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There are increasing concerns over the environmental impact and health risks of 

carbon nanotubes (CNTs) because they may be released into the environment, such as 

soil and groundwater systems. This Ph.D. dissertation systematically investigated the 

fate and transport of CNTs in porous media as well as the applications of CNTs in 

wastewater treatment to remove heavy metal and antibiotic pollutants.  

Laboratory columns packed with quartz sand and glass beads showed that 

deposition of CNTs in saturated porous media was very sensitive to solution chemistry. 

More CNTs were found to be trapped in the primary minimum. Under unfavorable 

conditions, weak associated CNTs in the secondary minimum may be transferred into 

the primary minimum due to the effect of hydrodynamic force and/or local favorable 

sites associated with surface heterogeneity.  

Dispersion/solubilization methods showed great influence on the stability and 

mobility of CNTs. Humic acid dispersion granted higher mobility to CNTs compared with 

other surface modification methods. Reductions in moisture contents showed greater 

influence on the retention of surface oxidized CNTs. This is possibly due to CNT 
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deposition on the air-water interface and through film straining. Combined mechanisms 

could be responsible for the retention and transport of CNTs in unsaturated porous 

media. 

Retention and transport of functionalized CNTs in natural sand porous media were 

mainly controlled by strong surface deposition through the electrostatic and/or 

hydrogen-bonding attractions between surface function groups of the CNTs and metal 

oxyhydroxide impurities on the sand surfaces.  

Fixed-bed columns packed with functionalized multi-walled CNTs and natural sand 

were used in laboratory to evaluate and optimize the applications of CNTs in removing 

heavy metals and antibiotics from water. They significantly improved the fixed-bed’s 

filtering efficiency of Pb2+ and Cu2+ by 55%-75% and 31%-57%, respectively. The fixed 

bed column experiments also showed that pH could be a key factor that affects the 

removal of antibiotics by controlling the protonation of antibiotics and surface charge of 

the carboxyl and hydroxyl functional groups on CNT surfaces. The column removal 

efficiency of antibiotics decreased only slightly after regenerations, suggesting the CNT-

sand columns can be efficiently used and regenerated to remove contaminants from 

water. 
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CHAPTER 1 
1 INTRODUCTION 

Background and Problem Statement 

Nanoparticles (NPs), defined as particles with at least one dimension smaller than 

100 nm, have received much recent attention because of their potential toxic effects and 

the rapid development of nanotechnology [1-8]. Carbon nanotubes (CNTs) are among 

the top concerned NPs in the environment [9-11]. Entirely composed of carbon with a 

significantly large length-to-diameter ratio and unique physicochemical properties, CNTs 

are rolled-up graphene sheets with exceptional mechanical, electrical, optical, and 

thermal properties [12-15]. There are mainly two types of CNTs: single- and multi-walled. 

Single-walled carbon nanotubes (SWNTs) are one-layered graphitic cylinders having 

diameters on the order of a few nanometers, while multi-walled carbon nanotubes 

(MWNTs) comprise of 2 to 30 concentric cylinders having outer diameters often 

between 30-50 nm. They are largely used in many novel applications in nanotechnology, 

electronics, optics, thermal conductors, and other fields in material science and 

engineering [16-19].  

CNTs are considered to pose potential ecological and health risks, although their 

applications greatly enhance and accelerate the industrial renovation and revolution [20, 

21]. Recent studies of the environmental impacts of CNTs have revealed their toxic 

effects towards a variety of aquatic and mammalian organisms [22-24]. As a result, 

there is increased concern among the scientific community and regulation agencies 

over the environmental and ecological risks of CNTs [25, 26]. 

The exponential growth in production of CNTs and their widespread application in 

consumer products will inevitably result in their release into the environment [27, 28]. 
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When released into soils, they could impose contamination risks on groundwater if the 

CNTs can move through the vadose zone to reach the water table [27, 29-31]. 

Groundwater is an important resource of potable water and thus the investigation of fate 

and transport of CNTs in porous media is essential to the assessment of ecological and 

health risks of CNTs. Moreover, because of their strong sorption ability, CNTs could 

also serve as carriers for other contaminates, significantly influencing contaminant 

movement in porous media, such as soil and groundwater systems [1, 32-35].  

Current understanding of fate and transport of CNTs in the porous media, however, 

is still limited. Most of the theories and mechanisms of CNT retention and transport in 

porous media are mainly based on the well-established colloid transport theories [36-39].  

Colloids (i.e., particles with at least one dimension smaller than 10 µm) are ubiquitous in 

soils and thus are very important to both surface water and groundwater quality due to 

their small particle size and high surface area [40-45]. Colloids are usually classified as 

organic colloids and inorganic colloids. Organic colloids mainly include organic matters 

and biocolloids (e.g., viruses and bacteria), and inorganic colloids are constituted by 

colloidal minerals, clays, engineered nanoparticles (NPs), etc. [46-50]. Theories and 

mechanisms of colloid transport in porous media are well-developed and are widely 

available in the literature [27, 36, 44, 51-53]. 

According to the theories of colloid transport in porous media, attachment on grain 

surfaces has been suggested to be the primary mechanisms controlling colloid retention 

in saturated porous media [54-57]. Physical trapping mechanisms, such as wedging and 

pore straining, are also considered as important to the retention of colloid in saturated 

porous media [42, 52, 53, 58-60].  For colloid transport in unsaturated porous media, 
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multiple mechanisms, including attachment on grain surfaces, physical trapping, air-

water interface deposition, thin-water film straining, and attachment on air-water-solid 

interfaces [61-66].  However, it is unclear whether these theories/mechanisms can 

applied to describe the deposition, mobilization, and transport of CNTs in porous media. 

Good understanding of the fate and transport of CNTs in porous media is also very 

important to the development of CNT-based filters for water purifications. As indicated 

above, CNTs have very large surface area, which grants them high potential ability to 

adsorb various chemical pollutants [35, 67-70]. Previous studies have demonstrated 

strong affinities of heavy metals (e.g. Cu2+, Pb2+, Cd2+) and antibiotics (e.g. 

sulfamethoxazole) to CNTs under different conditions [71-75]. Although many batch 

sorption experiments have been conducted to determine sorption characteristics and 

mechanisms of these contaminants on CNTs [76, 77], to my knowledge, no study has 

attempted previously to test the feasibility and effectiveness of using CNTs as filter 

media in fixed-bed settings to remove contaminants from water. This knowledge gap 

may impede the applications of CNTs in the environmental field, particularly with 

respect to the application of CNTs in water treatment.  

Research Objectives 

The main research objectives of this Ph.D. dissertation are follows:  

Objective 1: Fate and Transport of CNTs in Saturated Clean Porous Media  

The specific objectives are to (1) compare the transport behavior of CNTs with that 

of engineered NPs and natural colloids in water-saturated porous media, (2) examine 

the effect of the surfactant (SDBS) on the filtration and transport of CNTs in the media, 

(3) investigate the effects of solution IS and pH on the deposition and mobilization of 

CNTs in saturated porous media, (4) study the effect of porous media type and size on 
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the fate and transport of CNTs, and (5) determine whether theories developed for 

colloid transport in porous media can be applied to CNTs. 

Objective 2: Fate and Transport of CNTs in Unsaturated Clean Porous Media  

The specific objectives are to (1) evaluate the effect of dispersion methods on the 

retention and transport of the CNTs in porous media, (2) examine how changes in 

moisture content affect the retention and transport of the CNTs in porous media, (3) 

determine the effects of porous-medium sizes on the retention and transport of the 

CNTs, and (4) model the retention and transport of CNTs in water-saturated and 

unsaturated porous media 

Objective 3: Fate and Transport of CNTs in Natural Porous Media  

The specific objectives are to (1) compare the retention and transport of the CNTs 

in laboratory column packed with natural, acid-cleaned, and baked sand, (2) determine 

the effect of perturbations in flow direction, flow rate, and surfactant concentration on 

remobilization of initially retained CNTs in natural and baked sand, and (3) examine the 

retention and transport of the CNTs in natural and baked sand under different pH 

conditions.   

Objective 4: Interaction of CNTs with Contaminants 

The objectives are to (1) determine the effect of sonication-promoted 

dispersion on sorption capacity of CNTs to heavy metals and antibiotics in the fixed bed 

column, (2) examine the removal of heavy metals and antibiotics from aqueous 

solutions by trickling the contaminated water through a sand/CNT fixed-bed column 

under different sets of conditions, and (3) evaluate the efficiency of regeneration of the 

fixed-bed columns for reuse.  
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Organization of the Dissertation 

This Ph.D. dissertation has nine chapters, including the present introductory 

chapter (Chapter 1). Chapter 2 discusses transport behaviors of two NPs, silver 

nanoparticles (AgNPs) and carbon nanotubes (CNTs), in saturated porous media. 

Sodium dodecylbenzene sulfonate (SDBS), an anionic surfactant, was used to disperse 

the engineered NPs to enhance their stabilities in water. The solubilized NPs were then 

applied to laboratory columns packed with two types of water-saturated quartz sand to 

obtain their breakthrough curves. Chapter 3 describes the transport, deposition, and 

mobilization behaviors of multi-walled carbon nanotubes (MWNTs) in saturated columns 

packed with acid-cleaned glass beads and quartz sand of two different grain sizes. 

Combined effects of pH (5.6 and 10) and ionic strength (IS: DI water, 1 mM, and 10 mM) 

on the fate and transport of the MWNTs in the columns were examined. Chapter 4 

explores the transport mechanisms of sonication shortened, sodium dodecylbenzene 

sulfonate (SDBS) dispersed single-walled nanotubes (SWNTs) in both saturated and 

unsaturated sand columns. Laboratory columns packed with quartz sand with different 

combinations of moisture content and grain-size distribution were used to examine the 

breakthrough behavior of the SDBS-dispersed SWNTs. Bubble column experiments 

were also conducted to study the interactions between the SDBS-dispersed SWNTs 

and the air-water interface. Chapter 5 discusses the effect of different surface 

modification methods, including oxidization, surfactant (sodium dodecylbenzene 

sulfonate) coating, and humic acid coating, on SWNT stability and their mobility in 

granular porous media of different grain sizes under both saturated and unsaturated 

conditions. Chapter 6 mechanistically compares the retention and transport of two types 

of functionalized CNTs (i.e., single-walled nanotubes and multi-walled nanotubes) in 
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acid-cleaned, baked, and natural sand under unfavorable conditions. Chapter 7 

describes novel methods of using carbon nanotubes as filter media to remove aqueous 

heavy metals. Batch sorption and fixed-bed experiments were conducted to examine 

the ability of functionalized multi-walled CNTs as filter media to remove two heavy metal 

ions (Pb2+ and Cu2+) from infiltrating water. Chapter 8 concentrates on removal of 

sulfamethoxazole (SMX) and sulfapyridine (SPY) by carbon nanotubes in fixed-bed 

columns under a broad range of conditions including: CNT incorporation method, 

solution pH, bed depth, adsorbent dosage, adsorbate initial concentration, and flow rate. 

Chapter 9 summarizes the results of all the previous chapters and makes 

recommendations on future work. References are included at the end of this document.  
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CHAPTER 2 
2 TRANSPORT OF ENGINEERED NANOPARTICLES IN SATURATED POROUS 

MEDIA 1 

Introductory Remarks  

Nanotechnology is often referred to as the foundation of the next industrial 

revolution, which has immense potential to improve the quality of life. Recent research, 

however, strongly points to the health risks associated with many engineered 

nanoparticles (NPs) [21, 78, 79]. An increased production of various engineered NPs 

and their widespread application in consumer products will inevitably result in their 

release into the environment [27, 28]. It is therefore crucial to examine the fate and 

transport of NPs in the environment.  

Carbon nanotubes (CNTs) and silver nanoparticles (AgNPs) are two of the most 

commonly used engineered NPs that have attracted much attention recently [33, 80-82]. 

CNTs are carbon nanomaterials that belong to the fullerene family, i.e., cylindrical 

fullerenes with a high length-to-diameter ratio [12]. The novel properties of CNTs prompt 

their applications in many emerging technologies, particularly in creating new materials 

with extraordinary strength, and unique electrical and thermal properties [16, 83]. 

Recent studies of environmental impacts of CNTs, however, have generally shown toxic 

effects of CNTs toward the ecosystem, particularly with respect to aquatic organisms 

[22, 24, 84-87]. AgNPs have wide application in numerous consumer products including 

clothing, cosmetics, medical care products, food storage, toys, and even food 

supplements [88]. AgNPs can also be toxic to the ecosystem because silver is well-

                                            
1
 Reprinted with permission from Tian, Y.A., Gao, B., Silvera-Batista, C., and Ziegler, K.J., Transport of 

engineered nanoparticles in saturated porous media. Journal of Nanoparticle Research, 2010. 12(7): p. 
2371-2380. 
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known for its antibacterial and other destructive behaviors. The toxic effects of AgNPs to 

microorganisms, plants, fish, animals, and human cells have been observed in several 

studies [78, 88, 89].  The toxicity studies of CNTs and AgNPs have also heightened the 

concern over their environmental exposure to humans through groundwater 

contaminations [90, 91].  

Several investigations have been conducted to study the environmental fate and 

transport of engineered NPs including CNTs [92, 93]. Column studies with well-defined 

porous media are often used to explore the governing mechanisms of CNT filtration and 

transport in groundwater [93]. These studies are valuable and have expanded the 

knowledge of the fate and transport of CNTs and other engineered NPs in porous media. 

Nevertheless, the current understanding of engineered NPs in porous media is far from 

complete. For instance, there is little/no research effort being spent on studying the 

transport behavior of AgNPs in porous media. Further experimental and theoretical 

investigations are still in critical need to facilitate the development of regulatory 

guidelines to manage engineered NPs in soils and groundwater [79].  

Fate and transport of colloids, such as clay, metal oxides, and bacteria, are well-

documented in the literature [92, 94, 95]. The Derjaguin-Landau-Verwey-Overbeek 

(DLVO) theory and the colloid filtration theory have been developed and applied to the 

fate and transport of colloids in well-defined porous media [95-97]. Because of the 

similarities between natural colloids and engineered NPs, these theories may also be 

applicable to CNT and AgNP transport in well-defined porous media. There are also 

notable differences between engineered NPs and natural colloids in many 

physicochemical properties [98]. The ultrafine size and extremely high surface area of 
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engineered NPs may introduce new mechanisms affecting their transport behavior in 

porous media.  

In this work, laboratory column experiments were conducted to examine the 

transport of CNTs and AgNPs in water-saturated porous media. An anionic surfactant, 

sodium dodecylbenzene sulfonate (SDBS), was used to modify the surface of the NPs 

to enhance their stability in solution. The NP suspensions were then introduced to an 

acrylic column packed with two types of water-saturated quartz sand to obtain the 

breakthrough curves. Mathematical models based on the DLVO theory and the colloid 

filtration theory were used to simulate the experimental data. Our objectives were to 

examine 1) the transport behavior of two engineered NPs (CNTs and AgNPs) in water-

saturated porous media; 2) the effect of the surfactant (SDBS) on the filtration and 

transport of NPs in the media; and 3) whether theories and models developed for colloid 

transport in porous media can be applied to the engineered NPs. 

Methods and Materials 

CNTs 

There are mainly two types of CNTs: single- and multi-walled. Single-walled 

carbon nanotubes (SWCNTs) are one-layered graphitic cylinders having diameters on 

the order of a few nanometers, while multi-walled carbon nanotubes (MWCNTs) 

comprise of 2 to 30 concentric cylinders having outer diameters often between 30-50 

nm. Only HiPco SWCNTs (Rice HPR 162.3) were used in this study to prepare 

suspensions [99]. As the SWCNTs have a strong tendency to form bundles in water, 

surfactants are often used to disperse them [99, 100]. In this study, the CNT 

suspensions were prepared by mixing 20 mg of raw SWCNTs with 200 mL of an 

aqueous SDBS surfactant solution (1% by weight). High-shear homogenization (IKA T-
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25 Ultra-Turrax) for 1.5 – 2.0 h and ultrasonication (Misonix S3000) for 10 min were 

used to aid dispersion. Subsequently, the suspension was ultracentrifuged at 20,000 

rpm (Beckman Coulter Optima L-80k) for 5 h to eliminate the aggregates and large 

SWCNTs from suspension. Previous studies have demonstrated that this method can 

create a surfactant shell on the sidewall of the nanotubes to stabilize aqueous SWCNT 

suspensions [99]. The SWCNTs were tubular shape with average sizes of 400 nm in 

length and 0.8 nm in diameter measured using atomic force microscope [100]. The zeta 

potential (ζ) of the surfactant coated SWCNTs were measured by Brookhaven ZetaPlus 

(Brookhaven Instruments, Holtsville, NY). The zeta potential of the SWCNTs in the 

suspension was -42.84 mV (Table 2-1).   

AgNPs 

Silver nanoparticles were obtained from the Particle Engineering Research Center 

at the University of Florida. They were synthesized by gas phase condensation and 

comprise a metal core with a thin metal oxide coating [101].  The AgNP suspensions 

were prepared by mixing 20 mg of raw material with 200 mL of an aqueous SDBS 

surfactant solution (1% by weight). The same procedures used in preparing CNT 

suspensions were used to aid dispersion of AgNPs. The average particle size of AgNPs 

was 52.4 nm and ζ was -49.49 mV (Table 2-1). 

Colloids 

Montmorillonite powders (Southern Clay Products Inc., Gonzales, TX) were used 

to make colloid suspensions used in the experiments. Two types of colloid suspensions 

were made, water-dispersed and SDBS-dispersed. To make the water-dispersed 

montmorillonite suspension, about 1.0 g of kaolinite powder was suspended in 1 L 

deionized (DI) water.  The suspension was shaken vigorously, placed in an ultrasonic 
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bath for 30 minutes, and then left to stand for 24 h. The fraction of montmorillonite 

remaining in suspension after 24 h was siphoned into a second flask.  The 

concentration of montmorillonite in an aliquot of this stock suspension was determined 

gravimetrically before diluting the stock to colloid suspensions used in the experiments. 

Part of this stock suspension was used to make the SDBS-dispersed montmorillonite by 

adding the same amount of SDBS as used in CNT and AgNP suspensions (1% by 

weight).  The mean sizes of the water- and SDBS-dispersed montmorillonite were 236.8 

nm and 252.7 nm and the ζ were -49.66 mV and -50.56 mV respectively (Table 2-1).   

Porous Medium 

Quartz sand (45/30) was used as the porous medium (Standard Sand & Silica Co.) 

in the column experiments. The purity of the sand was examined using X-ray diffraction 

(XRD) and contained more than 99.99% of quartz. The sand was sieved to a size range 

of 0.35-0.60 mm (d50=0.50 mm) and treated with two methods. Sand A was washed 

sequentially by tap water and deionized water, and then baked in Fisher Isotemp muffle 

furnace (Fisher Scientific, Rochester, NY) at 550 °C to remove the trace quantities of 

organic impurities. Sand B was washed sequentially by tap water, 10% nitric acid and 

deionized water, and then baked at 550 °C to remove the metal oxides and organic 

impurities. The zeta potentials of the two resulting quartz sand were determined 

according to the procedure of Johnson et al. [94]. Colloidal quartz particles were 

collected by placing a mixture containing 100 g of cleaned quartz sand and 200 mL DI 

water in an ultrasonic bath for 30 min. After the ultrasonic treatment, aliquots of the 

quartz colloids were removed and filtered through a 0.45 µm filter. The filtrate was 

analyzed for zeta potential. The ζ for sand A and B were -24.30 mV and -19.73 mV 

respectively (Table 2-1).   
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Column Experiments 

The quartz sand (A & B) was wet-packed into an acrylic column measuring 2.5 cm 

in diameter and 15 cm in height. To make a saturated porous media, a small amount of 

sand was poured gently into 8 mL of DI water standing at the bottom of the column until 

the sand surface was 0.5 to 1 cm below the water level.  A polypropylene stir-rod was 

used to stir the sand in the column.  Approximately 8 mL DI water was then added to 

the column and the sides of the column were gently tapped a uniform number of times. 

This procedure was repeated several times until the column was packed to a height of 

15 cm.  Approximately 140 g of sand was used to pack one column with a porosity of 

0.42.  

A peristaltic pump (Masterflex L/S, Cole Parmer Instrument, Vernon Hills, IL) was 

connected to the inlet at the top of the column to regulate the downward flow at a 

constant specific discharge of 0.2 cm/min. DI water was first pumped through the 

saturated column for about 2 h to remove impurities followed by a SDBS solution (1% 

by weight) for another 2 h. The breakthrough experiment was then initiated by switching 

from SDBS solution to proper suspensions/solutions.  

CNT, AgNPs, and SDBS-dispersed montmorillonite suspensions were introduced 

to the sand columns for a two-stage breakthrough study. In the first stage (stage-1), the 

nano/colloid suspension was applied to the column as a 1 h pulse, and then the column 

was flushed with SDBS water for 2 h. In the second stage (stage-2), the sand column 

was flushed with DI water for another 2 h. The breakthrough study of water-dispersed 

montmorillonite involved only one stage (stage-1) because no SDBS was used in the 

experiments. Effluent samples were collected from the bottom of the column with a 

fraction collector (IS-95 Interval Sampler, Spectrum Chromatography, Houston, TX) 



30 
 

during sample injection and column flushing to analyze SDBS and particle 

concentrations. Water- and SDBS-dispersed montmorillonite concentrations were 

determined by measuring the total absorbance of light at a wavelength of 350 nm with a 

UV-visible spectrophotometer (UVS). CNT, AgNP, and SDBS concentration were also 

determined by UVS at wavelengths of 320 nm, 395 nm, and 245 nm respectively.  

Bromide was applied to the column as a conservative tracer for the breakthrough 

studies. The experimental procedures were the same as those used for the water-

dispersed montmorillonite and an ion chromatograph (ICS-90, Dionex Corporation, 

Sunnyvale, CA) was used to determine bromide concentrations.  All the breakthrough 

experiments were performed in duplicate. 

DLVO Theory 

The classic DLVO theory was used to estimate the particle-sand grain interaction 

energy at the experimental conditions by combining the van der Waals attraction and 

electrical double layer (EDL) repulsion. The Lifshitz - van der Waals attraction energy 

( ) for a sphere-plate system can be written as [102]: 

       (2-1) 

where A132 is the Hamaker constant for substances “l” and “2” in presence of 

medium“3”, which can be determined from the Hamaker constant of each material 

(Table 2-1), h is the separation distance, and r is the radius of the particle.  

The EDL repulsion energy ( )for a sphere-plate system can be written as 

[102]: 

     (2-2) 
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where ε is the dielectric constant of the medium (78.4 for water), ε0 is the vacuum 

permittivity (8.854×10-12 C2 N-1 m-2), k is the Boltzmann’s constant (1.381×10-23 C2 J K-1 ), 

T is the temperature, z is the valence of electrolyte, e is the electron charge (1.602×10-

19 C), ψ1 and ψ2 are the surface potential of the particle and the sand surface, and κ is 

the reciprocal of the Debye length. From measured ζ, the surface potential of particles 

and sand can be determined following van Oss et al. [103]:  

          (2-3) 

where d is the distance between the surface of the charged particle and the 

slipping plane and usually taken as 5 angstroms (van Oss et al. 1990). 

The total DLVO interaction energies between the particles and the sand were 

determined using equations (1) - (3) and were normalized with kT. 

Transport Model 

A transport model based on the colloid filtration theory was used to simulate the 

retention, transport, and re-mobilization of engineered NPs in the water-saturated sand 

column. The governing equation can be written as [104]:  

        (2-4) 

where C is the concentration of suspended particles, D is the dispersion coefficient, 

v is the average linear water velocity, z is the travel distance in the direction of flow, b is 

the media bulk density, n is the porosity, and S is the deposited/retained particle 

concentration. The last term is a particle filtration term, which includes both the rate of 

retention and re-mobilization. The colloid filtration theory first developed by Yao et al. 

[96] provides an easy way to calculate particle retention rate in porous media using a 
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single-collect model. More recent studies of colloid transport in porous media have 

shown the re-mobilization processes should also be considered [36, 104]. The filtration 

term can be expressed as: 

          (2-5) 

where ka is the particle retention rate constant and kb is the particle re-mobilization 

rate constant (h-1).  According to the colloid filtration theory, kb is zero under steady flow 

condition. When there are perturbations in flow physicochemical conditions, the 

deposited particles in porous media will be released (i.e. kb >0).  

We solved the governing equations of the transport model (equations 4-5) 

numerically for a zero initial concentrations, a pulse-input boundary condition at the 

column inlet, and a zero-concentration-gradient boundary condition at the outlet. The 

Levenberg-Marquardt algorithm was used to estimate the value of the model 

parameters to minimize the sum-of-the-squared differences between model-calculated 

and measured breakthrough concentrations. This model optimization method was first 

applied to bromide breakthrough data to estimate D. We assumed that the dispersion 

coefficient (D) of particles and SDBS is the same as that of the bromide tracer in the 

column. The retention and re-mobilization rates of SDBS and particles in water-

saturated porous media then were determined by identifying the best-fit values of ka and 

kb.  

Results and Discussion 

DLVO Energy 

The Hamaker constant between the AgNPs and the porous media in water were 

estimated from the Hamaker constants of two silver particles in vacuum without the 
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consideration of the surfactant influences (Table 2-1). The calculated Hamaker value of 

AgNPs in the experimental system was 4.47×10-20 J, which was much larger than that 

of the montmorillonite colloid (1.81×10-21 J). Although there is no reported value of 

Hamaker constant of two SWCNTs in vacuum, Chen and Elimelech [80, 86] showed 

that fullerene (C60) nanoparticles in aqueous media have a Hamaker constant around 

8.5 ×10-21 J. Because of the strong similarity between the SWCNT and fullerene 

nanoparticles, we used their Hamaker constant value to calculate the Hamaker constant 

between SWCNTs and the porous media in water. The calculated Hamaker value of 

SWCNTs in the experimental system was 9.8×10-21 J, which was also larger than that 

of the montmorillonite colloid (1.81×10-21 J). The high values of the Hamaker constant 

of AgNPs and SWCNTs suggested strong van der Waals attractive forces between the 

NPs and the grain surfaces under the experimental conditions. The EDL energy 

between all the particles and the porous media was repulsive because all the measured 

ζ in the experiments were negative (Table 2-1). As the DLVO theory is for spherical 

particles, the average sizes of the particles were used in this study as the effective 

diameters (De).  

