVO forces 

can be calculated as 

    
 

  
      

 

  
                                        (6) 

where     is the adhesion force, and     is the sum of the electrostatic and van der 

Waals interaction energies. In this study, s is assumed to be 0.3 nm (Elimelech et al., 

1995) in the DLVO calculations. Further details for calculations are given in chapter 

4.5.     
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3 Model 

One-dimension convection-dispersion model was used to simulate the transport of 

MWCNTs in porous media. The mass balance in the liquid phase is expressed as (Yao 

et al., 1971; Li et al., 2008): 

  

  
 

  

 

  

  
  

  

  
  

   

   
                                     (7) 

where C is the concentration of MWCNTs in the aqueous phase, t is time, ρb is the 

solid phase bulk density, n is porosity, S is the amount of carbon nanotubes 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 αl is the longitudinal 

dispersivity). The solid phase mass balance equation is represented as (Yoon et al., 

2006): 

  

 

  

  
        

      

 
                                     (8) 

Where katt is the attachment rate constant, ψ is an absorption site blocking term and 

kdet is the rate constant for the detachment of MWCNTs for the solid phase. The 

adsorption site blocking term is defined as (Johnson et al., 1995): 

     
 

    
                                              (9) 

where Smax is the maximum adsorption capacity of the solid phase for the removal of 

MWCNTs due to mechanisms typically associated with colloid filtration theory, The 

removal rate constant katt is defined as (Yao et al., 1968): 

     
          

   
                                           (10) 

where   the attachment efficiency for deposition, η0 is the theoretical single collector 

efficiency and dc is the mean collector diameter.  
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The theoretical collector efficiency (η0) is assumed to be the sum of interception (  ), 

gravity sedimentation (  ), and diffusion (  ). The η0 was calculated using the 

relationship developed for cylindrical nanoparticle (Yao et al., 1971). The model 

assumes that there two types of interception mechanisms in the cylindrical colloid 

transport: end contact and side contact (Yao, 1968) (Figure 4).  

 

Figure 4 Two types (side and end contact of cylindrical particles) of interception mechanisms (Adapted 

from Yao, 1968) 

The end contact is expressed as:  

             
 

 
 
 

  
 
 

   
 

    
                      (11) 

Where l is the length of colloid and dp is the colloid diameter. The collector efficiency 

for side-contact is defined as 

             
 

 
 
 

  
 
 

   
  

     
                    (12) 

The    and    were calculated as 
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14 

 

            
      

  

 
 
 

 
 
 

  

 

           
 

 
  

 
  

 

 
 
  

 
 

 

 
    

  

 
 
 

 
 

  

 
 

 

(14) 

where ρb is the MWCNTs density, ρ is the fluid density, µ is the fluid viscosity, T is 

the absolute temperature, and k is the Boltzmann constant.  

The parameters which can be measured were directly applied to solve the mass 

balance equations, when it is available. Unknown parameters (    , α, and D) were 

found by minimizing the root mean square error (RMSE) between observed and 

simulated breakthrough curves using an unconstrained nonlinear optimization routine 

developed by Denis M. O'Carroll and modified by Prabhakar Sharma. The parameter 

fitting routine was needed with a number and range of initial parameter guesses to 

ensure that the routine achieved best fitting.  
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4 Results and Discussion 

4.1 Effect of Solution Chemistry 

The increase in pH led to a slight growth of mass of MWCNTs in the effluent. The 

high ionic strength case had more than 95% of MWCNTs trapped in the sand column 

(Fig 7, 8) from the 0 to 8.42 pore volume. The details are discussed in the following 

chapter 4.1.1 and 4.1.2.  

4.1.1 Effect of pH 

In this study, the pH value was set as 5, 7 and 10 to cover the possible range in the 

natural environment. The maximum effluent concentration for Exp A (pH=5), F 

(pH=7), G (pH=10) was 0.76, 0.79 and 0.82 respectively (Figure 5). It was also 

observed that an increase in pH lead to retention of MWCNTs mass in the column 

effluent (Figure 5). Exp G (triangle in Figure 5) had a slight quicker growth than the 

other two and reached the plateau right after the MWCNTs solution being turned off 

(4.32 pore volume), while the other two were still increasing until the pore volume 

reaches to 5. The simulation curve fitted the observed data well while the attachment 

efficiency was decreasing, which is consistent with DLVO theory. According to 

DLVO theory, the increase in pH leads to the increase on ζ potential of both particles 

and porous media results in an increase in repulsive interaction energy. Thus, due to 

the increase in repulsive interaction energy, the mobility of MWCNTs increased.  
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Figure 5 Comparison of breakthrough curve (BTC) of MWCNTs with different pH. The dots (blue 

diamond, red square and green triangle) represent experimental data. The lines represent the 

corresponding simulation results.  