The obtained DLVO energy profiles between the AgNPs and the porous media 

showed secondary energy minima at a separation distance around 30 nm (Figure 2-1a), 

suggesting a weak attraction between the AgNPs and the porous media. The repulsive 

energy barrier was high with values around 30 kT (sand A) and 25 kT (sand B) (Figure 

2-a). The high energy barrier between the AgNPs and porous media indicated that the 

experimental conditions were unfavorable for AgNP deposition onto the grain surfaces 

in the primary energy minima.  
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Because CNTs are tubular, both the tube length (De = 400 nm) and the tube 

diameter (De = 0.8 nm) were used to calculate the DLVO energy profiles between the 

CNTs and the porous media (Figure 2-1b). When the tube length was used, the energy 

profiles were similar to those of the AgNPs: second minimum and high energy barriers. 

When the tube diameter was used in the calculations, the energy profiles were much 

lower without a secondary energy minimum (Figure 2-1b). Although the DLVO energy 

profiles showed much difference between the two effective diameters, both cases 

suggested that the experimental conditions were unfavorable for CNT deposition onto 

the grain surfaces in the primary energy minima. 

The energy profiles of SDBS- and water-dispersed montmorillonite were similar to 

those reported in the literature [105] and had repulsive energy barriers around 250kT 

(Figure 2-1c and 1d). The presence of SDBS in the solution greatly reduced the 

repulsive forces between the clay colloids and the two porous media. The DLVO energy 

of SDBS-dispersed montmorillonite showed secondary energy minima at a separation 

distance around 20 nm (Figure 2-1c). This is because the presence of SDBS (5.74 mM) 

in the experimental solution increases the ionic strength, compressing the thickness of 

the diffusion layer and reducing the repulsive EDL forces (Table 2-1) [102]. 

Transport in Porous Media 

The transport of AgNPs in the two sand media exhibited typical breakthrough 

behaviors in stage-1. After they were applied to the sand columns, AgNPs were 

detected in the effluents around 1 pore volume. The breakthrough curves then quickly 

climbed to a peak value and stayed there during the particle injection. The AgNP 

concentrations decreased quickly to zero after the columns were flushed with particle-

free SDBS solution. Mass balance calculations showed that about 24% (sand A) and 14% 
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(sand B) of AgNPs were retained in the two sand columns in stage-1 before the 

columns were flushed with DI water (Table 2-2). The retention of AgNPs in the 

saturated porous media was mainly controlled by deposition in the secondary energy 

minima (Figure 2-1a), where the attraction between the particle and grain surface is 

weak and reversible [106].  

The secondary minimum deposition was further confirmed by the transport 

behavior of AgNP in stage-2, where most of the retained AgNPs in the columns were 

released back into the pore water and the breakthrough curves showed pulses (Figure 

2-2a). In stage-2, the influents were switched from SDBS solution to DI water, reducing 

the ionic strength in pore water and increasing the repulsive EDL forces to eliminate the 

secondary minima for AgNP attachment. Because there were more AgNPs retained in A 

than B columns, more AgNPs were released from the A column at stage-2. The 

differences in AgNP deposition and release in the two porous media may be caused by 

the different surface properties of the sand resulting from the different treatments (sand 

A: organic free, sand B: organic and metal oxide free). It has been demonstrated that 

metal oxides can increase the deposition of negatively charged colloids to surfaces 

because of their positive charge and hydrophobicity [107, 108]. 

CNTs and montmorillonite showed similar breakthrough behaviors to AgNPs in the 

two saturated porous media: a brief period of rapidly increasing concentrations followed 

by a plateau and a retreat (Figures 2-2b, 2-2c, and 2-2d). Mass balance calculations 

showed that almost all CNTs and montmorillonite colloids passed through the sand 

columns in stage-1 with a recovery rate around 100% (Table 2-2). For CNTs and SDBS-

dispersed montmorillonite, no particles were detected in stage-2 when the influents 
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were switched to DI water. Our results indicate that the SWCNTs used in this study are 

highly mobile in saturated porous media. In column studies of functionalized SWCNTs, 

Jaisi and his colleagues (2008, 2009) found that the SWCNTs exhibited low or limited 

transport in well-defined porous media and natural sandy soils because of pore straining 

effects. However, we did not observe any straining effects because the SWCNTs used 

in this study may be too short (400 nm) to be strained by the pore throats.   

The transport of water-dispersed montmorillonite in the porous media and DLVO 

predictions showed that the experimental conditions were unfavorable for attachment 

(Figure 2-1d). The results of CNT and SDBS-dispersed montmorillonite, however, were 

contradictory to the calculations of the DLVO theory (Figures 2-1b and 2-1c), which 

suggests particle deposition in the secondary minima. These differences could be 

because of deviations from DLVO theory. First, the effective diameters were used for 

the tubular and irregular shaped particles, which may not accurately reflect the actual 

interactions between the particles and grain surfaces. Second, the influences of the 

surfactant (SDBS) on the DLVO interactions were only included in ionic strength 

calculations. While several previous studies suggested that the presence of surfactants 

may also alter the surface properties of the particles (both NPs and colloids) and sand 

grains by forming coating layers [109, 110]. This alteration not only may affect the 

extent of the van der Waals and EDL forces between the particles and grain surfaces, 

but also may introduce some non-DLVO interactions [103, 111]. Although several 

studies have attempted to quantify these non-DLVO interactions and apply them to NP 

stabilities [103, 109, 111], an extended-DLVO theory for engineered NP interactions 

with porous medium is far from complete. Additional theoretical and experiment 
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investigations are still needed to modify and extend the DLVO theory to improve its 

predictions to engineered NP systems.  

Model Simulations 

The transport model was first applied to the breakthrough data of bromide to 

obtain the dispersion coefficient and the simulations matched the experimental data well 

with r2 =0.99. Using the obtained dispersion coefficient, the model described the 

breakthrough curves reasonably well for all experiments with r2 >0.96 (Figure 2-2). The 

best-fit values of ka for CNT, water- and SDBS-dispersed montmorillonite were very 

small (Table 2-2), indicating the deposition rate of these particles to the sand grain 

surface is negligible under the experimental conditions. As expected, the best-fit ka for 

AgNPs in sand A (0.43 h-1) was higher than that in sand B (0.34 h-1) indicating faster 

deposition of AgNPs in sand A. As there were more AgNPs retained in the sand A 

column, the best-fit kb in sand A (6.43 h-1) was higher than that in sand B (6.00 h-1) 

indicating faster release in sand A. The good match between the model simulations and 

experimental data indicates that colloid transport models can be used to describe the 

fate and transport of engineered NPs in porous media.  

Chapter Conclusions 

The fate and transport of two engineered NPs (CNTs and AgNPs) in water-

saturated porous media were examined. Our results showed that the engineered NPs 

exhibited similar transport features to natural clay colloids. It is therefore feasible to take 

advantage of the existing theories and models of colloid transport to describe the fate 

and transport of engineered NPs in porous media. Both the classic DLVO theory and 

filtration theory were applied to the engineered NP systems in this study; however, the 

presence of the surfactant (SDBS) caused deviations from the theory. Further 
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investigations are still needed to modify and improve the DLVO theory and to ensure 

the accuracy of its predictions in engineered NP systems.  
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Table 2-1. Physicochemical properties of nanoparticles, natural colloids, and porous 
medium 
 

Particle 
Effective 
diameter (nm) 

Debye length 
(nm) 

Zeta potential 
(mV) 

Surface 
potential (mV) 

Hamaker 
constant  
(10

-20
J) 

Silver nanoparticle 52.4 4.01 -49.49 -57.13 38.5 
ref. [112]

 

Carbon nanotube 90.0/0.8 4.01 -42.84 -55.87/-125.39 
8.2 

calculated from 

[113, 114] 
 

SDBS-dispersed 
montmorillonite 

252.7 4.01 -50.56 -57.50 7.8 
ref. [105]

 

Water-dispersed 
montmorillonite 

236.8 241.77 -49.66 -49.97 7.8 
ref. [105]

 

Sand A 0.5×10
5 - 

-24.30 -27.52 8.8 
ref. [115]

 

Sand B 0.5×10
5
 - -19.73 -24.35 8.8 

ref. [115]
 

Water - - - - 3.7 
ref. [115]
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Table 2-2. Best-fit parameter values and recovery rate calculations for nanoparticle 
and colloid transport in saturated porous media 

 
Ka 
(h

-1
) 

Kb 
(h

-1
) 

Stage-1 
Recovery (%) 

Stage-2 
Recovery (%) 

r
2 

Sand A      

Silver nanoparticles 0.43 6.43 76.0 14.5 0.97 

Carbon nanotubes 3.00E-07 0 101.6 0 0.99 

SDBS-dispersed montmorillonite 3.00E-07 0 102.6 0 0.99 

Water-dispersed montmorillonite 3.00E-07 0 99.3 0 0.99 

Sand B      

Silver nanoparticles 0.34 6.00 86.1 10.3 0.97 

Carbon nanotubes 3.00E-07 0 103.1 0 0.99 

SDBS-dispersed montmorillonite 3.00E-07 0 104.3 0 0.96 

Water-dispersed montmorillonite 3.00E-07 0 101.3 0 0.99 
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Figure 2-1. DLVO energy between the porous medium and (a) silver nanoparticle, (b) 
carbon nanotube, (c) SDBS-dispersed montmorillonite, and (d) water-dispersed 
montmorillonite. 
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Figure 2-2. Transport of (a) silver nanoparticles, (b) carbon nanotubes, (c) SDBS-
dispersed montmorillonite, and (d) water-dispersed montmorillonite in water-saturated 
porous media. 
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CHAPTER 3 
3 EFFECT OF SOLUTION CHEMISTRY ON MULTI-WALLED CARBON NANOTUBE 

DEPOSITION AND MOBILIZATION IN CLEAN POROUS MEDIA 1 

Introductory Remarks  

Carbon nanotubes (CNTs), allotropes of carbon with a cylindrical nanostructure, 

are among the most popular engineered nanomaterials. With a significantly large 

length-to-diameter ratio and unique physicochemical properties, CNTs are widely used 

in many applications in nanotechnology, electronics, optics and architectural fields [16]. 

However, serious environmental concerns about the negative impacts of CNTs have 

been aroused along with these prevailing applications [27]. Several risk assessment 

studies suggested that, after disposal, CNTs may pose risks to the ecosystems and the 

public health [21, 78, 79]. 

Groundwater is an important resource of potable water and thus the investigation 

of CNTs in the groundwater is the key to effective assessment of ecological and health 

risks of CNTs. As disposal, they may be potentially released into soil, subsequently 

transport in the soil profile, and finally enter groundwater environment. Therefore, 

studies on transport behaviors of CNTs in the soil profile and related impact factors are 

very meaningful for the further risk assessment.  

Transport of CNTs in the porous media was thus increasingly studied recently and 

enhanced current understanding of their fate in soil and groundwater systems [67, 93, 

110, 116, 117]. Water-saturated porous medium columns have been often used to 

explore the governing mechanisms of deposition and transport of CNTs. Effect of 

                                            
1
 Reprinted with permission from Tian, Y., Gao, B., Wu, L., Muñoz-Carpena, R., and Huang, Q., Effect of 

solution chemistry on multi-walled carbon nanotube deposition and mobilization in clean porous media. 
Journal Of Hazardous Materials. 10.1016/j.jhazmat.2012.06.039(0). 



44 
 

various physicochemical factors, such as solution ionic strength (IS) [93], pore water 

velocity [27, 116], dissolved organic matter concentration [110], surfactant coating [118], 

moisture content [117], and grain size [67, 117], on deposition and transport of single-

walled or multi-walled CNTs were determined with laboratory columns packed with sand 

or glass bead porous media. Theories and models developed for describing the fate and 

transport of spherical colloids have also been used to analyze the transport behaviors of 

CNTs in laboratory porous medium columns [93, 110, 116]. However, it is still unclear 

whether the well-established colloid theories are applicable to CNTs, which are 

nanosized, tubular particles with extremely high aspect ratio [118].  

In the literature of colloid transport, pore-water chemistry is always considered to 

play an important role in controlling the deposition and mobilization of colloids in porous 

media [36, 119, 120]. It was found that increase in solution chemistry would reduce the 

double layer thickness and electrostatic repulsion and thus facilitate colloid deposition in 

porous media, particularly in secondary minimum [36, 106, 121].  Solution pH was also 

regarded as one of the influential factors of fate and transport of colloids in porous 

media [36, 108].  Perturbations in solution pH may result in changes of surface potential 

to affect the deposition and mobilization of colloids in porous media [108]. However, 

limited studies have been conducted to investigate the effect of solution chemistry on 

CNT fate and transport in porous media [93, 116]. Systematic investigations are 

therefore needed to determine this effect, especially with respect to understanding the 

combined effect of solution IS and pH on CNT deposition and re-entrainment in different 

types of porous media.   
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In this work, laboratory column experiment was conducted to examine deposition, 

mobilization and transport of multi-walled carbon nanotubes (MWNTs) in water-

saturated porous media. Acid-cleaned quartz sand or glass beads of different sizes 

were used in the study to pack the columns. The transport behaviors of MWNTs in the 

columns was examined in details with different combinations of solution IS and pH. 

Mathematical models were used to aid in the data interpretations. The objectives were 

to: (1) determine the effects of solution IS and pH on the deposition and mobilization of 

MWNTs in saturated porous media, (2) determine the effect of porous media type and 

size on the fate and transport of MWNTs, and (3) understand governing mechanisms of 

MWNT deposition and mobilization in saturated porous media.   

Materials and Methods 

MWNTs  

MWNTs were produced using a chemical vapor deposition method with nickel and 

magnesium catalysts and further functionalized by an acid mixture concentrated sulfuric 

and nitric acids (3:1, v:v) to introduce functional groups (e.g., carboxyl groups) to the 

nanotube surface [122]. Stock suspension was prepared by dispersing 16 mg MWNTs 

in 1000 ml deionized (DI) water with Misonix S3000 ultrasonicator (QSonica, Newtown, 

CT) for 30 min. The stock suspension was used to make experimental MWNT 

suspensions by adding 1M KCl, KOH, or HCl solutions to obtain desired solution 

chemistry. Two pHs (5.6 and 10.0) and three ISs (DI water, 1 mM, and 10 mM) were 

tested in this work (Table 3-1).  

Characterization of MWNTs 

Hydrodynamic diameter of the MWNTs was determined by dynamic light 

scattering using Brookhaven ZetaPlus (Brookhaven Instruments Corporation, Holtsville, 
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NY). Actual dimensions of the MWNTs were determined through scanning electron 

microscope (SEM) (JEOL 6335F, Tokyo, Japan). Electrophoretic mobility (EPM) of the 

MWNTs was determined using ZetaPlus and Smoluchowski's model was used to 

estimate the zeta potential [110]. MWNT concentrations were calibrated by measuring 

the total absorption of light at wavelengths of 255 nm using Evolution 60 UV-Vis 

Spectrophotometer (Thermo Scientific, Waltham, MA) (Figure A-1).   

Porous Media 

Two types of porous media, glass bead (Cole-Parmer Inc., Vernon Hills, IL) and 

Quartz sand (Standard Sand & Silica Co., Davenport, FL), were sieved into two size 

distributions: fine (0.1 - 0.2 mm) and medium (0.5 - 0.6 mm). The porous media were 

cleaned sequentially by tap water, 10% nitric acid (v:v), and DI water to remove the 

metal oxides and organic impurities. The zeta potentials of porous media under various 

solution chemistries were determined according to the procedure of Johnson et al. [94]. 

In brief, 100 g of porous media were added into 200 mL background electrolyte solution 

and the mixture was ultrasonicated for 30 minutes. Aliquots of the quartz colloids in the 

mixture were then removed and filtered through a 0.45 µm filter. The filtrate was 

analyzed for electrophoretic mobility and zeta potential. 

MWNT Stability  

Temporal changes of MWNT concentrations under various solution chemistry 

conditions were measured to evaluate its stability. 1000 ml of MWNT stock suspensions 

were fresh prepared. Every 30 min, 2 ml solution was sampled from the stock 

suspensions for 24 h. MWNT concentrations were determined by measuring the total 

absorption of light at wavelengths of 255 nm with UV-Vis Spectrophotometer.  
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Column Experiments 

Packed-column experiments were used to investigate the deposition, mobilization, 

and transport of MWNTs in water-saturated porous media. The porous media were wet-

packed into an acrylic column measuring 2.5 cm in diameter and 15 cm in height. 

Membranes with 50 µm pores (Spectra/Mesh, Spectrum Laboratories, Inc.) were used 

at the column inlet and outlet to seal the column and distribute the flow. The procedures 

of Tian et al. [121] were used to packed the columns to avoid layering or air entrapment. 

The porosities of the columns were approximately 0.38 (fine sand), 0.40 (medium sand), 

0.38 (fine glass bead), and 0.40 (medium glass bead).  

Transport of MWNTs in the columns was investigated in 1-3 stages depending on 

experimental working solution chemistry, which varied among three ISs and two pHs 

(Table 3-1). A peristaltic pump (Masterflex L/S, Cole Parmer Instrument, Vernon Hills, IL) 

was connected to the inlet at the top of the column to regulate the downward flow at a 

specific discharge 2.0 mL/min for all the stages. At stage 1, after the column was 

flushed with background working solution for 3 PVs, MWNT suspension of the same 

chemistry was applied to the column for 2 PVs, and then the column was flushed with 

the working solution for another 2 PVs. For the experiments with relatively higher 

solution ISs (i.e. IS= 1 and 10 mM), the retained MWNTs in the columns at stage 1 were 

mobilized by reducing solution ISs in one or two stages (i.e., stages 2 and 3, Table 3-1). 

Effluent samples were collected from the bottom of the column using a fraction collector 

(IS-95 Interval Sampler, Spectrum Chromatography, Houston, TX) to analyze MWNT 

concentrations.  
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Mathematical Model 

DLVO theory (Appendix A-1) was used to estimate the interaction energy in 

MWNT-water-MWNT and MWNT-water-medium systems under various solution 

chemistry conditions. The DLVO theory was developed spherical particles or flat 

surfaces.  Because CNTs are tubular, the calculations can be only used as exploratory 

estimations. In this work, hydrodynamic diameter (Dh), physical diameter (D), and length 

(L) of the MWNT were used to calculate the DLVO energy profiles for different 

circumstances (Appendix A-1).  

Advection-dispersion equation coupled with first-order kinetics was used to 

describe MWNT deposition and transport in the porous media [104]. The governing 

equation can be written as:  

 

         (3-1) 

 

where C is the MWNT concentration, D is the dispersion coefficient, v is the pore 

water velocity, z is the travel distance in the direction of flow, and k is the first-order 

retention rate. This model was applied to the experimental data and solved numerically 

with a zero initial concentrations, a pulse-input boundary condition, and a zero-

concentration-gradient condition at the outlet boundary.  

Results and Discussion 

Characteristics of MWNTs and Porous Media 

The MWNTs were stable in the suspension and their concentration maintained 

unchanged for more than 10 hours for different IS and pH conditions (Figure A-2). In 
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this work, the column experiments were therefore performed within 10 hours to avoid 

MWNT aggregation. The hydrodynamic diameter of the MWNTs was around 175 nm for 

all the tested conditions. SEM measurements indicated that their actual average 

diameter was about 40 nm and the length was about 400 nm. Zeta-potential of the 

MWNTs increased from -38.2 to -13.5 at pH 5.6 and from -39.1 to -17.5 at pH 10 when 

solution IS increased (Table 3-2). The estimated DLVO interaction energy profiles of the 

MWNTs confirmed that the experimental conditions were unfavorable for their 

aggregation, particularly when L or Dh was used in the calculation (Figure A-3). The 

DLVO profiles also demonstrated that the maximum energy barrier for MWNT 

aggregation decreased when solution IS increased or solution pH decreased. However, 

the secondary-minimum well became deeper when solution IS increased or solution pH 

decreased.  This indicates that low solution pH or high solution IS may promote the 

aggregation of MWNTs (mainly through second minimum), which is consistent with 

traditional colloid/nanoparticle stability theories [114, 123].   

EPM and zeta-potential measurements showed that the surfaces of the two 

porous media (i.e., sand and glass bead) were also negatively charged for all the tested 

treatments (Table 3-2).  The zeta-potential of the glass bead was more negative than 

that of sand for every solution chemistry, suggesting glass bead had higher surface 

charge density. The estimated DLVO interaction energy profiles between the MWNTs 

and the porous media suggested that all the tested experimental conditions were 

unfavorable for attachment (Figure A-4 and A-5).  

Deposition of MWNTs under DI Water Condition 

When the experimental working solution was DI water, MWNTs were highly mobile 

in the two porous media (sand and glass bead) at pH 5.6 and 10.0 (Figure 3-1), which 
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seems to be consistent with the prediction of the DLVO theory. Mass recovery 

calculations showed around 100% of injected MWNTs were recovered from the eluent 

at the end of stage 1 (only one stage) in most of the columns under DI water condition 

except three columns packed with fine glass bead at pH 5.6 (94%), fine sand at pH 5.6 

(77%), and fine sand at pH 10.0 (89%) (Table 3-3). The transport model simulated the 

transport of MWNTs in DI water through the columns well (Figure 3-1). The best-fit k 

values were close to zero for almost all experiments except for the three fine porous 

medium columns (Table 3-3). The Damkohler number for MWNT retention ( , 

where L is the column length and v is flow velocity) was smaller than 0.100 for most of 

the columns under DI water conditions except one fine sand columns at pH 5.6 (0.262). 

This result confirms the high mobility of MWNTs in the saturated columns under DI 

water conditions because only one fine sand column had a retention time scale 

comparable to that of the advection process.  

The retention of MWNTs in the three fine porous medium columns under 

unfavorable conditions could be caused by several factors, such as surface 

heterogeneity (i.e., charge and roughness) and/or physical straining [124, 125]. In this 

work, however, we did not observe notable MWNT retention in the fine glass beads 

(same size as the fine sand) at pH 10.0 (Figure 3-1), suggesting physical straining might 

not be a major MWNT retention mechanism.  

Although the both the sand and glass bead were acid-washed to reduce surface 

coatings, the clean procedure may not sufficient to completely remove the local charge 

heterogeneity or surface roughness, particularly for the fine porous media [125, 126]. As 

a result, the remaining local charge heterogeneity on the fine porous medium surfaces 

v

kL
Da 
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could serve as favorable sites for MWNT deposition, although most of the surfaces were 

unfavorable based on the overall pore-water chemistry [127, 128]. This mechanism is 

consistent with the fact that deposition of MWNTs in both fine sand and fine glass bead 

columns at pH 10.0 was lower than at pH 5.6 (Figure 3-1) because increase of solution 

pH may result in more negatively charged surfaces and thus reduce the affinity of 

surface charge heterogeneous sites to MWNTs [129, 130].  

Surface physical heterogeneity such as surface roughness may also play a vital 

role on the deposition of MWNTs in the fine porous media, particularly in fine sand 

columns.  SEM image analysis result showed that the glass beads have much smoother 

surfaces than sand grain (Figure 3-2). Meanwhile, the retention of MWNTs in the glass 

beads was lower than that of the sand, which is consistent with the findings of previous 

studies that increase in surface roughness may enhance particle deposition in porous 

media [131, 132]. 

Effect of IS on MWNT Deposition 

When the solution IS increased slightly from DI water to 1 mM or 10 mM, the 

mobility of the MWNTs in the two types of s porous media reduced dramatically and 

MWNT transport at pH 10.0 was higher than at pH 5.6 (Figure 3-1). Those indicate that 

MWNT deposition and transport in saturated porous media are very sensitive to solution 

chemistry, particularly to solution IS. Although the DLVO energy profiles in the 

Supplementary data showed all experimental conditions were unfavorable for the 

attachment of MWNTs, mass recovery calculations indicated strong MWNT deposition 

during stage 1 in the porous media with recovery rate of 5-61% and 1-42% for 1 mM 

and 10 mM solution IS, respectively (Table 3-3).  Enhanced deposition of particles in 

saturated porous media due to increase in solution IS or reduction in solution pH has 
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been often observed in the literature of fate and transport of nanoparticles and colloids, 

such as CNTs [93, 116] and natural colloids [108, 133]. The failure of the DLVO theory 

confirmed that it cannot be applied directly to describe the interaction forces between of 

MWNTs and porous media [117, 121]. A new or modified DLVO theory therefore is 

needed to advance current understanding of fate and transport of CNTs in porous 

media [117].  In addition, new technologies of measuring and calculating zeta potential 

of tubular particles are also in great need because current method may overestimate 

the actual surface potential of CNTs [110].  

Simulations of the transport model also well matched all the MWNT breakthrough 

curves under higher IS conditions. The best-fit k values were between 0.032 and 0.280 

min-1 and the Damkohler number was larger than 0.494 for all columns under the two IS 

conditions, confirming the importance of deposition to the fate and transport of MWNTs 

in the porous media. Similarly, the deposition rate (k) was very sensitive to the solution 

chemistry and increased when IS increased or pH reduced. 

Mobilization of MWNTs 

The fate of MWNTs in the two saturated porous media also relied on solution IS. 

When IS was decreased to a lower level (i.e., from 10 mM to 1 mM and/or from 1 mM to 

DI water), some of the retained MWNTs were released as pulses from the columns with 

peak concentrations as high as 0.7C0 (Figure 3-3). Re-entrainment of colloids and 

nanoparticles under transient flow chemistry conditions have been also observed in 

many previous studies [93, 108]. Mass recovery calculations indicated that the release 

of MWNTs in stage 2 or 3 was relatively low and for most of the cases less than 11% of 

the total injected MWNTs were recovered (Table 3-3). In total, less than 27% of the 

retained MWNTs were mobilized in either the one stage (IS 1 mM, stage 2) or two 
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stages (IS 10 mM, stages 2 and 3), suggesting that a large portion (>70%) of MWNT 

deposition in the two porous media was irreversible under all experimental conditions. 

SEM image analysis of the sand and glass beads surfaces at the end of stage 3 (IS 10 

mM) confirmed the presences of MWNTs attached on the surfaces (Figure 3-2 C and D).  

The released portion of MWNTs from the two saturated porous media through IS 

reductions can be considered as a re-entrainment of MWNTs from the secondary-

minimum well. The deposition and re-entrainment of particles, including MWNTs, in the 

secondary-minimum well are considered as a dynamic capture and release process that 

is believed to be reversible [106, 134]. If the particles in the secondary-minimum well 

can overcome the primary energy barrier to reach the primary-minimum well, however, 

their deposition is considered as an irreversible process and the retained particles will 

not be released with perturbations in solution IS [106]. Thus, the column experimental 

results presented in this work indicate that MWNTs deposited in the two porous media 

under the higher IS conditions (1 or 10 mM) were trapped in both the secondary-

minimum and primary-minimum wells, but more were in the primary minimum.  

Because the electrolyte solutions used in this work had relatively low IS (1 and 10 

mM), it would be difficult for the MWNT attachment in the porous media occurring 

directly in the primary minimum [121, 134]. Previous studies, however, suggested that 

particles, particularly small sized particles, in deposited in saturated porous media can 

transit from the secondary minimum to the primary minimum [135, 136]. The transit of 

MWNT deposition from secondary minimum to primary minimum in the two saturated 

porous media could be trigged by local favorable conditions resulted from the surface 

heterogeneity [116, 128, 137]. In addition, because CNTs have an extremely high 
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aspect ratio, hydrodynamic force may also increase their kinetic energy to override the 

energy barrier to transfer from secondary minimum to the primary minimum [116, 138]. 

For instance, for a MWNT attached on a porous medium surface in the secondary-

minimum well in an end-to-end position (Figure 3-4a), flow around the porous medium 

grain will impose hydrodynamic force on the tubular MWNT and force it to roll along the 

grain surface (Figure 3-4b). Because the long length of the MWNT, the hydrodynamic 

force may overcome the repulsive force in the primary barrier and move it into the 

primary-minimum well (Figure 3-4c). Additional investigations are recommended to 

further determine the effect of hydrodynamic force on CNT deposition and transport in 

water-saturated porous media.  

Chapter Conclusions 

Laboratory column experiment results demonstrated that solution IS and pH 

played important roles on deposition, transport and mobilization of MWNTs in saturated 

porous media. Although MWNTs were highly mobile in the columns under DI water 

conditions, slight increase of solution IS to 1 or 10 mM dramatically reduced their 

mobility in sage 1.  Mass recovery calculations indicated only about 5-61% and 1-42% 

of MWNTs were transported through the columns at IS of 1 and 10 mM, respectively.  

Subsequent experiment at stages 2 and 3 showed only small portion (<27%) of 

deposited MWNTs was released when solution IS reduced. Although the experimental 

conditions are unfavorable, the mobilization experimental result suggested that more 

MWNTs were deposited in the primary minimum than in the secondary minimum. The 

MWNTs trapped in primary minimum might migrate from the secondary minimum, 

where weak associated MWNT particles could be driven by hydrodynamic force to roll 

along the grain surface, override the energy barrier, and further deposit in the primary-
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minimum. Comparisons of experimental results in sand and glass bead columns 

indicated that surface heterogeneity (charge and roughness) may also play a vital role 

in controlling the deposition, transport, and mobilization in saturated porous media.  
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Table 3-1. Summary of conditions and procedures of the column experiments 

Treatments 
Deposition Mobilization  

Stage 1 Stage 2 Stage 3 

DI water  
(pH 5.6 or 10.0) 

CNT with background 
solution 

- - 

1 mM IS  
(pH 5.6 or 10.0) 

CNT with background 
solution 

DI water  
at the same pH 

- 

10 mM IS  
(pH 5.6 or 10.0) 

CNT with background 
solution 

1 mM solution  
at the same pH 

DI water  
at the same pH 
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Table 3-2. Physicochemical characteristics of MWNTs and porous media used in the 
column experiment. 

  Size (mm) 

Electrophoretic mobility 
 (×10

-8
m

2
/(Vs)) 

Zeta-potential (mV) 

pH=5.6 pH=10.0 pH=5.6 pH=10.0 

DI water 

Glass bead 

 
0.5 - 0.6 -3.3 -4.3 -44.0 -58.0 

 
0.1 - 0.2 -3.1 -3.8 -41.6 -52.1 

Sand 

 
0.5 - 0.6 -1.5 -3.3 -19.7 -45.2 

 
0.1 - 0.2 -1.5 -3.0 -19.6 -40.5 

MWNT -2.8 -2.9 -38.2 -39.1 

1 mM IS 

Glass bead 

 
0.5 - 0.6 -3.0 -3.6 -40.0 -48.3 

 
0.1 - 0.2 -2.9 -3.4 -38.8 -46.4 

Sand 

 
0.5 - 0.6 -1.4 -2.8 -18.9 -38.5 

 
0.1 - 0.2 -1.4 -2.7 -18.4 -35.9 

MWNT -2.2 -2.3 -29.8 -31.4 

10 mM IS 

Glass bead 

 
0.5 - 0.6 -2.6 -3.4 -35.8 -45.5 

 
0.1 - 0.2 -2.6 -3.3 -35.4 -45.2 

Sand 

 
0.5 - 0.6 -1.2 -2.3 -15.8 -30.5 

 
0.1 - 0.2 -1.2 -2.2 -15.8 -29.2 

MWNT -1.0 -1.3 -13.5 -17.5 
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Table 3-3. Summary of mass recovery and model results of MWNT transport in 
saturated porous media with different combinations of solution pH, IS, and porous 
medium type and size. 

Treatments  Mass recovery (%) 
*
 Breakthrough model 

**
 

  
Size 
(mm) 

pH 
Deposition 
M1 

Mobilization k  
(min

-1
) 

Da R
2
 

M2 M3 MT 

DI water 

Glass bead 

 
0.5 - 0.6 5.6  101.5  - - - 0.000  0.000  0.990  

 
0.5 - 0.6 10.0  100.6  - - - 0.000  0.000  0.997  

 
0.1 - 0.2 5.6  93.8  - - - 0.004  0.046  0.993  

 
0.1 - 0.2 10.0  98.6  - - - 0.000  0.000  0.993  

Sand 

 
0.5 - 0.6 5.6  95.7  - - - 0.002  0.065  0.997  

 
0.5 - 0.6 10.0  99.0  - - - 0.000  0.000  0.985  

 
0.1 - 0.2 5.6  76.3  - - - 0.017  0.262  0.979  

 
0.1 - 0.2 10.0  88.9  - - - 0.005  0.078  0.945  

1 mM IS 

Glass bead 

 
0.5 - 0.6 5.6  44.6  4.4  - 8.0  0.048  0.802  0.986  

 
0.5 - 0.6 10.0  59.3  10.9  - 26.8  0.032  0.541  0.985  

 
0.1 - 0.2 5.6  42.4  3.2  - 5.6  0.051  0.790  0.964  

 
0.1 - 0.2 10.0  60.8  6.8  - 17.4  0.032  0.494  0.955  

Sand 

 
0.5 - 0.6 5.6  37.7  1.8  - 2.9  0.058  0.969  0.984  

 
0.5 - 0.6 10.0  55.4  9.0  - 20.2  0.038  0.638  0.974  

 
0.1 - 0.2 5.6  5.5  10.1  - 10.7  0.171  2.693  0.808  

 
0.1 - 0.2 10.0  48.5  7.5  - 14.5  0.042  0.659  0.964  

10 mM IS 

Glass bead 

 
0.5 - 0.6 5.6  25.2  1.6  5.6  9.6  0.080  1.338  0.988  

 
0.5 - 0.6 10.0  41.6  4.8  10.1  25.6  0.051  0.858  0.976  

 
0.1 - 0.2 5.6  15.5  1.2  2.1  3.9  0.119  1.844  0.943  

 
0.1 - 0.2 10.0  35.1  4.5  8.7  20.4  0.059  0.914  0.980  

Sand 

 
0.5 - 0.6 5.6  22.9  0.0  2.1  2.7  0.088  1.439  0.968  

 
0.5 - 0.6 10.0  35.9  3.6  10.6  22.1  0.065  1.063  0.943  

 
0.1 - 0.2 5.6  1.3  0.8  17.8  18.9  0.280  4.410  0.831  

  0.1 - 0.2 10.0  25.7  2.9  6.1  12.0  0.069  1.083  0.964  

 

* Mass recovery of injected of CNTs in porous media for three different stages (M1 – M3) were given. MTM 

represents the total mass recovery of mobilization from the deposited CNTs. 

** Breakthrough model-fitting parameters were given as deposition rate coefficient (k), Damkohler number 

(Da) and coefficient of determination (R
2
). 
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Figure 3-1. Deposition of MWNTs in saturated porous media at stage 1 with different 
combinations of solution pH, IS, and porous medium type and size.   
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Figure 3-2. SEM images of (A) acid-cleaned glass beads, (B) acid-cleaned sand, (C) 
glass beads with MWNTs attached on their surface, and (D) sand with MWNTs attached 
on their surface. 
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Figure 3-3. Effect of solution IS on MWNT mobilization in saturated porous media at 
stages 2 and 3 with different combinations of solution pH, IS, and porous medium type 
and size. 
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Figure 3-4. Schematic diagram of migration of a MWNT from secondary minimum to 
primary minimum due to hydrodynamic force. 
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CHAPTER 4 
4 HIGH MOBILITY OF SDBS-DISPERSED SINGLE-WALLED CARBON NANOTUBES IN 

SATURATED AND UNSATURATED POROUS MEDIA 1 

Introductory Remarks  

Carbon nanotubes (CNTs) are among the top concern of engineered nanoparticles 

(ENPs) in the environment [9]. Entirely composed of carbon, CNTs are rolled-up 

graphene sheets with exceptional mechanical, electrical, optical, and thermal properties 

[12]. They are largely used in many novel applications in nanotechnology, electronics, 

optics, thermal conductors, and other fields in material science and engineering [16]. 

Recent studies of the environmental impacts of CNTs, however, have revealed their 

toxic effects towards a variety of living organisms and highlighted the potential risks of 

CNTs to the ecosystem [25, 26].  

The widespread application and exponential growth in production of CNTs may 

result in their release into soils. This release imposes contamination risks on 

groundwater if the CNTs can move through the vadose zone to reach the water Table 

[29]. As a result, there is increased concern among the scientific community and 

regulation agencies over the fate and transport of CNTs in porous media.  In addition to 

their own potential contamination risks, the presence of mobile CNTs in soils and 

groundwater may also alter the transport behavior of other contaminants. With 

extremely small sizes and superior surface affiliation abilities, the mobile CNTs in soils 

can facilitate the transport of a variety of contaminants previously thought to have very 

limited mobility, such as heavy metals [73] and organic pollutants [139]. 

                                            
1
 Reprinted with permission from Tian, Y., Gao, B., and Ziegler, K.J., High mobility of SDBS-dispersed 

single-walled carbon nanotubes in saturated and unsaturated porous media. Journal Of Hazardous 
Materials, 2011. 186(2-3): p. 1766-1772. 
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Facilitated/enhanced transport of reactive contaminants in soils by natural nano-sized 

and colloidal particles is a well-known phenomenon, which has been observed in many 

previous studies [140, 141].   

A number of investigations have been conducted to study the environmental fate 

and transport of ENPs [27, 118, 142]. Column studies with water-saturated porous 

media have been commonly used to explore the governing mechanisms of CNT fate 

and transport in groundwater systems [93, 110, 143, 144]. Experimental results from 

columns packed with well-defined and natural porous media suggest that surface 

retention and physical trapping could play important roles in controlling the fate and 

transport of CNTs in water-saturated porous media [30, 143]. Although progress has 

been made toward a better understanding of the environmental fate and transport of 

ENPs, the current knowledge of the fate and transport of CNTs in porous media is far 

from complete. Reliable data on the transport behavior and interaction dynamics of 

CNTs in porous media are still limited [30]. This is particularly true for unsaturated 

porous media; to our knowledge, no research has been conducted to examine the 

transport behavior of CNTs in unsaturated systems. Due to the addition of an air phase 

in the unsaturated systems, it is expected that the transport behavior of CNTs could be 

much more complicated in unsaturated porous media than in saturated porous media.  

Extensive work has been done in recent years to determine the transport 

mechanisms of colloidal particles in unsaturated porous media. Unsaturated porous 

medium columns are often used in the laboratory to examine the transport behavior of 

different types of colloids, including viruses, bacteria, clay particles, silicates, and 

synthetic microspheres [65, 145, 146]. In addition, microscopic visualization 



65 
 

technologies have been adapted in pore-scale investigations to determine the retention 

mechanisms of colloids in unsaturated porous media [61, 119]. Findings from these 

investigations have revealed several important mechanisms that govern the fate and 

transport of colloidal particles in unsaturated porous media. For a well-defined 

homogeneous porous media, it is recognized that the retention of colloidal particles 

within the unsaturated system is mainly affected by the following mechanisms: a) 

porous medium grain surface (solid-water interface) deposition, which is controlled by 

the physicochemical and electrostatic forces between the particle and grain surfaces 

[54]; b) air-water interface deposition, which is controlled by the physicochemical and 

electrostatic forces between the particle surface and the air-water interface [61]; and c) 

physical trapping, including wedging, pore straining, and water-film straining, which is 

controlled by the collective contributions from particle size, porous medium grain size, 

and moisture content [147-149]. There are notable differences between CNTs and 

natural colloids in many physicochemical properties particularly in respect to aspect 

ratio and surface properties [98].  It therefore needs to be investigated whether these 

well documented colloid retention mechanisms are applicable to describe the fate and 

transport of CNTs in unsaturated porous media. 

Because CNTs have a strong tendency to form bundles, they are essentially 

insoluble in either aqueous or organic phase. It is thus often required to disperse or 

solubilize CNTs for their optimum uses. Stable aqueous CNT dispersions have been 

prepared primarily through the use of surfactants or amphiphilic polymers to solubilize 

them or through strong oxidative treatments to introduce hydrophilic functionalities to 

the CNT surfaces. For instance, SWNT dispersion is now a routine procedure using 
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surfactant stabilization [99, 150]. It is conceivable that surfactant-induced changes in 

SWNT surface properties could bring drastic changes in terms of transport behavior. 

Well dispersed SWNTs should be more mobile in soil and water systems, therefore, of 

greater environmental concerns.  

In this work, laboratory experiments were conducted to investigate the transport of 

single-walled carbon nanotubes (SWNTs) in unsaturated porous media. An ionic 

surfactant, sodium dodecylbenzene sulfonate (SDBS), was used to stabilize the SWNTs 

to enhance their dispersions in water. High energy sonication was used to aid in the 

dispersion, which may shorten the dispersed SWNTs. The SDBS surfactant has been 

used in several studies to stabilize SWNTs and examine their environmental fate and 

transport [26, 27, 118, 144]. Laboratory columns packed with quartz sand with different 

grain size and moisture content combinations were used to examine the breakthrough 

behaviors of the SDBS-dispersed SWNTs. In addition, bubble column experiments were 

used to examine the interactions between the SDBS-dispersed SWNTs and air-water 

interface. Our overarching objective was to explore the mechanisms governing the fate 

and transport of the SDBS-dispersed SWNTs in porous media, particularly under 

unsaturated conditions. Specific objectives were to: 1) examine how changes in 

moisture content affect the retention and transport of the SDBS-dispersed SWNTs in 

porous media; 2) determine the effects of porous-medium sizes on the retention and 

transport of the SDBS-dispersed SWNTs; and 3) model the retention and transport of 

the SDBS-dispersed SWNTs in water-saturated and unsaturated porous media.  
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Materials and Methods 

SWNTs  

HiPco SWNTs obtained from the Richard Smalley Institute at Rice University 

(Houston, TX) were used in this study (Rice HPR 162.3). The SWNT suspensions were 

prepared by mixing 20 mg of raw SWNTs with 200 mL of an aqueous SDBS solution (1% 

by weight), followed the method presented by O’Connell et al. [99]. High-shear 

homogenization (IKA T-25 Ultra-Turrax) for 1.5 – 2.0 h and ultrasonication (Misonix 

S3000) for 10 min were used to aid dispersion. The SWNT suspension was then 

ultracentrifuged at 20,000 rpm (Beckman Coulter Optima L-80k) for 5 h to minimize the 

presence of aggregates. Previous studies have demonstrated that this method can 

create a surfactant shell on the sidewall of the nanotubes to stabilize the SWNT 

suspensions [99]. In addition, high power sonication could also shorten the SWNTs and 

create defects to form surface functional groups (e.g., -COOH) [151]. The presences of 

surfactant shell and functional groups introduced negative surface charges, and thus 

the Zeta potential of the SWNT was -42.84 mV as determined by the ZetaPlus 

(Brookhaven Instrument Co., Holtsville, NY). The average diameter and length of the 

dispersed SWNT was about 0.8 and 400 nm measured by atomic force microscopy 

[152]. 

Porous Media 

Quartz sand (Standard Sand & Silica Co.) was used in this study and was sieved 

into three different size distributions: fine (0.1 – 0.2 mm), medium (0.5 - 0.6 mm), and 

coarse (1.4 – 1.6 mm). The sand was then washed sequentially by tap water, 10% nitric 

acid (v:v) and deionized water, and then baked at 550 °C to remove the metal oxides 

and organic impurities. The zeta potential of the acid-cleaned quartz sand was 
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determined according to the procedure of Johnson et al. [94]. In brief, a mixture 

containing 100 g of acid-cleaned quartz sand and 200 mL DI water was ultrasonicated 

for 30 minutes. Aliquots of the quartz colloids were then removed and filtered through a 

0.45 µm filter. The filtrate was analyzed for electrophoretic mobility. The zeta potential 

for the sand was about -19.73 mV.  

Sand-column Experiments 

Laboratory columns packed with acid-cleaned sand were used to investigate the 

transport of SWNT suspensions in porous media with different grain size and moisture 

content combinations (Table 4-1). The quartz sand (i.e., fine, medium, or coarse) was 

wet-packed (i.e., saturated) into an acrylic column measuring 2.5 cm in diameter and 15 

cm in height.  Stainless steel membranes with 50 µm pores (Spectra/Mesh, Spectrum 

Laboratories, Inc.) were used at the column inlet and outlet to distribute the flow and to 

maintain the capillary pressure. The membranes were in immediate contact with the 

porous media and sealed by rubber O-rings. Six vent holes were drilled on opposite 

sides at 3, 7.5, and 12 cm from the top of the column. The vent holes were sealed with 

gas-permeable porous PTFE membranes (Milliseal Disk, Millipore) to allow air to enter 

under unsaturated conditions.  

To pack a saturated sand column, a small amount of sand was poured gently into 

8 ml of DI water standing at the bottom of the column until the sand surface was 0.5 to 1 

cm below the water level.  A polypropylene stir-rod was used to stir the sand in the 

column.  Approximately 8 mL DI water was then added to the column and the sides of 

the column were gently tapped a uniform number of times. This procedure was 

repeated several times until the column was packed to a height of 15 cm.  The 

porosities of the columns packed with fine, medium, and coarse sized sand were 0.38, 
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0.40, and 0.40, respectively. For each experiment, a fresh column was packed and was 

placed on a Digital Bench Scale to monitor the column weight. The moisture content of 

the entire unsaturated column was then determined by the gravimetric method.  

Two peristaltic pumps (Masterflex L/S, Cole Parmer) at the column inlet and outlet 

were used to regulate the sand-pack moisture content and to control the downward flow 

of water and SWNTs through the unsaturated columns.  To prepare for the unsaturated 

transport experiment, an initially saturated column was drained by elevating the outflow 

rate 5% higher than the inflow rate. Approximately 4 h were required to drain the column 

to reach the target moisture content, whereupon a unit hydraulic-head gradient was 

established throughout the sand-pack by equalizing the inflow and outflow rates. A total 

of 18 columns were used in the experiment with different combinations of moisture 

content and sand size (Table 4-1). 

Once the column moisture stabilized, an SDBS solution (1% by weight) was first 

pumped through the column for about three pore volumes (PVs) to stabilize the bulk 

fluid chemistry. The breakthrough experiment was then initiated by switching from 

SDBS solution to SWNT suspension. The SWNT suspension was applied to the column 

for more than three PVs. The Effluent samples were collected from the bottom of the 

column using a fraction collector (IS-95 Interval Sampler, Spectrum Chromatography, 

Houston, TX) during the breakthrough experiment to analyze SWNT concentrations with 

a UV-Vis Spectrophotometer (Evolution 60, Thermo Scientific) at a wavelength of 245 

nm [118]. Although stability study showed that SDBS-dispersed SWNT concentrations 

remained almost unchanged after 24 hrs (Figure B-1), the initial and final SWNT 
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concentrations in the influent reservoirs were monitored for all experiments to ensure 

the data quality.  

Only one pump was used at the outflow end of the column to regulate the flow rate 

in experiments with the water-saturated column.  The influent concentrations of SWNTs 

(16 mg/L) used in the saturated experiments matched those of the unsaturated 

experiments. The procedures of sample collection and analysis for saturated 

experiments were the same as those for the unsaturated experiments.  

Bubble-column Experiments  

Bubble column experiments were used to examine the interactions between the 

SWNT particles and the air-water interface. The design and procedure of the bubble 

column experiments were similar to those of Wan et al. [153]. In brief, an acrylic column 

measuring 2.5 cm in diameter and 100 cm in height was filled with the SDBS-dispersed 

SWNT suspension.  The bottom of the bubble column was carved into a small chamber 

and sealed with two stainless steel membranes with 50 µm pores. Eight sampling ports 

sealed with stoppers were evenly distributed along the length of the column. Air was 

pumped into the chamber at the bottom of the column through the stainless steel 

membranes, resulting in relatively uniform air bubbles rising from the bottom to the top. 

A flow control system was used to control the air flow rate to be at 5 mL min-1. Water 

samples were obtained from the eight sampling ports at different time intervals to 

determine the temporal and spatial distribution of SWNTs in the bubble column. 

Results and Discussion 

DLVO Energy 

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory was used to calculate the 

interaction forces between the SWNTs and porous media, and between the SWNTs and 
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air-water interface (see supporting information). The DLVO theory was originally 

developed for spherical particles, which might not be suiTable 4-for this study. To our 

knowledge, however, no theory has been developed to determine the interaction energy 

between a tubular-shaped particle, such as SWNT, and a flat surface. Recent studies 

suggested that using either the length or diameter as an effective size may provide an 

alternative way to explore the interactions between carbon nanotubes and porous 

media [118, 143].  In this study, the DLVO energy was estimated using either the tube 

length  (400 nm) or the tube diameter (0.8 nm) as an effective size [118, 143]. When the 

tube diameter was used in the calculations, all the energy profiles suggest repulsive 

interactions between the SWNTs and the three types of sand, as well as between the 

SWNTs and air-water interface; however, the energy barriers were very low (Figure 4-1).

 When the tube length was used, the repulsive energy barriers increased 

dramatically for both the three porous media and air-water interface (Figure 4-1). The 

DLVO energy profiles between the SWNT and three types of sand showed secondary-

energy minima at a separation distance around 20 nm (Figure 4-1).  The secondary-

energy minimum was not observed between the SWNTs and the air-water interface. In 

general, although the DLVO energy profiles of the two effective sizes (i.e., length and 

diameter) were very different, both cases suggested that the experimental conditions 

were unfavorable for the deposition of SWNTs in the primary-energy minima onto either 

sand grain surface or air-water interface. The energy profiles, however, could not be 

used to conclusively determine if the SWNTs could be deposited onto sand grain 

surface in the secondary-energy minima.  Further investigation is recommended to 
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modify the DLVO theory or develop a new theory to calculate the DLVO energy for 

tubular-shaped particles.  

SWNT Transport in Medium-sand Columns  

Transport of SWNTs in columns packed with medium-sized quartz sand displayed 

the typical colloid breakthrough characteristics (Figure 4-2a). After applied to the column, 

SWNTs were first detected in the effluent at less than 1 PV, suggesting that dispersion 

contributes to the transmission of SWNTs through the column. The breakthrough 

concentrations then increased quickly and plateaued. The plateau concentrations (C/C0) 

for all the conditions tested were close to one, suggesting low SWNT retention in the 

medium-sized porous media under the three moisture content conditions.  

The high mobility of SWNT suspensions in the saturated, medium-sand columns, 

to a certain extend was consistent with the predictions of the DLVO theory, which 

suggest the deposition of SWNTs onto the porous medium surface is unfavorable, 

particularly with respect to primary minimum deposition (Figure 4-1).  In addition to 

surface deposition, previous studies have suggested that SWNTs could also be retained 

in saturated porous media through pore straining [30, 93]. In this study, however, the 

breakthrough curves did not display notable pore straining of the SWNT suspensions. 

This might be attributed to the grain size (medium sand), which may not be small 

enough to construct the narrow pores required to retain the nanotubes.    

The high mobility of both SWNT suspensions in the unsaturated, medium-sand 

columns is contradictory to the prediction of the current theories of colloid deposition in 

porous media (i.e., air-water interface deposition and water-film straining). The three 

breakthrough curves almost overlapped with each other (Figure 4-2a), suggesting that 
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the reduction in moisture content had little effect on the transport of the SDBS-dispersed 

SWNT suspensions in the medium-sand columns.  

SWNT Transport in Fine-sand Columns  

The breakthrough responses of the SWNT suspensions in the fine-sand columns 

under three moisture conditions (Figure 4-2b) resembled those in the medium-sand 

columns. The plateau concentrations for all the experiments were also close to one. In 

addition, the breakthrough curves for all the experiments were similar to each other. 

These results also suggest that the retention of the SWNT suspensions in the fine-sand 

columns was low.  Similar to their transport in medium sand columns, SWNT transport 

in the fine sand columns was not sensitive to the moisture perturbations. It seems that 

neither air-water interface deposition nor water-film straining were important to SWNT 

transport in unsaturated porous media under these experimental conditions.  The low 

retention of the SWNTs in those column through film-straining could probably be 

attributed to the fact that moisture contents in the fine and medium sand columns 

(particularly fine sand) were still relatively high (Table 4-1).  