The relation of pH and total mass of MWCNTs in the effluent are shown in Figure 6. 

The points with the same pH are repetitions for the same experimental condition to 

make sure that all procedures had been followed correctly by checking if the 

experimental results are reproducible. The average masses of MWCNTs in the 

effluent were 0.76, 0.73 and 0.7 for pH 10, 7, and 5 respectively. It is noted that the 

total effluent mass had nearly a linear increase with the increase of Log(pH).  

 

Figure 6 Relationship between mass balance (ratio of injected mass of MWCNTs to mass of MWCNTs 

in the effluent) and Log(pH) 

Although the trend in Figure 6 was clear, it still hard to conclude that how the pH 
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affects the MWCNTs transport since only three pH values are tested in this study. 

Same experiments with other pH values need to be conducted to find out the whole 

pattern. Even though the results are not sufficient, it may still imply that the increase 

in pH leads to a slight increase in the mobility of MWCNTs in the porous media. 

4.1.2 Effect of Ionic Strength 

There were five ionic strength (IS) values chosen in this study 0.1, 2, 5, 8 and 10 mM. 

Exp I, J, K had effluent concentration of 0 during 0 to 8.42 pore volumes. The results 

from Exp J and K (seen in Appendix Figure A3) are not presented in the since their 

patterns and values were nearly as same as the break through curve (BTC) of Exp I. 

The BTC of Exp I with highest IS (the green solid triangle) has the highest deposition 

(Fig 7), which is not consistent with the previous study (Liu et al., 2009; Mattison et 

al., 2011 and Jaisi et al., 2008). However it could possibly be explained by the 

difference in chemical and physical conditions in current study. 

Mattison et al (2011) observed a maximum effluent concentration of 0.82 with IS 

equal to 7.5 mM (8mg/L of MWCNTs solution). Liu et al (2009) also observed a 

normalized (maximum) effluent concentration of 0.65 with the ionic strength equals 

to 10mM. There are a number of possible reasons for the difference among those 

studies with the observed data in current study. In the study of Mattison et al (2011), 

the MWCNTs have nearly 3 times smaller length (25 to 47 nm outer diameter and 880 

to 200 nm length) than current study (20 to 50 diameter and 10 to 20µm length). 

However, the length of MWCNTs in their study has been determined by scanning the 

MWCNTs with X-ray photoelectron spectroscopy. On the other hand, in this study, 

the characterization of MWCNTs had not been well confirmed since the size 

information of MWCNTs was acquired from the manufacture. Thus, it is still not clear 

if the great difference on normalized effluent concentration was caused by the size of 

MWCNTs. It is also worth to point out that the concentration of MWCNTs solution in 

this study is 3mg/L less than the study of Mattison et al. In addition, the pH value in 

this study is 5, which is lower than the study of Mattison et al (pH=7). So it may 
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suggest that lower pH value and injected concentration could be the possible reason 

for the difference as well as the difference on aspect ratio (diameter to length) of 

MWCNTs. Referring to the study of Liu et al (2009), they used injected concentration 

of 100mg/L, which is 20 times more than current study, so it may suggest the site 

blocking due to high concentration could be the main reason for difference in 

normalized effluent concentration between the study of Liu et al (2009) and the 

current study.  

 

Figure 7 Comparison of breakthrough curve (BTC) of MWCNTs with different ionic strength (only 

three breakthrough curves are shown for clarity, IS: 5 and 8 close to 10). The dots (blue diamond, red 

square and green triangle) represent experimental data. The lines represent the simulation results.  