The transport experiments in fine-sand columns were also designed to examine 

the pore-straining mechanisms of SWNTs in porous media because the pore sizes of 

the fine porous media were small. If physical trapping of SWNTs was controlled by their 

lengths, we might be able to observe their retention in the fine-sand columns through 

pore-straining. When SWNTs are transmitted in porous media, however, they might 

orient parallel to streamlines and thus reduce the physical trapping [154]. Additional 

investigations are still needed to modify and improve the pore-straining theory, which 

were developed for spherical particles, to better predict the straining and transport of 

SWNTs in porous media.  
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SWNT Transport in Coarse-sand Columns  

SWNTs showed high mobility in saturated, coarse-sand columns (Figure 4-2c) and 

their transport was similar to that in the fine- and medium-sand columns. In unsaturated 

columns, however, SWNT suspensions were transmitted to a lesser extent (Figure 4-2c), 

indicating that the air phase in the unsaturated columns increased the retention of 

SWNTs. This increased SWNT retention could not be attributed to the deposition onto 

the air-water interface because it had little influence on SWNT retention and transport in 

the medium- and fine-sand columns. This was further confirmed by the bubble column 

experimental results, as discussed later.  

The water-film straining mechanism, however, may play an important role in 

affecting the transport of SWNTs in the unsaturated coarse-sand columns. According to 

the film straining theory, the straining of particles in unsaturated porous media must 

satisfy two conditions: 1) moisture content is lower than a “critical saturation”, at which 

the connections between pendular rings in the porous media are broken; and 2) water-

film thickness is smaller than the particle sizes [65]. For colloidal or nano-sized particles 

in porous media, therefore, water-film straining only occurs at low moisture conditions.  

In this study, the moisture content in the unsaturated, coarse sand were very low (i.e., 

0.07 and 0.10), which may be sufficient to cause the formation of thin-water film to trap 

the SWNTs. On the other hand, the moisture content was much higher in the 

unsaturated, fine- (i.e., 0.29 and 0.34) and medium- (i.e., 0.14 and 0.21) sand columns 

(Table 4-1).  

SWNT Transport in Bubble Columns  

SWNT concentrations at the eight sampling ports within the bubble column stayed 

unchanged for more than 20 hours with continuous air bubble injections (Figure 4-3). 
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The result was consistent with findings from both the DLVO energy calculations and the 

sand column studies that showed the experimental conditions are not favorable for the 

SDBS-dispersed SWNT suspensions to deposit onto the air-water interface.  

Modeling SWNT Transport in the Sand Columns 

Transport of SWNTs in porous media can be described by the advection-

dispersion equation coupled with kinetic expressions to describe particle retention. If we 

assume that retention of SWNTs in the sand columns was mainly controlled by surface 

deposition (i.e., grain surface and air-water interface) and physical trapping (i.e., 

wedging, pore straining, and film straining), the governing equation then can be written 

as:  

 

       (4-1) 

 

where C is the concentration of suspended SWNTs in pore water (M L-3) , t is time 

(T), ρb is the medium bulk density (M L-3), θ is the dimensionless volumetric moisture 

content, Cd and Ct are the concentrations of SWNTs retained by surface deposition and 

physical trapping, respectively (M M-1), z is the distance traveled in the direction of flow 

(L), D is the dispersion coefficient (L2 T-1), and v is the average linear pore-water 

velocity (L T-1). The retention of colloidal and nano-sized particles by surface deposition 

(Cd) or trapping (Ct) can be described by different kinetic expressions. In this study, the 

surface deposition of SWNTs in the columns was small and it can be approximated as 

first-order kinetics [155]. Examination of the breakthrough curves suggests that physical 
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trapping (mainly film straining) of SWNTs in the columns could be described by the 

Elovich equation [156]. As a result, the retained SWNT concentrations can be written as:  

 

          (4-2) 

         (4-3) 

 

where k1 and k2 are the rate constants for SWNT retention at the grain surfaces 

and in the thin-water film (T-1), and α is a constant reversely proportional to the trapping 

capacity, which controls the exponential decline of the reaction rate when the amount of 

SWNTs trapped in the porous media increase (M-1 M). The Elovich equation (i.e., 

equation 3) can be approximated as first-order kinetics (equation 2) when α is very 

small (i.e., the physical trapping capacity is huge). Equation 1-3 can be solved 

numerically for a zero initial concentrations, a pulse-input boundary condition at the 

column inlet, and a zero-concentration-gradient boundary condition at the outlet.  

Simulations of the mathematical model were applied to describe SWNT transport 

in both water-saturated and unsaturated sand columns. For most of the cases, the 

physical trapping terms were turned off by setting k2 to zero because film straining was 

only observed in the unsaturated, coarse-sand columns. In general, the model 

reproduced all the breakthrough characteristics closely (Figure 4-2), with computation of 

R2 exceeding 0.99 (Table 4-1). The model-estimated dispersion coefficients (D) ranged 

from 0.14 to 6.33 cm2 min-1 (Table 4-1).  Calculations of the Peclet number ( , 
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where H is the height of the column) ranged from 17.62 to 95.38, confirming the 

dependency of the SWNT transport to dispersion within the column. 

SWNT retention in all the medium- and fine-sand columns as well as the saturated, 

coarse-sand columns were quantified with the first-order kinetics (i.e., equation 2).  

Best-fit estimates of the deposition rate coefficient, k1, were very small and ranged from 

0.0003 to 0.0078 min-1 (Table 4-1), corresponding to the observed high mobility of 

SWNTs in those columns. Calculations of the Damkohler number for deposition 

( ) ranged from 0.011 to 0.045, indicating the time scale was much smaller 

for surface deposition than for advection through the columns.  

Because SWNT retention and transport in the unsaturated, coarse-sand columns 

were controlled by both surface deposition and water-film straining, the coupled 

equations (1-3) were used to quantify the reaction rate coefficients. The best-fit values 

of the straining rate coefficients (k2) were several orders of magnitude larger than the 

deposition rate coefficients (k1)
 (Table 4-1). This result indicates that retention of 

SWNTs in the unsaturated, coarse-sand columns might be dominated by the film 

straining process. The Damkohler numbers for SWNT physical trapping ( ) 

were 0.61 to 2.99, implying the film-straining rates were comparable to their advective 

transport in the columns. The model-estimated trapping capacity factor, α, increased 

from 7.15 kg/mg to 9.46 kg/mg when the moisture content decreased from 0.10 to 0.07, 

probably because decreases in moisture content increased the fraction of the column 

exhibiting thin-water film behavior.   
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Chapter Conclusions 

We found that SDBS-dispersed SWNTs were highly mobile in porous media under 

most of the experimental conditions tested. Deposition of the SWNTs onto the grain 

surface and air-water interface was low because all the interactive surfaces were 

negatively charged. Film straining of the SWNTs in the porous media only occurred at 

very low moisture content at which the thickness of the water film on the grain surfaces 

are sufficiently thin to trap the nanotubes. Pore straining of SWNTs was not observed in 

the porous media across a wide range of size distributions due to the fact that SWNTs 

may orient parallel to streamlines to reduce their retention. It can be concluded that 

SDBS-dispersed SWNTs, when released into the soil, might have a great impact on the 

groundwater quality due to their high mobility. Our results also suggest that 

mathematical models based on the advection-dispersion equation coupled with different 

reaction-rate laws could be used as a monitoring tool to predict the fate and transport of 

SWNTs in the vadose zone and groundwater.   
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Table 4-1. Summary of experimental conditions and model results. 

No. 
Sand 
Size 

θ 
Pore 
Velocity 
(cm/min) 

Mass 
Recovery  

D  
(cm

2
 

min
-1

) 
Pe 

k1  

(min
-1

) 
k2  

(min
-1

) 

α  
(kg 
mg

-1
) 

Da1/Da2 R
2
 

1 Medium 0.40 0.49 1.01 0.35 23.31 0.0003 - - 0.011 1.00 

2 Medium 0.21 3.73 0.99 0.81 29.56 0.0028 - - 0.032 1.00 

3 Medium 0.14 1.40 0.99 3.52 17.62 0.0051 - - 0.022 1.00 

4 Fine 0.38 0.52 0.98 0.14 59.32 0.0004 - - 0.012 1.00 

5 Fine 0.34 2.30 0.98 0.19 59.90 0.0011 - - 0.026 1.00 

6 Fine 0.29 0.68 0.97 0.41 95.38 0.0040 - - 0.028 1.00 

7 Coarse 0.40 1.96 0.98 0.19 41.21 0.0013 - - 0.045 1.00 

8 Coarse 0.10 7.83 0.95 4.36 10.43 0.0021 0.50 7.15 0.013/2.99 1.00 

9 Coarse 0.07 2.80 0.93 6.33 18.58 0.0078 0.26 9.46 0.018/0.61 1.00 
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Figure 4-1. DLVO energy between SDBS-dispersed SWNT and (a) medium sand, (b) 
fine sand, (c) coarse sand, and (d) air-water interface. 
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Figure 4-2. Transport of SDBS-dispersed SWNTs in sand columns under different 
volumetric moisture content conditions. 
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Figure 4-3. SWNT concentrations at the eight sampling ports within the bubble 
columns measured at different time intervals.   
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CHAPTER 5 
5 EFFECT OF SURFACE MODIFICATION ON SINGLE-WALLED CARBON NANOTUBE 

RETENTION AND TRANSPORT IN GRANULAR POROUS MEDIA 

Introductory Remarks  

Because of their exceptional electrical, mechanical and thermal properties, carbon 

nanotubes (CNTs) have been widely manufactured and used in many applications [16]. 

This may result in unintended and/or accidental releases of CNTs into the natural 

environment. Upon release, CNTs could be transported by water flow through the 

vadose zone and cross the water table to reach the groundwater and drinking water 

aquifers. Several studies have found that bioaccumulation and bioaugumentation of 

CNTs by the food chain may impose great risks to the ecosystems and the public health 

[23, 157]. Because CNTs have a strong affiliation to many contaminants, such as heavy 

metals and organic compounds, their potential risks in soil and groundwater systems 

could be aggravated [73, 158]. Therefore, fate and transport of CNTs in porous media 

need thorough investigations.   

Pristine CNTs have large surface areas and strong van der Waals attraction forces 

among individual particles, inevitably causing their unwanted self-aggregations in 

aqueous solutions. Various surface modification methods thus have been developed to 

enhance CNTs dispersion in solutions to facilitate their applications. The most common 

CNT surface modification methods include either strong oxidative treatments or use of 

amphiphilic polymers or surfactants. Surface oxidization with strong acids can introduce 

hydrophilic functional groups (e.g. carboxyl and hydroxyl groups) to the CNTs surfaces 

to help their dispersion [9]. Amphiphilic polymers or surfactants, such as natural organic 

matter (NOM) treatment and ionic surfactants, can wrap around and solubilize CNTs in 

aqueous solutions [159]. The surface modification methods in general can introduce 
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surface charges to the CNTs and thus electrostatic repulsion forces to reduce their 

aggregation in aqueous solutions. As a result, dispersed or solubilized CNTs may have 

a higher mobility in soil and groundwater systems than the pristine CNTs. Although 

several studies have been conducted to examine the fate and transport of various types 

of CNTs in porous media [142, 160-163], little research effect has been made to 

determine the effect of different surface modifications on CNT retention and transport in 

porous media, particularly under unsaturated conditions.   

In this work, laboratory experiments were performed to investigate the retention 

and transport of surface modified single-walled carbon nanotubes (SWNTs) in porous 

media. Three types of SWNTs with different surface modifications were tested in this 

work: acid oxidized, humic acid (HA) dispersed, and sodium dodecylbenzene sulfonate 

(SDBS, anionic surfactant) dispersed. Stabilities of the three types of SWNTs in 

aqueous solutions were compared. Columns packed with quartz sand with different 

combinations of grain sizes and moisture contents were used to compare the 

breakthrough behaviors of the surface modified SWNTs. In addition, bubble column 

experiments were conducted to determine the interactions between the modified 

SWNTs and air-water interfaces.  

The overarching objective of this work was to determine the effect of different 

surface modification methods on the retention and transport of SWNTs in saturated and 

unsaturated porous media. Specific objectives were to: 1) evaluate effectiveness of the 

three surface modification methods in stabilizing SWNTs in aqueous solutions; 2) 

determine the interactions between the three types of SWNTs and the air-water 

interfaces; 3) compare the retention and transport of the three types of SWNTs in 
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saturated porous media of different grain sizes; and 4) compare the retention and 

transport of the three types of dispersed SWNTs in unsaturated porous media of 

different combinations of moistures and grain sizes. 

Materials and Methods 

Surface Modified SWNTs  

Pristine SWNTs were obtained from Cheap Tubes Inc. (Brattleboro, VT) with 

diameters of 1.0 – 2.0 nm and lengths of 0.5 – 2.0 μm as reported by the manufacturer. 

The pristine SWNTs were used in this work to make all the three surface modified 

SWNTs. 

 Surface oxidized SWNTs (O-SWNTs) were prepared from the pristine SWNTs 

using a 3 to 1 ratio of sulfuric and nitric acids to add hydrophilic surface functional 

groups (e.g., hydroxyl and carboxyl). To prepare the suspensions for experimentation, 

16 mg O-SWNTs were suspended in 1000 ml deionized (DI) water, followed by 30 min 

of ultrasonication (Misonix S3000).  

Surfactant and HA dispersed SWNTs (S-SWNTs and H-SWNTS) were prepared 

using of SDBS and HA solutions, respectively. SDBS (25155-30-0) and HA (Elliott Soil 

HA Standard, 1S102H) were obtained from Sigma-Aldrich Co. (St. Louis, MO) and 

International Humic Substances Society (St. Paul, MN, USA), respectively. The SWNT 

suspensions were prepared by mixing 20 mg of pristine SWNTs with 200 mL of the 

SDBS solution (1% by weight) or the HA solution (5 mg/L), followed the method 

reported by O’Connell et al. [99]. High-shear homogenization (IKA T-25 Ultra-Turrax) for 

1.5 – 2.0 h and ultrasonication (Misonix S3000) for 10 min were used to aid dispersion. 

The resulted SWNT suspensions were then diluted to a concentration of 16 mg/L for 

future uses.  
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Electrophoretic mobility (EPM) of the surface modified MWNTs was determined 

using a ZetaPlus (Brookhaven Instrument Co., Holtsville, NY) and the Smoluchowski's 

model was used to estimate their zeta potential [142]. Fourier transform infra-red (FTIR) 

analysis was conducted to characterize the surface functional groups of the pristine and 

oxidized SWNTs. To obtain observable adsorption spectra, each of the SWNTs was 

mixed with potassium bromide powder at a weight ratio of 0.1% and then the mixtures 

were pressed into pellets. The spectra were measured using a Bruker Vector 22 FTIR 

spectrometer (OPUS 2.0 software). 

Porous Media 

Quartz sand (Standard Sand & Silica Co.) was used in this study and was sieved 

into three different size distributions: fine (0.1 – 0.2 mm), medium (0.5 - 0.6 mm), and 

coarse (1.4 – 1.6 mm). The sand was then washed sequentially by tap water, 10% nitric 

acid (v:v) and deionized water, and then baked at 550 °C to remove the metal oxides 

and organic impurities. The zeta potential of the acid-cleaned quartz sand was 

determined according to the procedure as reported by Johnson et al. [94].  

Bubble Column Experiment 

Bubble column experiment was used to examine the interactions between the 

SWNT particles and the air-water interface. In brief, an acrylic column measuring 2.5 cm 

in diameter and 100 cm in height was filled with each of the different surface modified 

SWNT suspensions. Air was pumped into the chamber at the bottom of the column, 

resulting in relatively uniform air bubbles rising from the bottom to the top. SWNT 

samples were obtained at different time intervals from the eight sampling ports 

positioned at different depths to determine the temporal and spatial distribution of 
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SWNTs in the bubble column. Details of the design and procedure of the bubble column 

experiment were reported previously [160]. 

Sand Column Experiment 

Column studies were performed to investigate the retention and transport of the 

surface modified SWNT suspensions in porous media with different grain size and 

moisture content combinations (Table 5-2). The quartz sand (i.e., fine, medium, or 

coarse) was wet-packed (i.e., saturated) into an acrylic column measuring 2.5 cm in 

diameter and 15 cm in height. Six vent holes were drilled on opposite sides at 3, 7.5, 

and 12 cm from the top of the column. The vent holes were sealed with gas-permeable 

porous PTFE membranes (Milliseal Disk, Millipore) to allow air to enter under 

unsaturated conditions. The moisture content of the unsaturated column was then 

generated by the gravimetric method. Two-level unsaturated conditions were generated 

for fine, medium, and coarse sand, respectively. Moisture contents in the saturated and 

unsaturated columns were shown in the Table 5-2. Detailed information about column 

preparations can be found in previous study [160].  

Once the column moisture stabilized, background solution of the tested SWNT 

suspension was first pumped through the column for about three pore volumes (PVs) to 

stabilize the bulk fluid chemistry. The breakthrough experiment was then initiated by 

switching from background solution to the SWNT suspension. The SWNT suspension 

was applied to the column for more than three PVs. The Effluent samples were 

collected from the bottom of the column using a fraction collector (IS-95 Interval 

Sampler, Spectrum Chromatography, Houston, TX) during the breakthrough experiment 

to analyze SWNT concentrations with a UV-Vis Spectrophotometer (Evolution 60, 

Thermo Scientific) at a wavelength of 245 nm [160]. 
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Only one pump was used at the outflow end of the column to regulate the flow rate 

in experiments with the water-saturated column. The influent concentrations of SWNTs 

used in the saturated experiments matched those of the unsaturated experiments. The 

procedures of sample collection and analysis for saturated experiments were the same 

as those for the unsaturated experiments. 

Mathematical Model 

The advection-dispersion equation (ADE) coupled with kinetic expressions was 

used to simulate the retention and transport of the SWNTs in the sand columns. The 

governing equation can be written as [164]:  

 

 

(1) 

where C is the concentration of suspended SWNTs in pore water (M L-3) , t is time 

(T), z is the travel distance in the direction of flow (L), D is the dispersion coefficient (L2 

T-1), v is the average linear pore-water velocity (L T-1), and k is the deposition rate (T-1). 

This equation can be solved analytically with a zero initial concentrations, a pulse-input 

boundary condition, and a zero-concentration-gradient condition at the outlet boundary 

[165].  

Results and Discussion 

Characteristics and Stability of Surface Modified SWNTs  

The FTIR spectra were used to determine the acid oxidation effect on the O-

SWNTs. Compared to the pristine SWNTs, the O-SWNTs showed more FTIR peaks in 

the spectra (Figure 5-1). As shown in the Figure, peaks at 3445, 1635, 1045 cm−1 of the 

O-SWNTs could be assigned to the O–H stretch from carboxyl groups (O=C−OH and 

C−OH), the C=O bond, and the C-O bond, respectively [160]. This indicates that the 
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acid oxidation processes introduced carboxyl and hydroxyl functional groups to SWNT 

surfaces. 

The EPM and zeta-potential values of the tested SWNTs were all negative (Table 

5-1), confirming that their surfaces were coated with the negatively charged functional 

groups, SDBS, or HA under the tested experimental conditions. The absolute values of 

the EPM and zeta-potential followed the order of H-SWNTs > S-SWNTs > O-SWNTs, 

suggesting the same trend for their stability. The structure and composition of HA were 

comprised with numerous functional groups, which tend to bring more negative charges 

to the surface of H-SWNTs, enhancing the repulsive electric double layer forces to 

separate SWNT bundles into individual ones, and thus facilitating the dispersion of H-

SWNTs in aqueous solutions. Similarly, functional groups and surfactants on the 

surfaces of the modified SWNTs also introduces negative charges, but less than that of 

the H-SWNTs, to help the dispersion/solubilization. 

 Temporal changes of the surface modified SWNT concentrations are shown in 

Figure 5-2. The relative concentrations of the S-SWNTs and H-SWNTs remained 

unchanged for 24 h, indicating strong stability due to the surface modification. The 

concentrations of the O-SWNTs was unchanged for the first 10 h, but decreased slightly 

(3%) from 10 to 24 h. This suggests that although all the surface modification methods 

were effective, the HA and SDBS modifications might have slightly better effect than the 

acid oxidization method to disperse and stabilize SWNTs in solutions. To avoid the 

potential interferences from aggregations of the surface modified SWNTs, all transport 

experiments used fresh prepared SWNTs suspension. In addition, each experiment, 

including sample collections and analyses, was controlled to be completed within 10 h.  
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Interaction between Surface Modified SWNTs and Air Bubbles  

The temporal changes of concentrations of the surface modified SWNTs at the 

eight vertically distributed sampling ports (P1-8 from top to bottom) are shown in Figure 

5-3. All the reported concentrations were normalized to the initial concentration. 

Concentrations of S-SWNT and H-SWNT from the eight sampling ports within the 

bubble column stayed unchanged for more than 20 h with continuous air bubble 

injections. This result suggests that the surfactant or the humic acid dispersed SWNTs 

do not attach to the air-water interface under the tested experimental conditions, which 

is consistent with the results reported previously [160]. The O-SWNTs, however, 

showed a different concentration distribution in the bubble column after 20 h. At the end 

of the experiment, the O-SWNT concentration at P1 (top) increased about 5%, but 

decreased about 10% at P8. This result indicates that O-SWNTs were attached to the 

air bubbles and transferred from the bottom of the bubble column to the top.  

Transport of Surface Modified SWNTs in Medium Sand 

Breakthrough curves of the three types of surface modified SWNTs in saturated 

and unsaturated columns packed with medium sized sands are shown in the Figure 5-4. 

The breakthrough points of all the modified SWNTs were less than 1 PV, reflecting the 

particle dispersion effect and possible enhanced particle velocity caused by the size 

exclusion effect [166]. Under saturated conditions, the three types of SWNTs showed 

similar transport behaviors in the sand columns. After applied to the columns, the 

relative concentrations (i.e., C/C0) of the three modified SWNTs quickly climbed to a 

peak at one, indicating all three surface modification methods are effective in enhancing 

the mobility of SWNTs in porous media. For S-SWNTs and H-SWNTs, the moisture 

contents did not show notable influence on their breakthrough behaviors and they had 
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almost the same breakthrough curves for all the tested conditions (Figure 5-4). For O-

SWNTs, however, the peak breakthrough concentrations under moisture content of 0.21 

and 0.13 were about 4% and 12% lower than that of saturated (0.39) experiment, 

respectively. This indicates that the O-SWNTs were less mobile than the H-SWNTs and 

S-SWNTs in unsaturated medium porous media. Those results are consistent with the 

results obtained from the bubble column experiment that the air-water interface (AWI) 

can capture (retain) the O-SWNTs but not the S-SWNTs or the H-SWNTs.  

Previous studies have demonstrated that colloidal and nanosized particles could 

be retained in unsaturated porous media through irreversibly deposited on the AWI 

under certain conditions [119, 146]. Although electrostatic forces between negatively 

charged particles and the AWI are repulsive and unfavorable for attachment [148, 167], 

hydrophobic and capillary forces could dominate the interactions between the particles 

and the AWI [148, 168, 169].  

Transport of Surface Modified SWNTs in Fine Sand 

Breakthrough curves of the surface modified SWNTs in the fine sand columns 

under different moisture conditions are shown in Figure 5-5. The peak breakthrough 

concentrations of H-SWNTs in all find sand columns were close to one under the three 

moisture conditions, indicating no/little H-SWNTs was retained in the porous media. 

Small portions of retention for O-SWNTs and S-SWNTs were observed in the fine sand 

under various moisture conditions (Figure 5-5). Similar to the results in the medium 

sand columns, the O-SWNTs had the lowest breakthrough (i.e., lowest mobility) in the 

fine sand. The H-SWNTs again were highly mobile and had a slightly higher mobility 

than the S-SWNTs in the fine sand.  
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Under statured conditions, the retentions of O-SWNTs and S-SWNTs in the fine 

sand columns could be attributed to their attachment on the grain surfaces. The 

attachment of CNTs on sand grain surfaces is mainly controlled by the DLVO or the 

extended DLVO forces, which are affected by the solution chemistry and 

physiochemical characteristics of the particle and grain surfaces [103, 111]. Although 

the experimental conditions were chemically unfavorable, the fine sand had less 

negatively charged surfaces than the medium or the coarse sand (Table 5-1). In 

addition, the surface charge (negative) of the O-SWNTs and S-SWNTs was lower than 

that of the H-SWNTs (Table 5-1). As a result, it might be easier for the O-SWNTs and 

the S-SWNTs to attach to the fine sand surfaces through either second minimum 

deposition or primary minimum deposition after overriding the energy barrier [161].  

Reductions in moisture content showed little impact on the transport of H-SWNTs 

and S-SWNTs in the fine sand columns (Figure 5-5), which is consistent with the results 

from the bubble column experiments. While there was no retention of H-SWNTs in the 

two unsaturated columns, the peak breakthrough concentrations of S-SWNTs in the two 

unsaturated fine sand column were around 0.92 C0, similar to that in the saturated one. 

This suggests that moisture had no impact on S-SWNT retention and transport; 

therefore, the retention of the S-SWNTs in the unsaturated fine sand columns can also 

be attributed to the attachment on the grain surfaces. The transport of the O-SWNTs in 

the unsaturated fine sand, particularly in the one with moisture of 0.29, showed lower 

breakthrough than that in the saturated fine sand (Figure 5-5), suggesting O-SWNTs 

may be captured by both grain surfaces and the air-water interfaces. Compared to the 

unsaturated medium sand, the moisture contents of the unsaturated fine sand were 
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higher. As a result, the air-water interfaces showed lower impact on the transport and 

retention of O-SWNTs in the fine sand than that in the medium sand.  

Transport of Surface Modified SWNTs in Coarse Sand 

The transport of the three surface modified SWNTs in saturated coarse sand was 

similar to each other with peak concentrations close to one (Figure 5-6), indicating 

no/little deposition on the grain surfaces. This is consistent with the zeta-potential 

measurements that the coarse sand had the highest negative surface charges.  

The two moisture contents used in the unsaturated coarse sand columns (i.e., 

0.11 and 0.09) were lower than those in the unsaturated medium (i.e., 0.21 and 0.13) 

and fine (i.e., 0.33 and 0.29) sand columns (Table 5-2). The relatively low moisture 

contents in the unsaturated coarse sand reduced the mobility of all the surface modified 

SWNTs (Figure 5-6). Compared to the other two SWNTs, the H-SWNTs still had the 

highest mobility, but their breakthrough under low moisture conditions were lower than 

that under saturated conditions (Figure 5-6), which were not observed in fine or medium 

sand columns (Figures 5-4 and 5-5). Similarly, low moisture content also lowered the 

breakthrough of S-SWNTs and O-SWNTs in the unsaturated coarse sand columns.  

The retention of S-SWNTs and H-SWNTs in the unsaturated coarse sand columns 

could be attributed to the water-film straining mechanism [160]. The water-film straining 

mechanism is controlled by multiple factors and must satisfy two conditions: 1) moisture 

content is lower than a “critical saturation”, at which the connections between pendular 

rings in the porous media are broken; and 2) water-film thickness is smaller than the 

particle sizes [65]. For nano-sized particles, such as CNTs, water-film straining only 

occurs at low moisture conditions [160], and thus no film straining was observed for the 

three SWNTs in the medium and the fine sand columns because their moisture was 
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relatively high. The transport of the O-SWNTs in the unsaturated coarse sand was lower 

than that of the other two SWNTs, probably due to combined retention effects from both 

film training and air-water interface attachment mechanisms.  

Model Simulations  

The ADE model was used to simulate the transport behavior of SWNTs in the 

sand packed column with various moisture contents and the simulations matched the 

experimental breakthrough curves very well with R2 bigger than 0.99 (Figure 5-4, 5-5, 

and 5-6). Peclet number ( , where H is the column length), Damkohler number 

( ) and maximum travel distance ( , where C/C0 is 0.001) were 

then calculated (Table 5-2). The Pe values were relatively large (10-101) indicating flow 

advection may play more important role in mass transfer of the surface modified 

SWNTs in the sand columns than dispersion [170]. The Da values were relatively small 

(0.001-0.250), indicating the time-scale for deposition mass transfer was larger than that 

for advective transport. Compared to the O-SWNTs and the S-SWNTs, the Da values of 

the H-SWNTs were generally smaller under the same conditions, confirming that the 

experimental results that H-SWNTs were more mobile than the other two. In addition, 

the values of Lmax for H-SWNTs were larger than those for C-SWNTs and S-SWNTs for 

most of the tested conditions, further confirming that H-SWNTs had the highest mobility 

in the porous media.  

Chapter Conclusions 

In this work, laboratory experiments were conducted to investigate the retention 

and transport of three types of surface modified SWNTs (i.e., surface oxidization, 
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surfactant modified, and HA modified) in saturated and unsaturated columns packed 

with fine, medium, or coarse sand. We found that all the three surface modification 

methods were effective in solubilizing the SWNTs. The absolute values of the EPM and 

zeta-potential followed the order of H-SWNTs > S-SWNTs > O-SWNTs, which is 

consistent with their stability trend. While all three surface modified SWNTs were highly 

mobile in the packed sand columns with different combinations of grain sizes and 

moisture, the H-SWNTs showed the highest mobility for most of the tested conditions. 

NOMs, such as humic acid, are ubiquitous in soil and groundwater environment, as well 

as other aquatic systems. When CNTs are released in the environment, therefore, they 

may have high mobility in water flow due to the presence of NOMs.  

The results from this work also suggest that the retention and transport of SWNTs 

in porous media are controlled by both dispersion/solubilization methods and 

environmental conditions. Single or combined retention mechanisms, including gain 

surface attachment, air-water interface attachment, and thin-water film straining, may be 

responsible for the retention of the surface modified SWNTs in the saturated and 

unsaturated porous media depending on the experimental conditions. In addition, we 

also found that the advection-dispersion model could be used to simulate the retention 

and transport of surface modified SWNTs in porous media for both saturated and 

unsaturated conditions.   
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Table 5-1. Surface properties of the SWNTs and the sand used in this work. 

Materials 
Electrophoretic mobility  
(×10

-8
m

2
/(Vs)) 

Zeta-potential 
(mV) 

O-SWNTs -2.69 -36.44 

S-SWNTs -3.30 -42.23 

H-SWNTs -3.34 -45.20 

Fine Sand -1.53 -19.59 

Medium Sand -1.54 -19.73 

Coarse Sand -2.15 -27.56 
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Table 5-2. Summary of sand column experimental conditions and model parameters. 

Treatment Moisture 

Model parameters 
*
 

v  
(cm/min) 

Pe Da 
Lmax 

(m) 
R

2
 

Medium sand 
      

 
O-SWNTs 

      

 
Saturated  0.39  1.8  33.1  0.025  46  1.00  

 
Unsaturated 0.21  3.1  14.7  0.037  31  0.99  

 
Unsaturated 0.13  1.3  27.7  0.133  9  0.99  

 
S-SWNTs 

      

 
Saturated  0.39  2.0  22.5  0.035  33  1.00  

 
Unsaturated 0.21  3.7  24.1  0.051  23  1.00  

 
Unsaturated 0.13  1.4  21.0  0.068  17  1.00  

 
H-SWNTs 

      

 
Saturated  0.39  1.8  43.2  0.028  41  1.00  

 
Unsaturated 0.21  3.1  37.5  0.018  64  1.00  

 
Unsaturated 0.13  1.2  36.9  0.026  44  1.00  

Fine sand 
      

 
O-SWNTs 

      

 
Saturated  0.38  2.1  22.6  0.108  11  1.00  

 
Unsaturated 0.33  2.4  18.6  0.094  12  0.99  

 
Unsaturated 0.29  0.6  24.5  0.157  7  0.99  

 
S-SWNTs 

      

 
Saturated  0.38  0.5  100.8  0.073  16  1.00  

 
Unsaturated 0.33  2.4  60.9  0.078  15  1.00  

 
Unsaturated 0.29  0.7  77.2  0.097  12  1.00  

 
H-SWNTs 

      

 
Saturated  0.38  2.1  30.3  0.009  123  0.99  

 
Unsaturated 0.33  2.5  33.6  0.016  74  0.99  

 
Unsaturated 0.29  0.7  49.4  0.026  45  1.00  

Coarse sand 
      

 
O-SWNTs 

      

 
Saturated  0.41  1.6  37.8  0.018  63  1.00  

 
Unsaturated 0.11  4.6  18.4  0.146  8  1.00  

 
Unsaturated 0.09  1.1  18.1  0.250  5  1.00  

 
S-SWNTs 

      

 
Saturated  0.41  2.0  41.7  0.023  51  1.00  

 
Unsaturated 0.11  5.7  12.1  0.064  18  1.00  

 
Unsaturated 0.09  2.2  10.1  0.069  17  1.00  

 
H-SWNTs 

      

 
Saturated  0.41  1.7  48.4  0.008  139  0.99  

 
Unsaturated 0.11  5.1  49.3  0.001  845  1.00  

  Unsaturated 0.09  1.4  25.5  0.040  29  1.00  

* v, Pe, Da, Lmax, and R
2
 represent average linear pore-water velocity, Peclet number, Damkohler number, 

maximum travel distance, and coefficient of determination, respectively. 
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Figure 5-1. FTIR spectra of pristine SWNTs and O-SWNTs.  
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Figure 5-2. Stability of surface modified SWNTs in aqueous solutions. 
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Figure 5-3. Temporal changes of surface modified SWNT concentrations at the eight 
sampling ports within the bubble column. 
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Figure 5-4. Transport of surface modified SWNTs in medium sand columns under 
saturated (volumetric moisture content, 0.39) and unsaturated (volumetric moisture 
content, 0.21 and 0.13) conditions. 
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Figure 5-5. Transport of surface modified SWNTs in fine sand columns under 
saturated (volumetric moisture content, 0.38) and unsaturated (volumetric moisture 
content, 0.33 and 0.29) conditions. 
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Figure 5-6. Transport of surface modified SWNTs in coarse sand columns under 
saturated (volumetric moisture content, 0.41) and unsaturated (volumetric moisture 
content, 0.11 and 0.09) conditions. 
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CHAPTER 6 
6 DEPOSITION AND TRANSPORT OF FUNCTIONALIZED CARBON NANOTUBES IN 

WATER-SATURATED SAND COLUMNS 1 

Introductory Remarks  

Advances in nanotechnology make it possible to develop many new and exciting 

materials to benefit society. Large-scale production of engineered nanomaterials 

(ENMs), however, will inevitably result in their release into the environment and 

compromise the ecosystem and public health [26-28, 171, 172]. Carbon nanotubes 

(CNTs) are one of the most commonly used ENMs, which have attracted much 

research attention recently. CNTs can be categorized as single-walled nanotubes 

(SWNTs) and multi-walled nanotubes (MWNTs). SWNTs are one-layered graphitic 

cylinders having diameters on the order of a few nanometers. MWNTs comprise of 2 to 

30 concentric cylinders having outer diameters often between 10-50 nm. Due to their 

special mechanical, electrical, optical, and thermal properties, CNTs have been widely 

applied in a broad range of commercial and industrial applications [16]. Concerns about 

the environmental impact and risk assessment of CNTs have surfaced with the 

discovery of broader applications. Many studies have shown toxic effects of CNTs to 

various aquatic and mammalian organisms [22-24, 86]. It is therefore important to 

improve current understanding of the transport, behavior, and fate of CNTs in the 

environment. 

In many applications, CNT surfaces are often functionally engineered in order to 

increase their stability and optimize their performance [114].  Because functionalized 

                                            
1
 Reprinted with permission from Tian, Y., Gao, B., Wang, Y., Morales, V.L., Carpena, R.M., Huang, Q., 

and Yang, L., Deposition and transport of functionalized carbon nanotubes in water-saturated sand 
columns. Journal Of Hazardous Materials, 2012. 213–214(0): p. 265-272. 
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CNTs are more stable in solution, when released into soils and groundwater, they are 

likely to experience higher mobility, which increases the risk for fresh water 

contamination and aquatic organism toxicity. In addition, several studies have also 

demonstrated that functionalized CNTs have high affinity for soil and groundwater 

contaminants, including heavy metals and recalcitrant organic pollutants [73, 139, 173, 

174]. Transport of CNTs in soils is consequently suspected to affect the fate of other 

contaminants thought to have very limited mobility in soils. Such, facilitated transport of 

reactive contaminants in soils by colloids and nanoparticles is a well-known 

phenomenon that has been observed in several circumstances [41, 175, 176].  

Despite the environmental importance, only a limited amount of studies have been 

conducted to examine the transport of CNTs in porous media [27, 93, 116, 117, 142, 

176, 177]. In most of these studies, laboratory columns packed with acid-cleaned sand 

or glass beads (i.e., clean columns) are used as model porous media to explore the 

governing mechanisms of CNT transport. Results obtained from the model systems 

suggested that surface properties of the CNTs play an important role in controlling their 

retention and transport in porous media. It was found that CNTs coated with natural 

organic matter (NOM), a natural and ubiquitous substance in terrestrial and aquatic 

environments, have much higher mobility in saturated porous media than uncoated 

CNTs [142]. Recent studies have also shown that CNTs coated with anionic surfactant 

are highly mobile in both saturated and unsaturated porous media [27, 117, 176]. The 

transport of functionalized CNTs in model porous media has also been investigated and 

showed only slightly lower transport compared to NOM- or surfactant-coated CNTs 

under similar experimental conditions [93, 116]. In natural sandy soils, however, the 
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mobility of functionalized CNTs reduced substantially [30]; suggesting that surface 

properties of the porous media are also important to CNT transport. Taken together, 

evidence up to now strongly suggests that surface deposition (interaction) is an 

important mechanism of CNT retention in porous media, but a mechanistic 

understanding of this effect is lacking.  

Physical straining has been suggested as an important process driving retention 

and transport of CNTs in saturated porous media; particularly under favorable 

conditions [30, 93]. Straining refers to the trapping of particles, such as colloids or 

nanoparticles, in pores that are too small to allow their passage. This process is 

believed to occur when the ratio of the particle and collector grain diameters falls below 

a critical value [60, 138, 178].  Under unfavorable conditions, however, there is a debate 

on whether straining should be considered as one of the governing mechanisms of 

particle retention in porous media [124, 149]. Previous studies of CNT transport in 

saturated porous media also had split opinions on the importance of the straining 

mechanism. On one hand, some studies suggested that physical straining plays an 

important role in retention and transport of functionalized CNTs, particularly CNTs with a 

large aspect ratio and their aggregates, in both model and natural porous media [30, 93]. 

On the other hand, straining was considered insignificant in several studies of the 

retention and transport of humic acid coated, surfactant coated, and functionalized 

CNTs in model porous media [116, 117, 142, 176]. Additional investigations are thus 

needed to examine the governing mechanisms of CNT transport in porous media.  

 The overarching goal of this study was to determine the governing retention 

mechanisms of two types of functionalized CNTs (SWNTs and MWNTs) in natural 
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porous media. We hypothesized that the retention of functionalized CNTs in natural 

sand are mainly controlled by surface deposition through interactions between the 

functional groups of the CNTs and surface impurities (metal oxyhydroxides) of the 

natural sand. To test this hypothesis, retention and transport of functionalized SWNTs 

and MWNTs were examined in laboratory columns packed with natural, baked, and 

acid-cleaned sand under different conditions. Our specific objectives were to: (1) 

compare the retention and transport of the CNTs in laboratory column packed with 

natural, acid-cleaned, and baked sand, (2) determine the effect of perturbations in flow 

direction, flow rate, and surfactant concentration on remobilization of initially retained 

CNTs in natural and baked sand, and (3) examine the retention and transport of the 

CNTs in natural and baked sand under different pH conditions.  

Materials and Methods 

Functionalized of CNTs  

Carboxyl functionalized SWNTs (Cheap Tubes Inc., Brattleboro, VT) were used as 

received from the manufacturer. Functionalized MWNTs were synthesized using a 

chemical vapor deposition (CVD) method with nickel and magnesium catalysts and acid 

oxidized using a 3 to 1 ratio of sulfuric and nitric acids to add hydroxyl and carboxyl 

functional groups on its surface. To prepare the suspensions for experimentation, 16 mg 

CNTs were suspended in 1000 ml deionized (DI) water, followed by 30 min of 

ultrasonication (Misonix S3000). A fresh CNT stock was used for each transport 

experiment and the experimental time was controlled to be within 4 hours. The pH of the 

CNT suspensions in DI water was around 5.6. Stability experiments confirmed that two 

CNT suspensions were stable at least for 24 hours after the sonication (Figure C-1). 

The electrophoretic mobility (EPM) and hydrodynamic diameter of the SWNT and 
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MWNT were determined using a ZetaPlus (Brookhaven Instrument Co., Holtsville, NY). 

Smoluchowski’s model was used to estimate the zeta potential of the functionalized 

CNTs.  Because Smoluchowski’s model is rigorously valid only for spherical particles, 

this estimation may overestimate the actual zeta-potential by up to 20% [142].  The 

point of zero charge (PZC) of the CNTs was determined using the mass titration method 

[179].  A brief description of the mass titration method can be found in the Supporting 

Information.  

Porous Media 

Natural silica sand porous media were obtained from Standard Sand & Silica Co. 

(Davenport, FL) and were carefully sieved into a size range of 0.5 - 0.6 mm to ensure 

uniformity. The sand was washed sequentially by tap water and DI water, oven dried at 

70 °C, and used in this study as natural sand. to determine the organic matter on the 

surface of sand. Part of the washed natural sand was baked in a furnace at 550 °C to 

remove surface organic matters and used as baked sand [176]. Another batch of the 

sand was cleaned with 10% nitrate acid (i.e., acid-cleaned sand) to remove surface 

impurities using the procedures reported by Tian et al. [117]. The organic carbon (OC) 

content of the sand was determined using the Walkley-Black chromic acid digestion 

method [180]. There were about 0.08% of OC on the natural sand, but no detecTable 6-

OC on the baked or acid-cleaned sand.  The zeta potential of the natural, baked, and 

acid-cleaned sand was determined according to the procedure of Johnson et al. [94].  

Their PZC were determined using the mass titration method (Supporting Information). 

Scanning electron microscope coupled with energy dispersive spectroscopy (SEM-EDS) 

was employed to examine the presence of metal elements on all of the sand surfaces. 

The EDS has a penetration depth of about 100 nm at the surface of the samples. 
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Additionally, metal element concentrations of the natural sand were determined by 

inductively coupled plasma with atomic emission spectrometry (ICP-AES), after 

digestion with concentrated HNO3 and HCl, as per the EPA protocol 200.7.  

Packed Sand Column Preparation 

The sand was wet-packed (i.e., saturated) uniformly into an acrylic column 

measuring 2.5 cm in diameter and 16.7 cm in height.  Membranes with 50 µm pores 

(Spectra/Mesh, Spectrum Laboratories, Inc.) were used at the column inlet and outlet to 

distribute the flow and to maintain the capillary pressure. The membranes were in 

immediate contact with the porous media and sealed by rubber O-rings. To pack each 

saturated sand column, a small amount of sand was poured gently into 8 ml of DI water 

standing at the bottom of the column until the sand surface was 0.5 to 1 cm below the 

water level.  A polypropylene stir-rod was used to stir the sand in the column.  

Approximately 8 mL DI water was then added to the column and the sides of the column 

were gently tapped a uniform number of times. This procedure was repeated several 

times until the column was packed to a height of 15 cm.  The porosity of the natural and 

acid-cleaned sand columns was approximately 0.40. 

CNT Transport in Natural, Baked, and Acid-cleaned Sand Columns 

A peristaltic pump (Masterflex L/S, Cole Parmer Instrument in Vernon Hills, IL) 

was connected to the inlet at the top of the sand column to regulate the flow. DI water 

was first pumped through the column for approximately 2 hr. at velocity of 1.0 cm/min to 

wash the column and ensure no background interferences in the effluent for CNT 

measurements. DI water was used in this work to make the experimental condition be 

‘unfavorable for deposition’. This approach has been demonstrated to be an effective 

way to explore alternative (non-DLVO) retention mechanisms of fine particles in porous 
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media [178, 181].  A pulse of prepared CNT suspension of either MWNTs or SWNTs in 

the same chemical conditions was then introduced into the column, followed by CNT-

free DI water to flush out unretained CNTs at the same flow velocity. The suspension 

pulse volumes were about 15 pore volumes (PVs) for natural sand columns, and 2 PVs 

for acid-cleaned sand columns. Effluent samples were collected from the bottom outlet 

of the column using a fraction collector (IS-95 Interval Sampler, Spectrum 

Chromatography in Houston, TX). CNT concentrations were determined by measuring 

the total absorption of light at wavelengths of 255 nm with UV-Vis Spectrophotometer 

(Evolution 60, Thermo Scientific). The absorbance spectra and calibration curves of the 

two CNTs can be found in the supporting information (Figure C-2). Bromide (NaBr, 40 

ppm) was also applied to the column as a conservative tracer. 

Distribution of Retained CNT in Natural and Baked Sand Columns 

The deposition profiles of retained CNTs in the natural and baked sand columns 

were analyzed at the end of the transport experiments by dividing the columns post-

transport experiments into nine layers of equivalent mass of sand along the depth 

gradient. Each sand layer was placed into a vial and washed with 25 mL DI water by 

shaking the mixture by hand. The supernatant was carefully transferred into a new vial 

to determine the resuspended CNT concentration. An additional 25 mL of DI water was 

subsequently added to the sand and the vial was ultrasonicated for 30 min. The second 

supernatant was carefully transferred into a vial to determine the CNT concentration. 

The residual sand was oven dried at 75 ºC to determine the presence of CNTs on its 

surfaces. A fresh batch of natural sand was used in the experiment following the same 

procedure as the control.  
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Mobilization of Retained CNTs in Natural and Baked Sand Columns 

 For some of the natural sand and the baked sand columns, after the CNT 

injection and DI water flushing, the effect of flow direction, flow rate, and surfactant 

concentration on mobilization of retained CNTs was investigated. The flow direction 

experiment was initiated by switching downward DI water flow to upward at the same 

velocity (1.0 cm/min) for four PVs. The effect of flow rate on CNT mobilization was 

tested by increasing the flow velocity to 2.0 cm/min (downward) for four PVs. Sodium 

Dodecylbenzenesulphonate (SDBS), an anionic surfactant, was used in the experiment 

as the mobilization agent in this study because it is commonly used to disperse CNTs in 

water [117]. The SDBS (1% by weight) solution was applied to the natural sand column 

for four PVs at flow velocity of 1.0 cm/min to mobilize previously retained CNTs. Effluent 

samples from the mobilization experiment were collected in the same fashion stated 

previously, by fraction collector and CNT concentrations were determined with the 

spectrophotometer.  

Effect of pH on CNT Transport in Natural and Baked Sand Columns 

To test the effect of solution pH on CNT transport in the natural and baked sand 

columns, 0.1 mol/L NaOH solution was used to adjust the pH of the experimental 

solutions (CNT suspensions and DI water) to either 8.0 or 10. A fresh sand column was 

first flushed with the high pH working solution at a flow velocity of 1.0 cm/min until the 

effluent pH reached the same value. The inflow was then switched to the CNT 

suspension at the same pH and flow velocity for about 2 PVs. The column was then 

flushed again with the working solution for about 2 PVs at the same conditions. Effluent 

samples were collected to determine CNT breakthrough concentrations.  
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Modeling 

A transport model based on the colloid filtration theory was used to simulate the 

retention and transport of the CNTs in the sand columns. The governing equation can 

be written as [104]:  

 

         (6-1) 

 

where C is the concentration, D is the hydrodynamic dispersion coefficient, v is the 

average linear water velocity, z is the travel distance in the direction of flow, and k is the 

clean-bed filtration rate constant. This equation can be solved analytically with a zero 

initial concentrations, a pulse-input boundary condition, and a zero-concentration-

gradient condition at the outlet boundary [165]. The Levenberg-Marquardt algorithm was 

used to estimate the value of the model parameters to minimize the sum-of-the-squared 

differences between model-calculated and measured breakthrough concentrations [182, 

183]. This model optimization method was first applied to bromide breakthrough data to 

estimate D. Triplicated bromide tracer experiments were conducted and the best-fit D 

was 0.062 cm2/min (R2=1.00). 

Results and Discussion 

Surface Characteristics 

Measurements of the EPMs (Table 6-1) indicated that the two functionalized CNTs 

were negatively charged under all experimental conditions used in this study, which are 

consistent with the results reported in the literature [93, 116]. MWNTs had slightly lower 

EPMs than the SWNTs, probably because of the presence of both hydroxyl and 
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carboxyl functional groups on their surfaces. The ionization of functional groups (i.e., 

deprotonation of hydroxyl and carboxyl groups) introduces strong negative charges and 

electrostatic repulsion between functionalized CNTs, and consequently enhances their 

stability in suspension. The estimated zeta potentials of the two functional CNTs under 

all experimental conditions were below -30 mV (Table 6-1), indicating good stability. The 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory was used to estimate the 

interaction energies (Supporting Information). The DLVO theory was developed for 

interactions between spherical particles and homogeneous surfaces; therefore, the 

calculations can be only used as exploratory estimations here. The estimated DLVO 

energy profiles between the CNT particles in solution confirmed that the experimental 

conditions were unfavorable for CNT aggregating (Figure C-3a-b). This is consistent 

with the results of the stability experiments (Figure C-1).  Mass titration curves (Figure 

C-4) indicated that the PZC of the two CNTs were similar with values lower than 3, 

confirming both SWNT and MWNT were negatively charged for all the tested conditions.  

The surfaces of the natural, baked, and the acid-cleaned sand were also 

determined to be negatively charged under all experimental conditions tested (Table 6-

1). Both the EPM and zeta potential of the baked and natural sand was slightly higher 

than the acid-cleaned sand, probably due to presence of positively charged impurities 

on the baked and natural sand surfaces. Without considerations of surface charge 

heterogeneity, the DLVO energy estimations indicated that the experimental conditions 

were unfavorable for attachment (i.e., traditional DLVO deposition) of the CNTs onto 

either the acid-cleaned, baked, or the natural sand (Figure C-2c-h).  The PZC values of 

the three types of sand were similar to each other with values close to 3, which agree 
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with reported values of silica/quartz PZC in the literature [184]. The similarities of EPM, 

zeta potential, and PZC among natural, baked, and acid-cleaned sand grains suggested 

the dominance of the silica on the sand surfaces.   

SEM-EDS analyses confirmed the dominance of silica signature on natural, baked, 

and acid-cleaned sand surfaces (Figure 6-1). While no impurities were identified on the 

acid-cleaned sand surface, the SEM-EDS spectrum did show the presence of metallic 

impurities (i.e., Fe, Al, and Ni) on both natural and baked sand surfaces (Figure 6-1). 

ICP-AES analyses corroborated the SEM-EDS results and showed relatively high levels 

of Fe (167.4 mg/kg) and Al (1086.6 mg/kg), and a very low level of Ni (0.7 mg/kg) on the 

natural sand. The identification of these elements agrees with the previously reported 

aluminum and iron oxyhydroxides on natural sand surfaces [185]. Because metal 

oxyhydroxides are positively charged under most practical circumstances, their 

presence introduces charge heterogeneity on the natural and the baked sand surfaces; 

a physicochemical factor that will likely affect the transport of functional CNTs. As 

pointed out by Johnson et al [124], surface charge heterogeneity is likely a primary 

factor controlling deposition and transport of nanoparticles in porous media.  