 

For Exp A (blue solid diamond) and H (red solid square), the difference in retention 

was not significant. There was a small increase on effluent concentration when the 

ionic strength went up from 0.1 mM to 2 mM. The results were consistent with the 

study of Jaisi et al (2008) using SWCNTs, which observed only slight increase under 

low ionic strength condition. The BTC of Exp H increased little faster when the pore 

volume reached to 4.2, and both curves reached their maximum concentration at 4.6 

pore volume. The maximum effluent concentration for Exp A and H was 0.76 and 

0.81 respectively. The two curves simultaneously increased and decreased with the 

pore volume.  
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Figure 8 Relationship between mass balance and ionic strength 

The relation between effluent mass and ionic strength gave a clear pattern for how the 

ionic strength affect the MWCNTs transport. It can be seen that the MWCNTs were 

trapped in the porous media till the ionic strength reached 5 mM. However, it is still 

hard to tell the exact value between 2 and 5 mM, which the MWCNTs should be 

mobilized. More experiments need to be conducted to find out the critical point for 

MWCNTs get mobilized. So we may conclude that a physicochemical removal 

mechanism is the dominant mechanism for MWCNTs when IS is more than 5mM. It 

can be concluded that the critical point is between 2 to 5 mM. 

4.2 Effect of Grain Size 

Three types of quartz sand were chosen in this study to assess the impact of collector 

grain size. Theoretically, as the collector grain size was increasing, the maximum 

adsorption capacity increased as well, which indicated greater deposition in porous 

media. Within all three types of porous media selected in this study, the BTC sharply 

increased at the same rate until it reaches 1.5 pore volumes (Figure 9). The effluent 

concentration of Exp A (blue solid diamond) kept increasing with a slower rate from 

1.6 pore volumes and finally reached the plateau at 3 pore volumes, meanwhile the 

other two (Exp D and E) were still increasing after the injection of MWCNTs stopped. 
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The effluent concentration in Exp E (green solid triangle) decreased slightly quicker 

after BTC reached the maximum effluent concentration.  

As the solution chemistry were same in all three cases, the difference in physical 

conditions may explain the deposition difference within the 3 experiments. The 

grain-to-grain straining theoretically occurs when the ratio of particle diameter and 

collector diameter is greater than 0.05 (Bradford et al., 2002). Another study further 

pointed out that such straining could happen when the ratio is as low as 0.003 

(Bradford et al., 2007). Since MWCNTs are a cylindrical particle, the ratio was 

calculated twice for both particle diameter and length. The critical value for 

MWCNTs is 0.003 for diameter and 0.011 for length according to Liu, et al., (2009) 

for physical straining. Without characterizing the MWCNTs by X-ray photoelectron 

spectrometer, the product information given by the manufacture is used (mean length 

is 15 µm and mean diameter is 35 nm). The ratio of MWCNTs length to collector 

diameter for this study is above the critical value and below the critical value for the 

ratio of MWCNTs diameter to collector diameter in all 3 experiments (Table 4).  

Table 3 Critical ratio of straining for both length and diameter of MWCNTs 

Average Diameter(µm) Critical ratio 

Average Length = 15µm Average Diameter = 40nm 

300 0.05 0.00013 

213 0.07 0.00018 

150 0.1 0.00027 

Jaisi et al (2008) used a method to determine the degree of straining by observing a 

decrease in hydrodynamic (equivalent) diameter in effluent SWCNTs. This decrease 

can be detected by dynamic light scattering. By comparing the decrease in 

hydrodynamic diameter, the degree of straining could be determined.  
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Figure 9 Comparison of breakthrough curve of MWCNTs with different grain size. The dots (blue 

diamond, red square and green triangle) represent experimental data. The lines represent the simulation 

results.  

The effluent MWCNTs mass gave a clear pattern according to which the increase in 

grain size resulted in less deposition. It indicated that there were more MWCNTs 

trapped as the grain size was decreasing. However, more experiments need to be done 

to find out the complete pattern for grain size and mass of MWCNTs in the effluent. 

 

Figure 10 Relationship between mass balance and grain size 

Bradford et al (2007) suggested that straining could be one of the major removal 

mechanisms when the IS is high. In this case, the deposition difference could be 

explained by the straining but it may not be the only reason. Another possible 

contribution for this fact is the increase of site blocking due to the increase on the total 
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area of porous media. 