Retention in the Acid-cleaned Sand Columns 

Both the SWNTs and the MWNTs showed high mobility in the saturated columns 

packed with acid-cleaned sand (Figure 6-2a). This is consistent with interaction energy 

calculations from the DLVO theory. SWNTs and MWNTs in their respective experiments 

were detected in the effluent about one PV after the pulse was applied. The 

breakthrough response for both CNT suspensions quickly increased and plateaued with 

additional input of CNTs. The breakthrough concentrations of the two CNTs quickly 

returned back to zero when the column influent was switched to CNT-free DI water. The 
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plateau of the normalized breakthrough curves (C/C0) for both SWNTs and MWNTs 

approached unity (i.e., C/C0 = 0.96 and 1.00, respectively), and the general shape of the 

breakthrough curves resembled that of bromide (Figure 6-2). The resemblance of BTCs 

to the conservative tracer confirms low CNT retention in the acid-cleaned sand columns, 

and lack of interaction with the porous media surfaces. Mass balance calculations 

showed that only 3% and 1% of the SWNTs and MWNTs were retained, respectively in 

the acid-washed sand columns. Simulations of the transport model matched well the 

breakthrough data of CNTs in acid-cleaned sand columns (R2 >0.97) (Table 6-2). The 

best-fit, clean-bed filtration coefficients (k) of the SWNTs and MWNTs in the acid-

cleaned sand columns were 0.0036 and 0.0012 min-1, respectively. The Damkohler 

number for SWNT and MWNT deposition ( , where L is the column length and 

v is flow velocity) were 0.059 and 0.020, respectively. The magnitude of the Da number 

indicates that the time scale was much longer for retention than for advection through 

the columns. These results confirmed that experimental conditions where acid-washed 

sand is used as the porous medium do not favor for CNT retention.  The high mobility of 

functionalized CNTs in laboratory columns packed with acid-cleaned sand was also 

observed in other studies under similar experimental conditions [93, 116].  

Retention in the Natural and Baked Sand Columns 

The breakthrough responses of the CNTs in the natural and the baked sand 

columns were similar and were much lower than that in the acid-cleaned sand columns 

(Figure 6-2). This is inconsistent with interaction energy calculations from the DLVO 

theory, suggesting the strong retention of CNTs in the columns may not be controlled by 

the traditional DLVO deposition. Although the CNTs were applied to both the natural 

v

kL
Da 
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sand and the bake sand columns for an extended period of time, the normalized 

breakthrough concentrations reached the plateau stage quickly and remained at low 

peak C/C0 concentration of 0.02-0.12. The recovery rates of SWNTs and MWNTs was 

2.1% and 8.6% for natural sand columns, and 9.5% and 12% for the baked sand 

columns (Table 6-2), indicating that CNT mobility is significantly lower in chemically 

heterogeneous sand (i.e., natural and baked sand) than in oxyhydroxides-free sand 

columns (i.e., acid-cleaned). The transport model described almost all transport data 

well but performed weakly for MWNT transport in the natural sand column (R2 = 0.60) 

(Table 6-2). The best-fit k values of the SWNTs and MWNTs in the natural and baked 

sand columns were 0.13-0.24 min-1, which are two orders higher than that in acid-

cleaned sand columns (Table 6-2). The Damkohler numbers for the SWNTs and 

MWNTs in the natural and the baked sand columns were 2.1-3.9 (Table 6-2), indicating 

the time scale of retention was comparable to that of the advection process. 

The enhanced retention of the two CNTs in the natural and the baked sand 

columns can be attributed to the surface deposition mechanism because all types of 

sand (i.e., natural, baked, and acid-cleaned) were similar in most the physicochemical 

properties, except in the surface characteristics. While the acid-cleaned sand has 

relatively homogeneous surfaces, surfaces of both natural and baked sand contain 

metal oxyhydroxides, which introduce surface charge heterogeneities. The CNTs are 

covered with negatively charged functional groups (of carboxyl dominance for SWNTs 

and a combination of carboxyl and hydroxyl for MWNTs), and they thus can attach 

strongly to the metal oxyhydroxides on natural or baked sand surfaces through 

electrostatic and/or hydrogen-bonding interactions [142]. Previous studies have 
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demonstrated the strong interactions between metal oxyhydroxides and hydrophilic 

surface functional groups, especially carboxyl and hydroxyl groups [186-188].  

 The results also suggested that physical straining might not be considered as a 

dominant retention mechanism for CNT transport in the natural sand columns under the 

tested experimental conditions. This is consistent with previous transport studies of 

surfactant-dispersed SWNTs, NOM-coated SWNTs, and functionalized MWNT in clean 

porous media [116, 117, 142, 176]. In a recent study, Tian et al. [117] did not observe 

any straining of surfactant-dispersed SWNTs in water-saturated columns packed with 

acid-cleaned quartz sand with different grain-size distributions and assumed that CNT 

might orient parallel to the streamlines in flow to avoid the pore straining in porous 

media.  

Distribution of Retained CNTs in Natural and Baked Sand Columns 

Measurements of the retained CNTs in the natural and the baked sand columns 

confirmed their strong deposition on the sand grain surfaces. When the sand was 

excavated from the column, its color was much darker than the original natural sand, 

especially near the column inlet. Supernatant samples obtained after washing the sand 

with DI water were transparent and appeared to be the same as the control solution 

(Figure 6-3a). The CNT concentrations in the supernatants were zero as measured by 

the UV-Vis spectrophotometer at 255 nm, confirming that CNTs in the porous media 

were not retained through physical straining. Subsequent sonication of the sand layers 

successfully detached a fraction of the retained CNTs from the sand; particularly from 

the layers closer to the inlet (Figure 6-3b). Although we were not able to determine the 

CNT concentration of the sonicated supernatants by spectrophotometry because the 

sonication step generated additional sand colloids, the light absorption of all samples at 
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255 nm was higher than that of the control. Sonication could detach retained CNTs from 

the sand surface; however, the color of the sonicated sand was still darker than the 

original sand (Figure 6-3c). This result further confirmed the strong interaction between 

the functionalized CNTs and the metal oxyhydroxides on sand surfaces.  

Mobilization of Retained CNTs in Natural and Baked Sand Columns 

The concentration of CNTs in the effluent after the reverse, high-velocity, or SDBS 

flushing was below detection limit; suggesting that none of the tested physical and 

chemical transients can effectively remobilize the retained CNTs in the natural sand or 

the baked sand columns. If pore straining was one of the dominant mechanisms of CNT 

retention in the columns, change in flow direction would likely result in the release of the 

retained CNTs from pore throats of the porous media [42, 189]. On the other side, the 

lack of mobilization of CNTs from either increases in flow velocity or addition of SDBS 

suggest that interactions between the grain and CNT surfaces are controlled by 

relatively strong attraction forces, such as electrostatic and/or hydrogen-bonding 

attractions. This result is consistent with the hypothesis that the retention of the 

functionalized CNTs in the sand is mainly controlled by surface deposition through 

interactions between the functional groups and metal oxyhydroxides.  

pH Effect 

When higher pH was used, the breakthrough of the two types CNTs in both the 

natural sand and the baked sand columns increased (Figure 6-4).  For the 

functionalized SWNT in natural sand, the normalized peak breakthrough concentrations 

were 0.24 and 0.74 when the column pH values were at 8.0 and 10, respectively (see 

breakthrough curves in Figure 6-4a). Similarly, the normalized peak breakthrough 

concentrations for the functionalized MWNT were 0.23 and 0.78 with pH of 8.0 and 10.0, 
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respectively (see breakthrough curves in Figure 6-4b). The recovery rates of the 

SWNTs and MWNTs from the natural sand columns also increased dramatically when 

the transport conditions were alkaline.  Approximately 22% and 78% of the SWNT and 

23% and 71% of the MWNT were recovered from the natural sand columns at pH of 8.0 

and 10, respectively. Similarly about 23% and 75% of the SWNT and 24% and 75% of 

the MWNT were recovered from the baked sand columns at pH of 8.0 and 10, 

respectively. The transport model described all the pH experiment very well with R2 

higher than 0.97 (Table 6-2). The best-fit k values of the SWNTs and MWNTs in the 

natural and the baked sand columns at two pH values ranged from 0.22 to 0.78 min-1 

(Table 6-2).  The Damkohler numbers for the SWNTs and MWNTs in the natural sand 

and the baked sand columns were 0.21-1.5 (Table 6-2), suggesting the time scale of 

retention was comparable to that of the advection process.  

Both experimental and modeling results revealed that pH played an important role 

in enhancing the transport of functionalized CNTs in sand porous media. This result 

concurs with the hypothesis that deposition of functionalized CNTs onto the natural 

sand surfaces is driven by electrostatic and/or hydrogen-bonding attractions between 

the functional groups and metal oxyhydroxides. Characterization of the natural and the 

baked sand indicated that the surface charge heterogeneity is mainly introduced by the 

Fe, Al, and Ni oxyhydroxides. Metal oxyhydroxide impurities on the sandy medium act 

as favorable deposition sites that are positively charged at pH 5.6 (DI water) and 

promote deposition of negatively charged CNTs. Previous studies have shown that the 

points of the zero charge of the metal oxyhydroxides identified in our sand fall between 

6.1 and 11.3 (Table C-1) [184, 190, 191]. When the system pH increased from 5.6 to 
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8.0 or 10, it reduced or reversed the positive charge of the metal oxyhydroxides and 

diminished the surface charge heterogeneity. The higher the system pH is, the less 

positive the surface charge of the metal oxyhydroxides will be. As a result, transport of 

the functionalized CNTs in the sand columns increased with the pH increments.  

Chapter Conclusions 

This study demonstrates the importance of chemical surface interactions between 

the nanoparticles and the porous media, which strongly control transport. Our results 

suggest that surface charge heterogeneity, is a key factor that controls the transport 

behavior of nanoparticles moving through porous media. Although it is commonly 

believed that the nanoparticle filtration efficiency of sandy soils is low, our study 

presents evidence that functionalized ENMs have limited mobility in natural sandy 

porous media that are rich in metal oxyhydroxides. Surface functionalization is a routine 

step in the preparation of nanoparticle suspensions to improve their performance, but 

may render additional benefits for the prevention of uncontrolled dispersal of nano-litter 

in the environment as nanoparticles encounter chemically heterogeneous soil 

environments and become chemically immobilized. Findings from this study also 

suggest that natural sand may be used as an efficient filter to remove functionalized 

ENMs from wastewater.  
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Table 6-1. Surface characteristics of the functionalized CNTs and the porous media 

 
Size 
(mm) 

Effective 
hydro-
dynamic 
diameter 
(nm) 

Point 
of zero 
charge 

Electrophoretic mobility 
(×10

-8 
m

2
/(Vs)) 

Zeta-potential (mV) 

pH=5.6 pH=8 pH=10 pH=5.6 pH=8 pH=10 

SWNT - 152.7 2.9 -2.71 -2.69 -2.75 -34.6 -36.4 -37.2 

MWNT - 179.8 2.4 -2.99 -2.82 -2.89 -38.2 -38.2 -39.1 

Acid-cleaned 
sand 

0.5 - 0.6 - 2.9 -1.43 -3.04 -3.34 -19.4 -41.1 -45.2 

baked sand 0.5 - 0.6 - 3.1 -1.13 -2.61 -2.87 -15.3 -35.4 -38.8 

Natural sand 0.5 - 0.6 - 3.1 -1.11 -2.46 -2.69 -15.1 -33.3 -36.4 
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Table 6-2. Summary of experimental conditions and model results of CNT transport 
in the sand columns.   

    pH 
Mass 
recovery 

Deposition 
rate, k (min

-

1
) 

Damkohler 
number, Da 

R
2
 

SWNT transport in 

 
Acid-cleaned sand 5.6 0.97 0.0036 0.059 0.99 

 
Baked sand 5.6 0.095 0.14 2.3 0.97 

 
Natural sand 5.6 0.021 0.24 3.9 0.83 

 
Baked sand 8.0 0.23 0.088 1.5 0.98 

 
Natural sand 8.0 0.23 0.088 1.5 0.97 

 
Baked sand 10 0.75 0.017 0.27 1 

 
Natural sand 10 0.71 0.018 0.30 0.97 

MWNT transport in 

 
Acid-cleaned sand 5.6 0.99 0.0012 0.02 0.97 

 
Baked sand 5.6 0.12 0.13 2.1 0.97 

 
Natural sand 5.6 0.086 0.15 2.5 0.6 

 
Baked sand 8.0 0.24 0.084 1.4 0.99 

 
Natural sand 8.0 0.22 0.091 1.5 0.98 

 
Baked sand 10 0.75 0.013 0.21 0.99 

  Natural sand 10 0.78 0.015 0.25 0.99 
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Figure 6-1. SEM images (a, b and c) and corresponding EDS spectra (a’, b’ and c’) of 
acid-cleaned sand, baked sand, and the natural sand at 4000X, respectively. EDS 
spectra were recorded at the same locations showed in the SEM image. 
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Figure 6-2. Transport of CNTs in water-saturated columns in DI water system packed 
with (a) acid-cleaned sand, (b) baked sand and (c) natural sand. 
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Figure 6-3. Distribution of retained CNTs in the natural sand column: (a) supernatants 
from different layers after DI water washing; (b) supernatants from different layers after 
ultrasonication; (c) sand from different layers dried after ultrasonication. 
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Figure 6-4. Transport of CNTs in water-saturated columns packed with baked and 
natural sand at different pH conditions. 
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CHAPTER 7 
7 METHODS OF USING CARBON NANOTUBES AS FILTER MEDIA TO REMOVE 

AQUEOUS HEAVY METALS 

Introductory Remarks  

The exceptional properties of nanomaterials, particularly carbon nanotubes (CNT), 

have revolutionized the electronic and optic industries, energy sectors, and material 

engineering and manufacturing. Much research on carbon-based nanoparticle in the 

environment has been devoted to elucidate the physical, chemical, and biological 

mechanisms that affect their stability, mobility, and toxicity [142]. Relatively less 

attention has been paid to their potential application for addressing a number of 

environmental problems [27, 176].  

The hollow and layered nanostructure of CNTs endow them with a 

characteristically large surface area and a correspondingly high potential sorption 

capability for chemical pollutants [67]. Several studies have demonstrated that CNTs, 

particularly those that are functionalized, have a strong affinity to many common water 

pollutants, including heavy metals [171] and organic pollutants [121]. It is well accepted 

that pristine CNTs are insoluble in water [192], therefore oxidative treatments are often 

used to introduce hydrophilic functionalities to their surfaces in order to facilitate 

aqueous dispersion. This functionalization procedure is suspected to improve CNTs’ 

ability to remove heavy metals in aqueous phase by increasing their cation exchange 

capacity as well as promoting attractive electrostatic interactions [173]. As such, 

functionalized CNTs have been reported to have a superior sorption ability to heavy 

metal ions than pristine CNTs and have been recommended as a potential adsorbent 

for the removal of heavy metals in contaminated water [74, 193, 194].  
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A vast proportion of published investigations concerned with the removal of 

contaminants by CNTs have investigated sorption characteristics and mechanisms 

through batch sorption experiments [76, 77, 171]. To the authors’ knowledge, no study 

has previously examined the feasibility and effectiveness of using CNTs as filter media 

in fixed-bed settings to remove contaminants from aqueous solutions. A potential 

deterrent for the novel application of CNTs for water treatment is the concern of 

nanoparticle elution from the fixed-bed reactors, which could result in secondary 

contamination of the receiving water bodies.  

A recent study by the authors suggested that natural sand media can be used as a 

good natural filter to remove functionalized CNTs from water [171].  The deposition of 

functionalized CNTs on natural sand surface is mainly controlled by strong surface 

interactions that are irreversible despite chemical and hydrodynamic disturbances [76].  

This makes it possible to envision the development of a new technology to use sand as 

a safeguard for functionalized CNTs in a fixed-bed filter to remove contaminants from 

water. Sand is very a common filter material used in water treatment, but it has 

relatively poor ability to remove heavy metals from water [77, 195]. We hypothesize that 

the combination of sand media with functionalized CNTs would greatly improve the 

performance of fixed-beds for removing heavy metals from water. 

The overarching goal of this work is to assess the best procedures and their 

respective effectiveness of the CNT-sand filter media for heavy metal removal from 

water. First, functionalized multi-walled CNTs were incorporated to natural quartz sand 

media in laboratory fixed-bed columns via three packing methods: 1) layered, where 

CNTs and sand were packed as separate layers in the columns; 2) mixed, where CNTs 
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and sand were mixed together and subsequently packed in the columns; and 3) 

deposited, where a well-dispersed CNT suspension was applied to the columns and 

allowed to become deposited onto sand surface via filtration. Second, filtration 

experiments were conducted with the CNT-sand columns in which the removal 

efficiency of two heavy metals in aqueous phase (Pb2+ and Cu2+) was evaluated. The 

specific objectives of the work included: 1) determine the effect of sonication-promoted 

dispersion on sorption capacity of the functionalized multi-walled CNTs to Pb2+ and Cu2+ 

in single and dual (competing) metal systems; 2) compare removal efficiency of single 

metal solution (Pb2+ or Cu2+) across the three packing types of CNT-sand media; and 3) 

compare removal efficiency of dual metal solution (Pb2+ and Cu2+) across the three 

packing types of CNT-sand media. 

Materials and Methods 

CNTs 

Multi-walled CNTs were produced using a chemical vapor deposition method with 

nickel and magnesium catalysts. Subsequently, these were functionalized by an acid 

mixture of concentrated sulfuric and nitric acids (3:1, v:v) to introduce carboxyl and 

hydroxyl functional groups to the nanotube surface [195]. Fourier transform infra-red 

(FTIR) analysis was used to characterize those functional groups. To obtain the 

observable adsorption spectra, the CNTs were mixed with KBr to 0.1 wt % and then 

pressed into pellets. The spectra were measured using a Bruker Vector 22 FTIR 

spectrometer (OPUS 2.0 software).  

 Part of the functionalized CNTs was used directly in some of the sorption and 

column experiments without any dispersion promoting treatments and was referred here 

as undispersed CNTs. A separated dispersed CNT suspension was produced by 
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suspending the functionalized CNTs in deionized (DI) water at a desired concentration 

and then sonicated with Misonix S3000 ultrasonicator (QSonica, Newtown, CT) for 30 

min, and was referred here as dispersed CNTs.   

The physiochemical characteristics of the CNTs were measured for: i) Surface 

area via the Brunauer–Emmett–Teller (BET) nitrogen adsorption method at 77 K (NOVA 

1200 surface area analyzer, Quantachrome Instruments, Boynton Beach, FL), ii) point 

of zero charge (PZC) via the mass titration method [176], iii) hydrodynamic diameter of 

dispersed CNTs by dynamic light scattering (ZetaPlus, Brookhaven Instruments 

Corporation, Holtsville, NY), and iv) electrophoretic mobility (EPM) of dispersed CNTs 

(ZetaPlus), which was used estimating their zeta potential via Smoluchowski's model. 

Concentration of the dispersed CNTs was regulated by spectroscopic light absorption at 

a wavelength of 255 nm using Evolution 60 UV-Vis Spectrophotometer (Thermo 

Scientific, Waltham, MA).  FTIR analysis was conducted with the post-sorption CNTs 

(i.e., metal laden CNTs) to examine the functional groups using the method described 

above. 

Sand 

Quartz sand of grain size 0.5-0.6 mm (Standard Sand & Silica Co., Davenport, FL) 

was washed sequentially with tap water and DI water to remove loose impurities. Quartz 

fragmentation by ultrasonication procedure proposed by Johnson et al. [196] was used 

to create quartz colloids, which were subsequently filtered through a 0.45 µm filter. The 

quartz suspension was then used to measure the sand’s EMP and PZC. Trace metal 

identification and concentration on the sand surface were determined by inductively 

coupled plasma with optical emission spectrometry (ICP-OES, Optima 2100 DV, 

PerkinElmer Inc., Waltham, MA), as per EPA protocol 200.7.  
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Heavy Metals 

Lead nitrate and copper nitrate were used to prepare stock solutions. Single metal 

solutions were prepared at concentrations of 10 mg L-1 of Pb2+ or Cu2+.  In addition, a 

dual metal solution containing 10 mg L-1 of Pb2+ and 10 mg L-1 of Cu2+ was prepared. 

ICP-OES was used to monitor the metal concentration in the solutions. HCl was used to 

adjust the pH of the metal solutions to 5.6. 

Batch Sorption Experiment 

Batches of each sorbent (10 mg of dry CNTs, dispersed CNT suspension 

containing 10 mg of CNTs, or 1g of sand) were added to 20 mL of each metal solution 

(Pb2+, Cu2+, and Pb2+ and Cu2+) at seven different concentrations to build adsorption 

isotherms. The mixtures were shaken in a shaker for 12 h at room temperature, which 

was determined sufficient time to ensure equilibration [179, 197]. After equilibrium was 

reached, the suspensions were filtered through 0.1 μm membranes, and the initial and 

equilibrium metal concentrations then measured using the ICP-OES. The mass of 

sorbed metal was calculated as the difference between initial and equilibrium metal 

concentration. 

Fixed-bed Column Experiment 

Fixed-bed column experiments were used to investigate the removal and transport 

of heavy metals in CNT-sand media via three different CNT packing methods. Layered, 

mixed and deposited CNTs were the three ways in which about 10 mg of CNTs were 

incorporated into 16.8 mg of sand for each CNT-sand packed column. Columns packed 

with only natural sand were used as the control in the study. 

For the layered CNT packing method, natural sand was first wet-packed into an 

acrylic column (1.5 cm inside diameter  5 cm height), and undispersed CNTs evenly ´
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placed at the top of the sand column as a single layer. Membranes with 50 µm pores 

(Spectra/Mesh, Spectrum Laboratories, Inc.) were used at the column inlet and outlet to 

distribute the flow. For the mixed CNT packing method, natural sand was thoroughly 

mixed with the undispersed CNTs and subsequently wet packed into the column. For 

the deposited CNT packing method, the column was first wet-packed with the sand, and 

the dispersed CNT suspension was then applied as a pulse (in downward flow direction) 

using a peristaltic pump set at a steady flow rate of 1 mL/min. After continuous CNT 

pulse injection, the influent was switched to DI water for an additional 2 hrs to flush out 

unretained CNTs. Effluent concentration of CNTs was monitored in discrete samples via 

UV-Vis Spectrophotometry at a wavelength of 255 nm to determine when 10 mg of 

CNTs had been deposited in the sand column.  Because small amount of CNTs (~0.06% 

w/w of CNT/sand) were used in the fixed-bed columns, the bed porosity of all three 

types of column packing was maintained at 0.40. 

Once packed with sand and CNTs, the columns were subjected to pulses of single 

and dual metal solutions and the removal efficiency evaluated according to the metal 

breakthrough from the columns. Prior to metal pulse injection, the columns were flushed 

with DI water (pH 5.6) for more than 1 hr and no CNT was detected in the eluents of any 

the columns. Metal removal experiments consisted of two stages. At stage one, the 

single (Pb2+ or Cu2+) or dual (Pb2+ and Cu2+) metal solutions (as described above) were 

injected into the top of the column for 2 hrs at a steady flow rate of 1 mL/min. At stage 

two, the influent was switched to metal-free DI water for an additional 2 hrs to elute 

unfiltered metals from the column. Effluent samples were collected discretely with a 

fraction collector and the metal concentration monitored with the ICP-OES. 
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Results and Discussion 

CNT and Sand Properties 

In dispersion, hydrodynamic diameter of the CNTs was around 180 nm, and their 

EPM was recorded at -2.99×10-8 m2 V-1 s-1. Mass titration curves (Figure D-1) indicated 

that PZC of the CNTs was 2.4, corroborating their negative charge under the tested 

experimental conditions. Those surface charges may arise from the abundances of 

acidic functional groups. FTIR spectrum of the CNTs were characterized by four 

significant bands at wave number 3445 (O-H stretch), 1635 (C=O bond), 1045 (alkene, 

C-O bond), and 1385 (vibrational band of –NO2) cm-1 (Figure 7-1). The first three bands 

confirmed the presences of carboxyl and hydroxyl functional groups on the CNT surface.  

BET nitrogen adsorption measurement revealed a surface area of undispersed 

CNT powder of 112.7 m2 g-1, a significantly lower value than previously reported for 

well-dispersed CNTs (>1000 m2 g-1) [94].  This result suggests that undispersed CNT 

powders cannot exhibit their ‘true’ surface area, unless they are well-dispersed in a 

medium. Thus, it is anticipated that the dispersed CNTs would display higher sorption 

capacity for metals than the undispersed CNTs based solely on the available surface 

area for sorption. 

 The PZC of the sand was 3.0 (Figure D-1), indicating that its charge was negative 

under the tested conditions. Surface element analysis revealed the presence of metal 

impurities (mainly iron oxyhydroxides) on the sand surface [77], which could potentially 

serve as adsorption sites for heavy metal ions [176]. 
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Sorption Ability of the CNTs 

Both dispersed and undispersed CNTs were much more efficient adsorbents of 

heavy metals than the sand (Figure 7-2), which is consistent with the literature that 

functionalized CNTs have strong affiliations to heavy metal ions in aqueous solutions 

[195, 198-201]. As expected from available surface area, the dispersed CNTs had 

greater adsorption ability to both aqueous metals in single and dual metal systems than 

the undispersed CNTs, stressing the importance of CNT surface area on heavy metal 

sorption. The isotherms also suggest that the sonication-promoted dispersion processes 

could potentially improve the performance of the CNTs in water treatment to remove 

heavy metal contaminants.  

The Langmuir model used to describe the experimental isotherms was:

, where qe is the mass of metals sorbed per mass of sorbent at 

equilibrium (mg g-1), qm the maximum mass of metals sorbed per mass of sorbent as the 

concentration of metal increases (mg g-1), K is the Langmuir equilibrium constant for 

mass of metal (L mg-1), and Ce the dissolved metal concentration at equilibrium. The 

model fit the experimental data very well, as indicated by R2 values exceeding 0.92 

(Table 7-1).  

The qm values of Pb2+ and Cu2+ sorption on the sand were low in both single and 

dual metal systems (Table 7-1), indicating that natural sand alone is not an effective 

sorbent for heavy metals in solution. The single-metal maximum sorption capacity of the 

CNTs was 74.5 and 92.3 mg g-1 (0.36 and 0.45 mmol g-1) for Pb2+ and 51.3 and 67.8 mg 

g-1 (0.81 and 1.07 mmol g-1) for Cu2+ for undispersed and dispersed CNTs, respectively. 

The maximum sorption capacity measured for the CNTs in this study is several fold 

1 1 1

e m m eq q Kq C
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higher than that of the natural sand and is even better than metal sorption maxima 

reported for some activated carbons [115, 200, 202]. The dual-metal maximum sorption 

capacity for undispersed CNTs for Pb2+ and Cu2+ was 49.3 and 33.0 mg g-1 (0.24 and 

0.52 mmol g-1), while that for dispersed CNTs was 65.0 and 43.6 mg g-1 (0.31 and 0.69 

mmol g-1), respectively. A likely explanation for higher molar sorption capacity of Cu2+ 

than for Pb2+ is the atomic radii of these ions, which is 70 and 112 pm, respectively.  