4.3 Effect of Flow Rate 

There was no obvious difference between Exp A and B on the maximum effluent 

concentration. There deposition was clearer in Figure 11 (the gap between diamond 

and square). Exp A (diamond) with highest pore water velocity reached the plateau at 

around 3 pore volumes, Exp B and C (square and triangle) reached the plateau after 

MWCNTs injection ceased with a lower effluent concentration (0.74 and 0.49 

respectively) than Exp A. Although the maximum effluent concentration of Exp C 

was only 49%, it is expected that it will finally reach to the same maximum 

concentration as Exp A if the MWCNTs solution passed for longer duration.  

 
Figure 11 Comparison of breakthrough curve of MWCNTs with different pore water velocity. The 

dots (blue diamond, red square and green triangle) represent experimental data. The lines represent the 

simulation results.  

The fraction of retained mass in porous media as a function of flow rate is presented 

in figure 12. It was obvious that Exp C with lowest pore water velocity (1.71 m/d) had 

most retention mass (60%) in the column. Exp A and B with pore water velocity of 

15.5 m/d and 5.17 m/d have 29% and 36% retention of total mass respectively.  
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Figure 12 Relationship between mass balance and pore water velocity 

Liu et al (2009) observed less mass retention (30%-35%) for MWCNTs with their 

slowest pore water velocity (0.42m/d) and IS (10mM). Jaisi et al (2008) reported the 

mass retention of SWCNTs which is 20% with a pore water velocity of 18 m/d and 

ionic strength of 3 mM. The difference among those studies could be caused by 

several reasons. The pore water velocity (Exp C) in current study was higher than the 

pore water velocity used in the study of Liu et al and the ionic strength was even 

lower. It was expected that the retention in current study should be less than those 

aforementioned. This unusual fact might be due to the great difference on injected 

concentration of MWCNTs (5 mg/L in current study, 100 mg/L in the study of Liu et 

al, and 87 mg/L in the study of Jasi et al). Another possible explanation is that the 

particle size in current study is much larger than the other two studies. 

4.4 Simulation Results 

A number of simulations were done by the modified version of CFT model to 

compare with the column experiment data. The model parameters are shown in Table 

3. Most of simulations gave good fitting to the experimental data, however, at Exp. I 

(I = 10 mM), the RMSE value is 0.2563, which indicates that the two curves were not 

fitted well. Another bad fitting was on Exp E (mean collector diameter =150 µm, 
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finest sand used in this study), the RMSE value is 0.123. It is worthy to point out that 

α (attachment efficiency) value increased with the pore water velocity decreased, 

which suggests that the attachment was less, which is consistent with the CFT. In the 

grain size section, as the collector size decreased, α value slightly decreased and Smax 

went up, which suggest that even given the fact that the attachment efficiency was 

decreasing, the particles held in the porous media were still increasing due to the 

increasing maximum adsorption capacity. In the comparison of pH, higher pH case 

had less attachment, meanwhile with greater dispersivity. The simulation results also 

show that the attachment efficiency α was increasing at the high IS increased, while 

the Smax is increasing and dispersivity is decreasing. Another fact is that an 

overestimation of attachment is observed at roughly 1.2 pore volumes in most of 

simulation. It is worthy to point out that the overestimation decreased as the pore 

water velocity was increasing. This fact could be explained by larger hydrodynamic 

force acted on MWCNTs under the higher pore water velocity. 

Table 4 Model parameters for MWCNTs transport in porous media 

Experiment 

Label 

Alpha Smax Katt Dispersivity RMSE 

Exp. A 0.255 0.000589 0 0.005 0.0277 

Exp. B 0.498177 0.000488 0 0.003964 0.0264 

Exp. C 1 0.001129 0 0.002567 0.0202 

Exp. D 0.475827 0.000587 0 0.004099 0.0441 

Exp. E 0.3957 0.0014 0 0.005 0.123 

Exp. F 0.277811 0.000383 0 0.00231 0.0298 

Exp. G 0.223575 0.000374 0 0.004086 0.057 

Exp. H 0.254547 0.000473 0 0.005 0.0198 

Exp. I 1 0.1 0 0.0001 0.2563 
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4.5 Remobilization of MWCNTs 

The DI water was injected into the sand column for 4.32 pore volumes following the 

background solution injection. All experimental results showed a tail peak at roughly 

10.5 pore volumes. According to the results of DLVO calculation, secondary energy 

minimum plays a role in the deposition in the experiments with IS of 10 and 2 mM 

(Figure 13b). There was no secondary energy minimum shown in the results of DLVO 

calculation when IS equaled to 0.1mM. However, there was a secondary peak 

observed in the experimental data (Figure 15c).   
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Figure 13 DLVO net energy profile: energy distribution along the distance of MWCNTs and media 

collector under different ionic strength. Figures on the right side are the down-scaling image of figures 

on the left. Figure (a) and (b) represent Exp I (ionic strength=10mM). Figure (c) and (d) represent Exp 

A (ionic strength=2mM). Figure (e) and (f) represent Exp H (ionic strength=0.1mM) 

The primary energy minimum occurred within an extremely narrow space (close to 

sand wall less than 5 nm). Meanwhile the secondary energy minimum occurred in a 

bigger range with much less energy, varying consistent with value of IS (Figure 13b, c 

and f). Thus, it indicated that the secondary minimum deposition only made a 

marginal contribution to the total retention under the condition of low IS.  
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Figure 14 Experimental result for pH section. Exp 2 is the repetition of Exp 1. Figure (a), (b), (c) 

represents the experiment with pH=5, 7 and 10 respectively. Pore water velocity = 15.5m/day, sand 

mean size = 300 µm and ionic strength =2 mM were used in all the experiments within this section. 

The secondary peak after the BTC (after 8.64 pore volume) went up as the pH and 

ionic strength increasing (Figure 14 and 15). Both two cases (pH and IS) suggested 

that the increase in pH and ionic strength led to an increase in deposition since the 

electrostatic force decreased. The decrease in grain size resulted in an increase in 

secondary peak (seen in the Appendix Figure A1). The possible explanation could be 

that the van der Waals force increased as the collector surface area increased. The 

peak values were nearly the same within the three experiments in flow rate section 

(seen in Appendix Figure A2). 

Table 5 Summary of mass balance. Eluted fraction P1 refers to the mass fraction of 

eluted particles during period 1 (0 - 8.64 pore volumes) and Eluted fraction P2 refers 

to the mass fraction of eluted particles during period 2 (8.64 to 12.96 pore volumes) 

with reference to the total mass of injected particles.  

Experiment  

Label 

Ionic 

Strength 

(mM) 

pH Grain 

Size 

(µm) 

Flow 

Rate 

(cm/min) 

Pore 

Water 

Velocity 

(m/day) 

Eluted 

fraction 

P1 (-) 

Eluted 

fraction 

P2 (-) 

Exp. A 2 5 300 1.08 15.5 0.71 0.03 

Exp. B 2 5 300 0.36 5.17 0.62 0.04 

Exp. C 2 5 300 0.12 1.71 0.49 0.04 

Exp. D 2 5 211 1.08 15.5 0.65 0.03 

0 

0.2 

0.4 

0.6 

0.8 

1 

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 

C
/C

0 

Pore Volume 

Exp 1 

Exp 2 

Tracer test 

(c) 



28 

 

Exp. E 2 5 150 1.08 15.5 0.60 0.04 

Exp. F 2 7 300 1.08 15.5 0.72 0.05 

Exp. G 2 10 300 1.08 15.5 0.73 0.06 

Exp. H 0.1 5 300 1.08 15.5 0.75 0.02 

Exp. I 10 5 300 1.08 15.5 0.02 0.19 

Exp. J 8 5 300 1.08 15.5 0.02 0.19 

Exp. K 5 5 300 1.08 15.5 0.02 0.19 

The mass of MWCNTs in the effluent during last 4.32 pore volume was much less 

than the deposition during the first 8.42 pore volumes. More than 60% of total 

deposited MWCNTs are still trapped in the porous media (Table 5). There are three 

possible sources that may have contributed to the rest of retention: straining, 

deposition due to primary energy minimum and gravitational sedimentation. However, 

none of these sources could take all the credits. The effect of straining has already 

been discussed in section 4.2. It will not happen until the ratio of particle diameter to 

collector diameter reached a critical point. The DLVO force played a role in this 

matter, but it is not the main reason since the deposition had been eliminated due to 

the IS reached to 0 and pH went to neutral after the injection of DI water.  
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Figure 15 Experimental results for ionic strength section. Exp 2 is the repetition of Exp 1. (a), (b), (c) 

represents the experiment with ionic strength = 10, 2 and 0.1 mM respectively. Pore water velocity = 

15.5m/day, sand mean size = 300 µm and pH = 5 were used in all the experiments within this section. 