Because of a steric over-crowding, larger ionic radius of Pb2+ compared to that of Cu2+ 

may induce a quick saturation of adsorption sites, resulting in lower molar capacity [203].  

Compared to the undispersed CNTs, the sorption capacity of the dispersed CNTs 

increased for 23.9-32.2% for Pb2+ and Cu2+ in both single and dual metal systems. 

These data further confirm the importance of CNT dispersal in order to maximize its 

sorption capacity for water treatment purposes.  

It is suggested that the adsorption of heavy metals onto the CNTs are mainly 

controlled by the strong interactions between the metal ions and hydrophilic surface 

functional groups, especially carboxyl and hydroxyl groups [115, 204, 205]. Comparison 

of the FTIR spectra of CNTs before and after metal sorption confirmed this mechanism 

(Figure 7-1). Compared to the original FTIR spectrum, the adsorption of heavy metals 

on the CNTs resulted in variations of FTIR peaks at wavenumbers of 1635 (C=O) and 

1045 (C-O) cm−1, which could be attributed to the interactions between metal ions and 

carboxyl and hydroxyl groups. Previous studies have suggested that positively charged 

metal ions can form strong complexes with these two functional groups through 

electrostatic and/or hydrogen-bonding interactions [73, 142, 206, 207].  
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Single Metal Removal in the CNT Columns 

The evaluation of three packing methods of CNT-sand media was conducted 

through analyses of effluent breakthrough of dissolved metals in water. Breakthrough 

curves (BTCs) for single-metal pulse injections were analyzed for filtration and transport 

as they moved through the fixed-bed sandy columns with and without CNTs as 

illustrated in Figure 7-3 The BTCs were constructed as plots of the cumulative pore 

volume of liquid eluted versus the relative concentration (C/C0) of the injected metal in 

the effluent. For injections of single-metal (Pb2+ and Cu2+) pulses, the BTCs 

corresponding to fixed-beds with deposited CNTs (inverted triangle in Figure 7-3) had 

the lowest mass of metal eluted and the most delayed breakthrough elution, indicating 

that deposited CNT packing method was the most effective way in improving the fixed-

bed’s heavy metal removal performance. This superior metal sorption efficiency of 

deposited CNT fixed-beds agrees with the sorption experiment results that indicated 

that dispersed CNTs were better sorbents than undispersed CNTs, which were used for 

layered and mixed CNT fixed-beds. Based on the BTC shapes and arrival times, the 

metal removal efficiency of the fixed-bed columns was ranked in decreasing order as:  

deposited CNT > mixed CNT > layered CNT > CNT-free sand.  

The following three filtration performance parameters were calculated to evaluate 

the column packing methods against the different combination of metals in solution: 

removal rate (rm), breakpoint (bp, defined as the BV at which the metal concentration in 

the effluent reaches 5% of the initial metal concentration [186]), and recommended bed 

capacity (qr) (Table 7-2). The recommended bed capacity represents the capacity in the 

columns at which the sorbent in the fixed-bed should be replaced, and can be 
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determined as [187]:  , where Q is the flow rate (L min-1), m is 

mass of the sorbent in the fixed (g), t is time (min), and th is time when the metal 

concentration in the effluent reaches half of that in the influent (i.e., C/C0 = 0.5). As a 

conservative measure, the calculated qr of a sorbent should not exceed its Langmuir 

capacity, as determined from batch sorption experiment.  

The CNT-free sand columns were able to remove 32.0% and 12.5% of the 

inputted single-metal Pb2+ and Cu2+, respectively. In contrast, the CNT-sand columns 

improved the metal removal performance of the columns at rm values of up to 75.0% for 

Pb2+ and 56.9% for Cu2+ for the best performing CNT packing method (deposited), and 

for 55.3% for Pb2+ and 31.4% for Cu2+ for the worst performing CNT packing method 

(layered).  Whereas the range of removal efficiency varied for the three types of CNT 

packing, the rm of all CNT-sand columns in all cases exceeded that for the CNT-free 

sand columns. The breakpoints (bp) of the single-metal pulses in the CNT-sand columns 

were also much longer than those in the CNT-free sand columns. The most delayed bp 

was observed for deposited CNT columns, which was recorded at 9.5 min for Pb2+ and 

5.2 min for Cu2+, indicating that metal elution in these CNT-enabled columns was 

delayed by more than twice the time metals were eluted from CNT-free sand columns 

(Table 7-2).  

The recommended bed capacities (qr) were the lowest for CNT-free sand columns 

(qr of 0.016 mg g-1 for Pb2+ and 0.011 mg g-1 for Cu2+, in Table 7-2), indicating that sand 

alone is not an effective heavy metal removal system. The qr values for CNTs in all the 

CNT-sand columns were three to four orders of magnitude higher than that for sand, 

with deposited CNTs at the highest capacity and layered CNTs at the lowest (Table 7-2). 
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These trends are consistent with the findings of individual material batch sorption 

experiments. The qr values for deposited CNTs in CNT-sand columns (Table 7-2) 

corresponded to 87% and 63% of their measured Langmuir maximum sorption capacity 

qm (Table 7-1) for Pb2+ and Cu2+, respectively. The apparent reduced capacity of the 

metal sorption for the same quantity of CNTs when added to a fixed-bed system is likely 

due to the shorter residence time between metal ions and the CNTs when flow of the 

metal solution was passed through the column, compared to the longer contact time 

between the metals and the sorbents in batch tests.  

Dual Metal Removal in the CNT Columns 

The three types of CNT-sand columns were also superior at removing Pb2+ and 

Cu2+ simultaneously from the solution than the CNT-free sand columns (Figure 7-4).  

Similar to the single-metal experiments, the metal breakthrough in the CNT-sand 

columns were lower in mass and more delayed than that in the CNT-free sand columns, 

where deposited-CNT method was ranked with the best filtration performance. These 

results are in agreement with the sorption and single-metal removal experiments for 

dispersed CNT sorption efficiency of metals.  

The presence of competing metal ions in the solution for the sorption sites reduced 

the removal rate, the breakpoint, and the recommended bed capacity in all the columns 

for the removal of the individual metals (Table 7-2). It is known that both Pb2+ and Cu2+ 

cations react strongly with the carboxyl and the hydroxyl groups of the CNT surfaces 

[188, 208] and competition for these sites on the CNTs is expected.  As a result, the 

removal rates of the two heavy metal ions in the dual metal system in the three CNT-

sand columns ranged from 50.2% to 63.7% for Pb2+ and 23.6%-39.9% for Cu2+. 

Although the molar concentration of Cu2+ in the dual metal solution was much higher 
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than that of Pb, the competition only reduced about 9-14% of Pb2+ removal in the three 

CNT-sand columns. On the other hand, the presence of Pb2+ reduced about 25-30% of 

the Cu removal. These results suggest that the functionalized CNTs have a higher 

affinity to Pb2+ than to Cu2+ ions in aqueous solutions. Similar trend was observed in 

previous studies of heavy metal sorption onto CNTs and it has demonstrated that Pb2+ 

has a much stronger affinity to the surface function groups on CNTs than Cu2+ in 

aqueous solutions [73, 115, 208]. 

Chapter Conclusions 

Laboratory experimental results indicated that functionalized multi-walled CNTs 

had strong sorption ability to aqueous Pb2+ and Cu2+. Dispersion of the CNT particles 

enhanced their sorption ability to the heavy metals. As a result, the CNT-sand columns 

packed with CNT deposited method showed the best effect to remove the heavy metal 

from aqueous solutions. All the three CNT-sand packing methods, however, were 

effective and safe ways use the CNTs as filter media to remove heavy metal 

contaminants from water. These results suggest that, the high metal sorption affinity of 

CNTs along with the high porosity of natural sand could be exploited jointly in a single 

filter to effectively remove multiple types of heavy metals from water.  

 Although CNTs have been referred as potentially promising sorbents for heavy 

metal removal in the literature; however, little research effort has been made to apply 

them in fix-bed setting to purify water. As the first of this kind of study, findings from this 

work may inform the development of innovative and high efficiency CNT-based filters for 

various environmental applications, especially for the treatment of heavy metal 

contaminated water. 
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Table 7-1. Summary of the best-fit Langmuir model parameters 

Adsorbent 

Pb
2+

 Cu
2+

 

qm 
 (mg g

-1 
) / (mmol 

g
-1

) 

K  
(L mg

-1
) 

R
2
 

qm 
 (mg g

-1 
) /  

(mmol g
-1

) 

K  
(L mg

-1
) 

R
2
 

Single-metal   
     

Sand  0.027 / 1.31E-04 0.28 0.98 0.015 / 2.32E-04 0.04 0.92 

Undispersed CNT 74.5 / 0.36 0.33 1.00 51.3 / 0.81 0.19 0.99 

Dispersed CNT 92.3 / 0.45 0.37 0.99 67.8 / 1.07 0.31 1.00 

Dual-metal 
      

Sand 0.018 / 8.83E-05 0.40 0.99 0.006 / 9.75E-05 0.09 0.98 

Undispersed CNT 49.3 / 0.24 0.20 1.00 33.0 / 0.52 0.07 1.00 

Dispersed CNT 65.0 / 0.31 0.21 0.98 43.6 / 0.69 0.13 0.99 
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Table 7-2. Summary of fixed-bed column experimental results 

Sand column 

Pb
2+

 Cu
2+

 

rm  
(%) 

bp  
(min) 

qr 
 (mg g

-1 
) /  

(mmol g
-1

) 

rm  
(%) 

bp  
(min) 

qr 
 (mg g

-1 
) /  

(mmol g
-1

) 

Single-metal   
     

CNT-free  32.0 4.4 0.016 / 7.72E-05 12.5 1.2 0.006 / 9.44E-05 

Layered CNT 55.3 6.0 25.9 / 0.13 31.4 3.1 12.6 / 0.20 

Mixed CNT 65.9 7.3 44.3 / 0.21 41.6 3.3 21.1 / 0.33 

Deposited CNT 75.0 9.5 80.1 / 0.39 56.9 5.2 42.6 / 0.67 

Dual-metal 
      

CNT-free  23.1 2.4 0.011 / 5.31E-05 5.4 1.2 0.006 / 9.44E-05 

Layered CNT 50.2 5.4 25.3 / 0.12 23.6 2.2 15.3 / 0.24 

Mixed CNT 56.7 6.7 29.9 / 0.14 30.1 3.1 18.0 / 0.28 

Deposited CNT 63.7 9.5 40.9 / 0.20 39.9 4.5 21.2 / 0.33 
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Figure 7-1. FTIR spectra (average of 32 scans) of CNTs before and after heavy metal 
adsorption   
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Figure 7-2. Sorption isotherms of Pb2+ and Cu2+ onto sand, and dispersed and 
undispersed CNTs in single and dual metal solutions 

  0102030405060

0102030405060708090100

 Sand  Undispersed CNT  Dispersed CNT

0 10 20 30 40 50 60
0

10

20

30

40

50

60

70

0 20 40 60
0.00

0.01

0.02

0.03

0 10 20 30 40 50 60
0

10

20

30

40

50

60

70

0 20 40 60
0.00

0.01

0.02

0.03

0 10 20 30 40 50 60
0

10

20

30

40

50

60

70

80

90

100

0 20 40 60
0.00

0.01

0.02

0.03

0 10 20 30 40 50 60
0

10

20

30

40

50

60

70

80

90

100

0 20 40 60
0.00

0.01

0.02

0.03

(B) Pb; Dual-metal(A) Pb; Single-metal

Equilibrium solution concentration, C
e
 (mg L

-1
)

A
m

o
u
n
t 

o
f 

a
d
s
o
rb

e
d
 m

e
ta

ls
, 

q
e
 (

m
g
 g

-1
)

(D) Cu; Dual-metal(C) Cu; Single-metal



144 
 

 

Figure 7-3. Transport of Pb2+ and Cu2+ in single metal solutions through different 
types of fixed-bed columns 
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Figure 7-4. Transport of Pb2+ and Cu2+ in dual metal solutions through different types 
of fixed-bed columns 
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CHAPTER 8 
8 REMOVAL OF SULFAMETHOXAZOLE AND SULFAPYRIDINE BY CARBON 

NANOTUBES IN THE FIXED-BED COLUMN  

Introductory Remarks  

Sulfonamide antibiotics are widely used as human and veterinary pharmaceuticals 

to treat disease [209-211]. Sulfamethoxazole (SMX) and sulfapyridine (SPY) are two 

commonly used sulfonamide antibiotics known to bioaccumulate up the food chain and 

cause acute as well as chronic adverse effects. [212]. Simultaneous exposure to 

multiple antibiotics could result in the enhanced toxic effects [213]. The use for these 

antibiotics is mainly for treating human patients. A general concern for public health is 

the development of antibiotic resistance from chronic exposure and accumulation of 

antibiotics dissolved in water. Therefore, it is urgent to investigate the pathways through 

which SMX and SPY disperse in the environment, and develop systems that can 

efficiently remove these substances from water.  

Sulfonamide antibiotics could directly enter aquatic environments through 

aquaculture activity, pharmaceutical manufacturing, and medical waste disposal. These 

antibiotics could also indirectly gain access to surface and subsurface waters from 

leached waste of livestock receiving drug treatment [214]. Precipitation events could 

accelerate the release of antibiotics concentrated in animal manure. Once dissolved in 

surface waters, antibiotic loading could mix with groundwater in the soil profile. The 

protection of surface and groundwater quality, as two primary sources for drinking water, 

from contamination of leached antibiotics is of great priority for pubic and environmental 

health.  

A variety of physiochemical techniques have been developed to remove or destroy 

antibiotics from water sources, including oxidation [215], ion exchange [216], reverse 
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osmosis [217], and adsorption [218]. Adsorption is a prevailing method to remove the 

contaminants from the aquatic environment. Adsorbents, such as clay [219], zeolite 

[220], and activated carbon [221], have been examined for the removal efficiency of 

sulfonamide antibiotics in aqueous solutions. Solution chemistry has been shown to 

strongly affect the removal efficiency of these adsorbents with particular importance 

placed on solution pH [222], ionic strength [223], and presence of competitive 

sulfonamide antibiotics [224]. 

Carbon nanotubes (CNTs), as newly-introduced adsorbents, are gaining 

increasing attention because of their exceptional sorbing properties. CNTs have hollow 

and layered structures with characteristically large surface area of great potential for 

high sorption capability [225]. Previous studies have demonstrated high adsorption 

ability of CNTs to both heavy metals [226] and organic pollutants [74]. Investigations on 

the adsorption of sulfonamide antibiotics on CNTs have found that removal efficiency 

varies according to the type and pretreatment of CNTs [227, 228]. 

Pretreatment of CNTs (e.g., by surface functionalization) is widely used to 

disperse these nanoparticles in aqueous solutions for their optimum uses [193]. The 

introduction of functional groups also increases the ion-exchange capacity of the CNTs 

and augments the number of available sites that can be used for electrostatic 

adsorption [194]. As such, functionalized CNTs have been reported to exhibit greater 

potential for removing antibiotics from aqueous environments than pristine CNTs [74]. 

However, the current application of CNTs for antibiotic removal from water has been 

restricted to batch sorption methods. Two key disadvantages of batch methods include 

difficulty to collect exhausted/spent adsorbents and interruptions incurred when 
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integrated to existing continuous processes [229]. The in-situ removal of antibiotics in 

the environment, such as an agricultural field, requires the continuous flow setup to 

ensure both efficiency and safety, which batch adsorption method might not possess. It 

is thus important to develop and optimize CNT-enabled water treatment methods to 

take advantage of the large sorption capacity of CNTs.   

Unlike batch sorption systems, fixed-bed filters permit continuous flow and 

adsorption of antibiotics from solution, and thus opening a wealth of opportunities to be 

used in wastewater in-situ treatment. The fixed-bed column packed with particular 

adsorbent could simulate the potential performance of the adsorbent and provide 

practical operational adsorption efficiency. Despite the above-mentioned benefits of 

fixed-bed systems and great sorption potential of CNTs, to the authors’ knowledge, the 

removal of antibiotics from aquatic environment using CNTs in fixed-bed columns has 

not been explored. Moreover, CNTs are expected to maintain their large surface area 

by staying dispersed, thus obtaining greater adsorption ability than undispersed CNTs. 

The removal efficiency of antibiotics by dispersed CNTs vs. undispersed CNTs in fixed-

bed columns is unknown. Similarly, information is needed on the effect of 

physicochemical conditions on the removal efficiency of antibiotics by CNTs.   

In this work, we used fixed-bed column methods to investigate the removal of SMX 

and SPY by functionalized CNTs from aqueous solutions under various conditions. Our 

overarching objective was to investigate the removal efficiency of SMX and SPY by 

CNTs in a fixed-bed system under various conditions. The specific objectives of the 

work were: (1) examine the removal of SMX and SPY from aqueous solutions by 

trickling the contaminated water through a sand/CNT fixed-bed column under different 
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sets of conditions (i.e., pH, CNT incorporation method, adsorbent dosage, bed depth, 

adsorbate initial concentration and flow rate), and (2) evaluate the efficiency of 

regeneration of the fixed-bed columns for reuse. 

Materials and Methods 

Bed Materials and Conditions 

Functionalized multi-walled carbon nanotubes (CNTs) (Cheap Tubes Inc., 

Brattleboro, VT) and quartz sand were used as filter materials in the fix-bed columns. 

Three methods of CNT incorporation to the sandy medium were tested (layered, mixed, 

and deposited), bed depth used ranged from 6 to 15 cm and flow rates ranged from 1 to 

2 mL min-1. Chemical conditions tested for fixed-bed experiments were 3.0 to 9.0 pH, 10 

to 40 mg adsorbent dosage, and 10 to 40 mg L-1 of antibiotic concentration. 

CNTs were produced using a chemical vapor deposition method with nickel and 

magnesium catalysts. Subsequent functionalization was achieved with an acid mixture 

of concentrated sulfuric and nitric acids (3:1, v:v) to introduce carboxyl and hydroxyl 

functional groups to the nanotube surface [122]. A batch of the synthesized and 

functionalized CNTs were used in the dry powder form (undispersed CNTs), while a 

second batch was dispersed in water to create a suspension of CNTs (dispersed CNTs). 

To make the dispersion, 16 mg of the synthesized CNT powder were dispersed in 1000 

ml deionized water and sonicated for 30 minutes in a Misonix S3000 ultrasonicator 

(QSonica, Newtown, CT).  

Thorough characterization of the CNTs for physiochemical properties was done for 

the following properties. Surface area of undispersed CNTs was measured using the 

NOVA 1200 surface area analyzer (Quantachrome Instruments, Boynton Beach, FL), 

following the Brunauer–Emmett–Teller (BET) nitrogen adsorption method at 77 K. Point 
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of zero charge (PZC) of the undispersed CNTs was determined using the mass titration 

method [179]. Hydrodynamic diameter of dispersed CNTs was determined by dynamic 

light scattering with a Brookhaven ZetaPlus (Brookhaven Instruments Corporation, 

Holtsville, NY). CNT concentration in suspension was calibrated by measuring the total 

absorption of light at wavelengths of 255 nm using Evolution 60 UV-Vis 

Spectrophotometer (Thermo Scientific, Waltham, MA).   

Quartz sand (Standard Sand & Silica Co., Davenport, FL) was sieved into 0.5 - 0.6 

mm grain size and washed using deionized water (DI water). Basic properties and 

surface elemental compositions of the sand were reported previously [195].   

Antibiotics 

Two sulfonamide antibiotics, sulfamethoxazole (SMX) and sulfapyridine (SPY) 

(99%, Sigma-Aldrich Co., St. Louis, MO), were used as adsorbates in the fixed-bed 

column experiments.  Chemical structures and properties of SMX and SPY are reported 

in Table 8-1. Stock solutions of SMX/SPY were prepared (200 mg/L) and subsequently 

spiked with either 0.1 M KOH or HCl to adjust for desired pH (3.0 – 9.0) of the final 

solution. Antibiotic concentrations were determined by light absorption at wavelengths 

of 265 nm with a UV-Vis Spectrophotometer [221]. Lack of temporal change of 

concentration of SMX and SPY confirmed their stability for the duration of our 

experiments (data not shown).  

Fixed-bed Column Experiments 

Fixed-bed column experiments were used to investigate the removal of dissolved 

antibiotics from water in a sand/CNT fixed-bed system. A summary of the conditions 

tested is presented in Table 8-2, which includes CNT incorporation methods, pH, bed 

depth, adsorbent dosage, and adsorbate initial concentration and flow rate. For CNT 
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incorporation methods, CNTs were incorporated onto sand by means of: layering, 

mixing and deposition. An acrylic column of 2.5 cm in diameter and 15 cm height was 

used to contain the CNT/sand system, to which 10 mg of CNTs were packed with 146.8 

g of sand for all packing methods. For the CNT layered method, undispersed CNTs 

were placed as a layer on top of the wet packed sand column. For the CNT mixed 

method, undispersed CNTs were mixed with sand and subsequently wet packed into 

the column. For the CNT deposited method, the column was first wet packed sand and 

a dispersion of CNTs injected through the column with a peristaltic pump (Masterflex 

L/S, Cole Parmer Instrument, Vernon Hills, IL) in a downward flow direction for more 

than 10 h. Then, the influent was changed to DI water was for 2 h to elute suspended 

(not deposited) CNTs from the column. Effluent samples were collected from at the 

outlet of the column with a fraction collector (IS-95 Interval Sampler, Spectrum 

Chromatography, Houston, TX) to monitor the concentration of eluted CNTs. Dispersed 

CNTs concentration was determined by total absorption of light at wavelengths of 255 

nm with UV-Vis Spectrophotometer. Mass balance calculations were used to determine 

the amount of retained CNTs in the column. It is important to note that prior to use for 

antibiotic sorption experiments, no CNTs were detected in the effluent of the CNT/sand 

packed columns, therefore CNT incorporation to the sandy medium considered 

irreversible. A column packed only with natural sand was used as the control. 

During packing of the column, layering and air entrapment were minimized by 

means of wet packing. The porosity of all the CNT/sand columns was approximately 

0.40. The peristaltic pump was connected to the inlet at the top of the column to 
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regulate the flow rate. Membranes with 50 µm pores (Spectra/Mesh, Spectrum 

Laboratories, Inc.) were used at the inlet and outlet of the column to distribute the flow.  

After packing the column with the methods described above, an antibiotic-free 

background solution was injected to the column for 2 hr until the pore water chemistry 

reached equilibrium. Subsequently, an antibiotic solution was continuously injected to 

column and effluent samples collected at fixed intervals using a fraction collector. The 

concentration of antibiotics in the column effluent was measured with UV-Vis 

Spectrophotometer. The experiment was terminated when the effluent concentration 

matched the initial concentration. 

Column Regeneration and Recycling   

Post-adsorption CNT-mixed columns were selected as an example to evaluate the 

regeneration and recycling efficiency. The experimental conditions of the selected 

columns were as follows: pH of 5.6, adsorbent dosage of 10 mg, bed depth of 15 cm, 

adsorbate initial concentration of 20 mg/L, and flow rate of 2 ml/min. 

To regenerate the spent columns, a solution containing 30 g/L NaCl and 1.5 g/L 

NaOH of pH 12 was injected to the fixed-bed columns at the same flow rate as that 

used for antibiotic sorption experiments until effluent SMX or SPY concentrations fell 

below the detection limit [230]. Effluent samples were collected and analyzed using the 

same protocol as that in the column filtration experiment. The column recycling was 

used to evaluate the viability of reuse of the sand/CNT fixed-bed column. After 

regeneration of the column and equilibration with background solution, column 

adsorption and sample analysis were performed under the same conditions. The 

column was recycled up to five times and column capacity at each reuse cycle 

determined.  
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Results and Discussion 

Column Analyses  

The two antibiotics showed very high mobility in the CNT-free sand columns 

(Figure 8-1), which can be attributed to their low reactivity to sand [231]. The columns 

with CNTs, however, showed high retention ability for both SMY and SPY (Figure 8-1), 

indicating CNTs can be used in fixed-bed column to remove antibiotics from water. For 

all the tested conditions, the CNT/sand fixed-bed columns had adsorption capacities of 

11.7 - 92.0 mg/g for SMX and 77.8 - 123.4 mg/g for SPY (Table 8-2).   

The primary adsorption zone (PAZ) concept was used to analyze the breakthrough 

data of the antibiotics in the CNT/sand columns [232, 233]. When the antibiotics were 

injected into the fixed-bed column, the PAZ was initially formed as a narrow band on the 

top of column. After the adsorbents (CNTs) on the top were saturated with the 

antibiotics, the PAZ moved downwards through the fixed-bed column and finally 

reached the bottom of column [208, 234]. The antibiotics started to breakthrough from 

the column and became detectable in the effluents. In this work, normalized 

concentrations (C/Co) of antibiotics in the effluents were plotted against the operation 

time (min) to obtain the breakthrough curves of the antibiotics in the columns.  

Parameters controlling the formation and movement of the PAZ can be 

quantitatively determined form the breakthrough data [234, 235].  Definitions of the PAZ 

parameters (e.g., tb, te, vz et al.) used in this study are summarized in Table 8-3. These 

parameters were analyzed to determine the effect of pH (3.0, 5.6, 7.0, or 9.0), CNT 

incorporation method (layered, mixed, or deposited), adsorbent dosage (10, 20, 30, or 

40 mg), bed depth (6, 9, 12, or 15 cm), adsorbate initial concentration (10, 20, 30, or 40 

mg/L), and flow rate (1, 2, 3, or 4 ml/min), on the removal efficiency of CNT/sand 
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columns to the two antibiotics.  For all the experimental conditions tested in this study, 

the calculated PAZ and column adsorption parameters are summarized in Table 8-2 as 

well as in the supporting information (Tables E-1 – E-6).  