Thus, based on the fact we observed, it can be proposed that the aggregation could be 

the key for this great deposition when IS is 10mM. Aggregation describes the 

conjunction of two or even more particles driven by the same principle of DLVO 

theory. As the aggregation occurred, the increase in particle size leads to further 

straining or even gravitational sedimentation if the aggregation comes to a certain 

degree. It has been proved that aggregation of colloid (1.1 and 3 µm) occurs under the 

unfavorable attachment condition (pH = 10) with a range of IS from 56 to 106mM 

(Bradford et al., 2007). Previous study has also reported that CNTs remain stable in 

the solution with a 7 times higher IS (86mM) than current study (Jaisi et al., 2008). 

However it is still a possibility of that the aggregation could occur in the porous 
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media under favorable attachment condition (pH = 5) with a lower IS. Thus, 

micro-scale observation in the sand column is needed to prove the assumption of this 

combined removal mechanism of aggregation and straining. More experiments is 

needed under different IS between 2 to 5 mM to find out the critical point to mobilize 

the MWCNTs.   
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5 Conclusion 

The mobility of MWCNTs in quartz sand under saturated conditions was 

systematically studied by running the experiments with different pH, ionic strength, 

grain-size, and flow rate. Primary and secondary minimum deposition, straining and 

aggregation were the major mechanisms affecting the MWCNTs transport in this 

study. The specific findings are listed below.   

 Increase in pH led to a slight increase in mobility of MWCNTs in the saturated 

porous media, but an obvious increase in deposition due to secondary energy 

minimum. More experiments need to be conducted to reveal a more detailed 

pattern over the pH range.  

 More than 95% of the MWCNTs were deposited when the IS was more than 

5mM under favorable attachment condition (pH=5). A combination of 

aggregation, straining and gravitational sedimentation (mainly due to aggregation 

and straining) may be involved. The assumption still needs to be proved by 

micro-scale observation.  

 The critical ionic strength for MWCNTs to be mobilized under favorable 

attachment condition (pH=5) is in between 2 to 5 mM. More column experiments 

need to be done to find out the exact value.  

 A finer porous media traps more MWCNTs explained since the increasing 

maximum capacity of attachment caused by increase in collector surface area 

confirmed by model simulation and DLVO theory.  

 Higher retention results from a low pore-water velocity (1.71m/d), since the 

decrease in pore-water velocity reduces the hydrodynamic force on the particles, 

which leads to more deposition.  

 The simulation results fit the experimental data well, except the high ionic 

strength case. The reason could be that the original collector efficiency is not 

adapted after the particles are shape-shifted following by aggregation. Some 
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overestimation of retention at early times occurred in most simulations.  

The information above could be helpful to contaminant remediation when dealing 

with the leakage of MWCNTs. 
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Appendix 

 

 

 

Figure A1: Experimental results for grain size section. Exp 2 is the repetition of Exp 1. Figure (a), (b), 

(c) represents the experiment with grain size =300, 211 and 150 µm respectively. Pore water velocity = 

15.5m/day, pH = 5 and ionic strength =2 mM were used in all the experiments within this section.
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Figure A2: Experimental results for flow rate section. Exp 2 is the repetition of Exp 1. Figure (a), (b), 

(c) represents the experiment with pore water velocity = 15.5, 5.17 and 1.72 m/day. pH= 5, sand mean 

size = 300 µm and ionic strength =2 mM were used in all the experiments within this section.  
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Figure A3 Experimental results for IS section. Exp represents the experimental results. Figure (a), (b) 

represents the experiment with IS =5, 8 mM, respectively. Pore water velocity = 15.5m/day, pH = 5 and 

pH =5 were used in all the experiments within this section. 
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Figure A4. Relationship between relative concentration and Log(pH). 

 

Figure A5. Relationship between relative concentration and ionic strength 

 
Figure A6. Relationship between relative concentration and grain size 
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Figure A7. Relationship between relative concentration and flow rate 
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