Effect of CNT Incorporation Method 

The effect of CNT incorporation method on the adsorption and transport of SMX 

and SPY in the columns is illustrated in Figure 8-1. The column maximum adsorption 

capacities to SMX and SPY, defined as mg of antibiotic per g of CNT/sand media, are 

summarized in Table 8-2. Experimental results indicate that the column adsorption 

capacity for SMX was 68.5 mg/g for layered method, 69.3 mg/g for mixed method, and 

77.7 mg/g for dispersed method, with the capacity trend in the order of layered < mixed 

< dispersed. A similar trend was observed for SPY. Table 8-2 also shows the same 

trend for te, indicating dispersed method could retain antibiotics for the longest time, 

which is corresponding to the largest capacity. As showing in the supporting information 

(Table E-1), the tf and tz also followed the same order, further confirming that the 

effectiveness/capacity of the three CNT incorporation methods should follow: dispersed> 

mixed>layered. From a practical perspective, however, the construction of a CNT-

enabled fixed-bed column by the mixed CNT method is recommended with little 

compromise on the sorption performance of the system. Therefore, the remaining facets 

of the study are focused on fixed-bed systems built with the mixed CNT method.  

Effect of pH 

The effect of solution pH on the adsorption and transport of SMX and SPY in the 

columns is illustrated in Figure 8-2. Experimental results showed that the breakpoint 

time (tb) decreased from 33.4 to 16.6 with the increase of pH from 3.0 to 9.0 (Table 8-2), 

indicating that pH induced acceleration of SMX and SPY occurred in the columns as 
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conditions became more alkaline. As shown in the supporting information (Table E-2), 

decreased tf with pH increase represented that the PAZ formed faster at the higher pH. 

Decreased tz and increased vz with pH increase indicated faster time to create and 

move the PAZ. Table 8-2 shows that, when pH increase from 3.0 to 9.0, the column 

adsorption capacity to SMX and SPY decreased from 84.9 to 11.7 mg/g and 93.9 to 

77.8 mg/g, respectively. This suggests alkaline pH could decrease of the column ability 

to removal antibiotics, especially for SMX.  

Mass titration measurements indicated that the PZC of CNTs was 2.2 [176, 195], 

signifying that the surface of CNT was negatively charged for all the treatments in the 

present study. The surface charge of SMX and SPY varied greatly with pH, as 

represented by the acidity constants, pKa in Table 8-1. SMX and SPY became 

increasingly negatively charged with increase in solution pH, thus electrostatic repulsion 

between CNTs and antibiotics is expected. The larger second pKa2 of SPY (8.4), relative 

to that of SMX (5.6) can explain the observed differences in sorption capacity at the 

highest pH tested. This pH dependent electrostatic phenomenon explains the increased 

mass recovery of antibiotics from fixed-bed column. Additionally, at equivalent pH 

conditions, the adsorption capacity of SPY by CNTs was larger than that of SMX. For 

example, adsorption capacities at pH 7 for SPY were 86.1 mg/g and for SMX 45.8 mg/g. 

This difference in capacity can be explained by the speciation of the two antibiotics into 

dominant SMX− and neutral SPY main species, which experience different degrees of 

electrostatic repulsion with the CNTs at the given pH. As illustrated in the Figure 8-2, 

the adsorption capacity of SMX by sand/CNT fixed-bed column was greatly affected by 

changes in pH, while SPY removal did not vary much at the same conditions.  
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Besides the  electrostatic interaction, the π-π interaction between functional 

groups could be also an important mechanism for the adsorption of SMX and SPY by 

CNTs, as has been previously been implicated for sorption of phenolic compounds by 

CNTs [236]. Amine functional groups and N-heteroaromatic rings in the structure of 

SMX and SPY served as π-acceptors; whereas, carboxyl and hydroxyl functional 

groups on benzene rings in the structure of the CNTs served as both π-acceptors and 

π-donors [74]. Thus the authors propose that the attraction of acceptor-acceptor and 

acceptor-donor pairs between the antibiotics and the CNTs is responsible for the 

observed strong adsorption. 

Effect of Bed Depth 

The effect of bed depth on the adsorption and transport of SMX and SPY in the 

columns is illustrated in Figure 8-3. The column adsorption capacities at various bed 

depths were in general greater for SPY (91.9 to 97.1 mg/g) than for SMX (69.3 to 72.8 

mg/g) (Table 8-2).  

To evaluate the effect of bed depth on the breakthrough time, the breakthrough 

data were interpreted using the Bed Depth Service Time (BDST) model. The BDST 

model was first introduced by Bohart and Adams [237] and further developed by 

Hutchins [238]. This model has primarily been used in the analysis of fixed-bed 

breakthrough data of heavy metals [239, 240] and organic pollutants [159, 241]. The 

relationship between service time and bed depth is as follows: 

 

 (8-1) 

where t is the service time at breakthrough (min); N0 is the dynamic adsorption 

capacity of the bed (mg/L); C0 is the influent antibiotics concentration (mg/L); v is the 
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linear flow velocity feed to fixed-bed (cm/min); h is the sand/CNT bed depth (cm); k is 

the adsorption rate constant (L/mg min); Ct is the effluent solute concentration at 

duration, t (mg/L).  

The linear relationship between t and h (Figure 8-4) was described by the slope 

 and the intercept . The values of N0 and k were thereafter back 

calculated. The critical bed depth (h0) is the minimum depths of sand/CNT required to 

achieve the effluent breakthrough (Cb), which can be calculated from the lines best 

fitting equations by letting t = 0 [234, 242]. 

The BDST model was developed for breakpoint (tb) and exhausted point (te), 

respectively. The linear regression between service time and bed depth was shown in 

the Figure 8-4. Regression results suggested the fitted curves can be used for 

predicting the service time corresponding to the given bed depth both for SMX and SPY 

(R2 > 0.9). The relationship between bed depth and service time demonstrate that 

changes in tb are paralleled by changes in te; thus indicating that the time required for 

the PAZ to move the length of its own height (tz) is independent of bed depth. The 

horizontal distance between parallel is the height of the exchange zone [234], resulting 

in heights of 4.5 and 5.2 cm for SMX and SPY, respectively.  

The parameters N0, k and h0 were then calculated using the regression result for 

breakpoint at different bed depth. The value of N0, k, and h0 was 16.58 mg/L, 0.038 

L/mg min, and 1.81 cm for SMX, and 20.72 mg/L, 0.023 L/mg min, and 2.42 cm for SPY, 

respectively, which suggesting the removal ability of CNTs for SPY is better than that for 

SMX under the same conditions. The parameter calculated using BDST model could 
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also be used to inform the design of fixed-bed columns to remove antibiotics from water 

[242].  

Effect of Adsorbent Dosage 

The effect of adsorbent dosage on the adsorption and transport of SMX and SPY 

in the columns is illustrated in Figure 8-5. As expected, the breakpoint time increased 

with the increase of CNT dosage. The breakpoint time (tb) increased from 27.5 to 66.5 

min for SMX and 33.5 to 85.5 min for SPY (Table 8-2). The column adsorption capacity 

slightly decreased from 69.3 to 62.8 mg/g for SMX and 91.9 to 82.4 mg/g for SPY when 

CNT dosage was increased from 10 to 40 mg. From the fixed-bed capacity, it can be 

concluded that the mass of adsorbed antibiotics per until mass of CNTs decreased with 

greater amount of CNTs in the fixed-bed. A possible explanation could be interference 

of antibiotic adsorption from π-bonds formed amongst the extra CNTs since π-bonds on 

the functionalized CNTs can be formed with donors as well as acceptors [243, 244].  

Effect of Adsorbate Initial Concentration 

The effect of adsorbate initial concentration on the adsorption and transport of 

SMX and SPY in the columns is illustrated in Figure 8-6. As shown in the figure, the 

breakpoint time decreased with the increase of SMX and SPY initial concentration. The 

breakpoint time decreased from 37.5 to 25.5 min for SMX and 51.5 to 25.5 min for SPY 

as the initial concentration of antibiotics quadrupled. The column adsorption capacity of 

antibiotics by CNT was increased from 54.8 to 92.0 mg/g for SMX and 80.9 to 123.4 

mg/g for SPY, when antibiotics initial concentration was increased from 10 to 40 mg/L 

(Table 8-2). This large increase in fixed-bed capacity is ascribed to the greater 

concentration gradient generated that promotes greater mass transfer of antibiotics from 

the liquid phase to the solid (CNT surface) phase [245].  
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Effect of Flow Rate 

The effect of flow rate on the adsorption and transport of SMX and SPY in the 

columns is illustrated in Figure 8-7. As shown in the figure, the breakpoint time 

decreased with increasing flow rates from 59.1 to 14.8 min for SMX and 67.1 to 16.8 

min for SPY (Table 8-2). The column removal capacity of antibiotics by CNT was 

decreased from 78.3 to 61.9 mg/g for SMX and 94.9 to 83.6 mg/g for SPY when flow 

rate was increased from 1 to 4 ml/min. This reduction in sorption capacity is due to the 

decrease in contact time between the antibiotics and CNTs. The increase of flow rate 

also accelerates the movement of PAZ downwards in the fixed-bed, which contributes 

to decreased adsorption capacity [243].  

Column Regeneration and Recycling 

The release curves of SMX and SPY in the post-adsorption columns during the 

regeneration process are presented in the supporting information (Figure E-1). Results 

showed that the release of SMX and SPY reached the peak of 1.2 C/C0 and completed 

after regeneration process for 22 min. The mass recovery for the release process was 

0.97 for SMX and 0.91 for SPY, suggesting that 3% of SMX and 9% of SPY of the 

previously sorbed antibiotics were strongly bond to the sand/CNT porous media during 

each regeneration cycle. Thus, although the sorption capacity was reduced for each 

adsorption-regeneration cycle, the fixed-beds continued to perform well as antibiotic 

sorbents.  

The trends of column capacity change after 5 regeneration cycles are plotted in 

Figure 8-8. From the plots it is evident that column capacity decreased after reuse from 

67.9 to 32.6 mg/g for SMX and from 91.9 to 40.0 mg/g for SPY. As proposed previously, 

the reduced column capacity could be a result from decreased available adsorption 
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sites (i.e., blocking) and repulsion by the irreversibly sorbed antibiotics from previous 

cycles. It is important to note that although the absolute sorption capacity of the CNT-

sand fixed-beds is lower for SMX than for SPY on a mg/g basis, regeneration of the 

columns after 5 cycles reduced the sorption capacity of both antibiotics by a similar 

fraction (52% for SMX and 56% for SPY).  

Chapter Conclusions 

The removal of sulfamethoxazole (SMX) and sulfapyridine (SPY) from aqueous 

solutions by fixed-bed columns was tested under various conditions. Experimental 

results indicate that, from the multiple factors that can be varied in a fixed-bed filtration 

system (CNT incorporation, pH, bed depth, adsorbent dosage, adsorbate initial 

concentration, and flow rate), the effect of pH most strongly affects column adsorption 

capacity. The mechanism driving this phenomenon can be attributed to the level of 

protonation of both the antibiotics and the functional groups on the CNT surfaces. Of the 

three CNT incorporation methods tested, dispersed CNTs rendered the columns with 

greater adsorption capacity than undispersed CNTs due to the greater surface area. 

The Bed Depth Service Time (BDST) model well describes the relationship between 

service time and bed depth and gives the column design parameters. The increase of 

adsorbent dosage slightly decreases the capacity of the filters, but extends the lifetime 

of the filter. Higher adsorbate initial concentration offers greater mass transfer driving 

force to move antibiotics towards CNTs and thus enhances the efficiency of antibiotic 

sorption. The increase of flow rate results in the decrease of contact time between the 

antibiotics and CNTs and accelerates the movement of PAZ downwards in the fixed-bed, 

which contributes to decreased adsorption capacity, since a larger fraction of fixed-bed 

material is left behind with sorbing capabilities before the PAZ moves through the entire 
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column height. For regeneration of the fixed-beds, small fractions of SMX and SPY 

were irreversibly sorbed from the sand/CNT porous medium. Thus, each regeneration 

cycle reduced the capacity of the bed by 8-26% for both types of antibiotics.  
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Table 8-1. Chemical structures and properties of sulfamethoxazole (SMX) and 
sulfapyridine (SPY) 

Name Structure 

Molecular 

weight 

(g/mol) 

Acidity 

constant 

pKa 

Speciation 

pH 

3.0 

pH 

5.6 

pH 

7.0 

pH 

9.0 

SMX 

 

253.3 
pKa1 = 1.8 

pKa2 = 5.6 

SMX
+
 

(6%) 

& 

SMX 

(94%) 

SMX 

(50%) 

& 

SMX
− 

(50%)
 

SMX 

(4%) 

& 

SMX
− 

(96%) 

SMX
−
 

SPY 

 

249.3 
pKa1 = 2.3 

pKa2 = 8.4 

SPY
+
 

(17%) 

& 

SPY 

(83%) 

SPY 

SPY 

(96%) 

& 

SPY
− 

(4%) 

SPY 

(20%) 

& 

SPY
− 

(80%)
 

 
  

pKa1 = 1.8 pKa2 = 5.6

pKa1 = 2.3 pKa2 = 8.4

pKa1 = 1.8 pKa2 = 5.6

pKa1 = 2.3 pKa2 = 8.4
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Table 8-2. Summary of transport and adsorption parameters of the two antibiotics in 
CNT/sand columns 

Treatment 
* 

SMX SPY 

tb  

(min) 

te  

(min) 

vz  

(cm/min) 

Capacity  

(mg/g) 

tb  

(min) 

te  

(min) 

vz  

(cm/min) 

Capacity  

(mg/g) 

Introduction 

 
Layered 28.5  43.5  0.42  68.5  34.5  44.5  0.37  89.4  

 
Mixed 27.7  44.5  0.43  69.3  33.6  51.5  0.37  91.9  

 
Dispersed 29.6  47.5  0.41  77.7  35.4  55.4  0.35  97.8  

pH 

 
3.0 31.7  49.7  0.38  84.9  33.4  50.4  0.36  93.9  

 
5.6 27.6  44.5  0.43  69.3  33.5  51.5  0.37  91.9  

 
7.0 22.6  32.7  0.53  45.8  31.6  49.3  0.39  86.1  

 
9.0 16.6  23.5  0.76  11.7  29.5  44.6  0.40  77.8  

Bed depth 

 
6 cm 8.5  20.6  0.39  72.8  9.5  25.5  0.34  97.1  

 
9 cm 15.5  26.5  0.41  71.6  17.5  32.5  0.36  94.5  

 
12 cm 22.5  33.6  0.41  76.9  25.6  37.7  0.37  94.7  

 
15 cm 27.4  44.5  0.42  69.3  33.6  51.8  0.37  91.9  

Adsorbent dosage 

 
10 mg 27.5  44.6  0.42  69.3  33.5  51.3  0.37  91.9  

 
20 mg 45.4  62.3  0.28  70.0  53.3  73.9  0.24  86.8  

 
30 mg 58.3  76.9  0.23  64.9  70.4  101.3  0.18  85.1  

 
40 mg 66.7  95.4  0.19  62.8  85.8  122.8  0.15  82.4  

Adsorbate C0 

 
10 mg/L 37.4  53.5  0.33  54.8  51.8  62.4  0.26  80.9  

 
20 mg/L 27.4  44.5  0.42  69.3  33.7  51.4  0.37  91.9  

 
30 mg/L 26.6  37.5  0.48  84.8  25.5  46.8  0.42  109.6  

 
40 mg/L 25.6  32.5  0.52  92.0  25.5  41.5  0.45  123.4  

Flow rate 

 
1 ml/min 59.3  93.5  0.20  78.3  67.0  103.2  0.18  94.9  

 
2 ml/min 27.7  44.7  0.43  69.3  33.6  51.3  0.37  91.9  

 
3 ml/min 19.8  27.7  0.65  67.7  22.3  29.7  0.55  90.2  

  4 ml/min 14.8  19.9  0.91  61.9  16.8  21.7  0.79  83.6  

* The parameters include breakpoint time (tb), exhausted time (te), adsorption zone velocity (vz), and 
column capacity. 
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Table 8-3. Definition and formula of the primary adsorption zone (PAZ) parameters 
used in this study 
Parameter  Unit Definition Formula   

h cm Bed depth  

C0  mg/L Influent antibiotic concentration  

Ct  mg/L effluent antibiotic concentration at time t during the 

experiment 

 

tb min Breakpoint time when the normalized effluent 

concentration (C/C0) reaches 5% 

 

te min Time when C/C0 reaches 95%, also defined as the 

time when the column is exhausted/spent 

 

tz min Time required for the PAZ to move through a fix-

bed column after its establishment 
 

F - Fraction of the PAZ that still has adsorption ability 

(i.e., unspent adsorbent fraction in the PAZ) 

 

tf min Elapse of time between initial injection and the 

breakpoint, also defined as the time required for the 

initial form of the PAZ 

 

vz cm/min Velocity of PAZ passing through the bed 
 

hz cm Height of the adsorption zone 
 

s - Saturation percentage of the total column at 

breakthrough  

 

 

 
  

ez bt t t 

0

(1 )
e
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Figure 8-1. Breakthrough curves of sulfamethoxazole (SMX) and sulfapyridine (SPY) 
in the sand/CNT fixed bed columns under various CNT incorporation methods 
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Figure 8-2. Breakthrough curves of sulfamethoxazole (SMX) and sulfapyridine (SPY) 
in the sand/CNT fixed bed columns under various pHs 
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Figure 8-3. Breakthrough curves of sulfamethoxazole (SMX) and sulfapyridine (SPY) 
in the sand/CNT fixed bed columns under various bed depths 
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Figure 8-4. Bed Depth Service Time (BDST) model for sulfamethoxazole (SMX) and 
sulfapyridine (SPY) at breakpoint (C/C0 = 5%) and exhausted point (C/C0 = 95%)  

  

5 10 15 20
0

20

40

60

80

5 10 15 20
0

20

40

60

80

t=2.3h+6.1  R
2
=1.00

S
e

rv
ic

e
 t

im
e

 (
m

in
)

Bed depth (cm)

t=2.1h-3.9  R
2
=0.99

t=2.8h+7.7  R
2
=0.95

t=2.7h-6.5  R
2
=1.00

 Breakpoint  Exhausted point

(A) SMX (B) SPY



169 
 

 

 

Figure 8-5. Breakthrough curves of sulfamethoxazole (SMX) and sulfapyridine (SPY) 
in the sand/CNT fixed bed columns under various adsorbent dosages 
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Figure 8-6. Breakthrough curves of sulfamethoxazole (SMX) and sulfapyridine (SPY) 
in the sand/CNT fixed bed columns under various adsorbate initial concentrations 
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Figure 8-7. Breakthrough curves of sulfamethoxazole (SMX) and sulfapyridine (SPY) 
in the sand/CNT fixed bed columns under various flow rates 
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Figure 8-8. Relationship between changes in column capacity (mg/g) of (A) 
sulfamethoxazole (SMX) and (B) sulfapyridine (SPY) for 5 fixed-bed regeneration cycles 
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CHAPTER 9 
9 CONCLUSION 

Summary 

There is increasing concern over the environmental impact and health risks of 

carbon nanotubes (CNTs) because they may be released into soil and groundwater 

systems. The PhD dissertation systematically investigated the fate and transport of 

CNTs in the porous media as well as environmental application of CNTs in wastewater 

treatment to remove heavy metals and antibiotics.  

In Chapter 2, we examined the transport behavior of two NPs, silver nanoparticles 

and CNTs, in saturated porous media. The experimental results showed that the 

surfactant-solubilized NPs were highly mobile in the saturated porous media. The 

transport of CNTs in the column was similar to that of colloidal montmorillonite and their 

recovery rates were around 100%. Predictions of the transport model matched the 

experimental breakthrough data of the two engineered NPs well. Our results indicate 

that theories and models of colloid transport in porous media may be applicable to 

describe the fate and behavior of engineered NPs under certain circumstances. 

In Chapter 3, we systematically investigated the transport, deposition, and 

mobilization behaviors of multi-walled carbon nanotubes (MWNTs) in saturated columns 

packed with acid-cleaned glass beads and quartz sand with two different grain sizes. 

Combined effects of pH (5.6 and 10) and ionic strength (IS: DI water, 1 mM, and 10 mM) 

on the fate and transport of the MWNTs in the columns were examined. MWNTs were 

relatively mobile in all the tested conditions with DI water as the experimental solution. 

Their deposition in the saturated porous media, however, was very sensitive to solution 

chemistry, particularly IS. Slight increase in solution IS (1 mM) caused strong deposition 
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of MWNTs in both quartz sand (>44%) and glass beads (>39%). Mobilization 

experimental results indicated that most of the MWNT attachment (>73%) to the porous 

media was irreversible and reduction in solution IS only caused a small portion of re-

entrainment (<27%) of deposited MWNT for all the tested conditions. This indicates that 

more MWNTs are trapped in the primary minimum, although the deposition of MWNTs 

in saturated porous media occurs in both primary and secondary minimum. It is 

suggested that, under unfavorable conditions, weak associated MWNTs in the 

secondary minimum may be transferred into the primary minimum due to the effect of 

hydrodynamic force and/or local favorable sites associated with surface heterogeneity.  

In Chapter 4, a series of laboratory experiments were conducted to explore the 

transport mechanisms of sonication shortened, sodium dodecylbenzene sulfonate 

(SDBS) dispersed single-walled nanotubes (SWNTs) in both saturated and unsaturated 

sand columns. Laboratory columns packed with quartz sand with different combinations 

of moisture content and grain-size distribution were used to examine the breakthrough 

behavior of the SDBS-dispersed SWNTs. Bubble column experiments were also 

conducted to study the interactions between the SDBS-dispersed SWNTs and the air-

water interface. Packed-column experimental results showed that the SDBS-dispersed 

SWNTs were highly mobile for most of the experimental conditions tested. The surface 

deposition of the SWNTs in the sand columns was low because all the interactive 

surfaces were negatively charged. Physical trapping was not observed for the SWNTs 

in the saturated porous media of different grain-size distributions because the SWNTs 

might orient parallel to the streamlines in flow to reduce their retention. Retention of the 

SWNTs in unsaturated porous media occurred only at a very low moisture content 
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(<0.10).  Otherwise, reduction in moisture content showed little impact on the retention 

and transport of the SWNTs in unsaturated porous media. Findings from the bubble-

column experiments confirmed that the SDBS-dispersed SWNTs did not attach to the 

air-water interface.  

In Chapter 5, the effect of different surface modification methods was investigated, 

including oxidization, surfactant (sodium dodecylbenzene sulfonate) coating, and humic 

acid coating, on SWNT stability and their mobility in granular porous media of different 

grain sizes under both saturated and unsaturated conditions. Characterization and 

stability studies demonstrated that the three surface modification methods were all 

effective in solubilizing and stabilizing the SWNTs in aqueous solutions. Packed sand 

column experiments showed that although the three surface medication methods 

showed different effect on the retention and transport of SWNTs in the columns, all the 

modified SWNTs were highly mobile. Compared with the other two surface modification 

methods, the humic acid coating method introduced the highest mobility to the SWNTs. 

While reductions in moisture content in the porous media could promote the retention of 

the surface modified SWNTs in some sand columns, results from bubble column 

experiment suggested that only oxidized SWNTs were retention in unsaturated porous 

media through attachment on air-water interface. Other mechanisms such as grain 

surface attachment and thin-water film straining could also be responsible for the 

retention of the SWNTs in unsaturated porous media. An advection-dispersion model 

was used to simulate the experimental data of surface modified SWNT retention and 

transport in porous media. The model results matched data very well, suggesting that 
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mathematical models can be used as a tool to monitor and predict the fate and transport 

of SWNTs in soil and groundwater systems. 

In Chapter 6, laboratory column and modeling experiments were conducted to 

mechanistically compare the retention and transport of two types of functionalized CNTs 

(i.e., single-walled nanotubes and multi-walled nanotubes) in acid-cleaned, baked, and 

natural sand under unfavorable conditions. The CNTs were highly mobile in the acid-

cleaned sand columns but showed little transport in the both natural and baked sand 

columns. In addition, the retention of the CNTs in the both baked and natural sand was 

strong and almost irreversible even after reverse, high-velocity, or surfactant flow 

flushing. Both experimental and modeling results showed that pH is one of the factors 

dominating CNT retention and transport in natural and baked sand. Retention of the 

functionalized CNTs in the natural and baked sand columns reduced dramatically when 

the system pH increased.  Our results suggest that the retention and transport of the 

functionalized CNTs in natural sand porous media were mainly controlled by strong 

surface deposition through the electrostatic and/or hydrogen-bonding attractions 

between surface function groups of the CNTs and metal oxyhydroxide impurities on the 

sand surfaces.  

In Chapter 7, batch sorption and fixed-bed experiments were conducted to 

examine the ability of functionalized multi-walled CNTs as filter media to remove two 

heavy metal ions (Pb2+ and Cu2+) from infiltrating water. Batch sorption experiments 

confirmed the strong sorption affinity of the CNTs for Pb2+ and Cu2+ in both single and 

dual metal solution systems. In addition, sonication-promoted dispersion of the CNT 

particles enhanced their heavy metal sorption capacity by 23.9-32.2%.  For column 
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experiments, laboratory-scale fixed-bed columns were packed with CNTs and natural 

quartz sand by three different packing: layered, mixed, and deposited. While all the 

three packing methods enhanced the fixed-bed filtering efficiency of Pb2+ and Cu2+ from 

single and dual metal systems, the CNT-deposited packing method was superior. 

Although the amount of the CNTs added into the fixed-bed columns was only 0.006% 

(w/w) of the sand, they significantly improved the fixed-bed’s filtering efficiency of Pb2+ 

and Cu2+ by 55%-75% and 31%-57%, respectively. Findings from this study 

demonstrate that functionalized multi-walled CNTs, together with natural sand, can be 

used to effectively and safely remove heavy metals from water. 

In Chapter 8, we systematically investigated the removal of SMX and SPY by 

Carbon nanotubes (CNTs) in fixed-bed columns under a broad range of conditions 

including: CNT incorporation method, solution pH, bed depth, adsorbent dosage, 

adsorbate initial concentration, and flow rate. Fixed-bed experiments showed that pH is 

a key factor that affects the adsorption capacity of antibiotics to CNTs. The Bed Depth 

Service Time model describes well the relationship between service time and bed depth 

and can be used to design appropriate column parameters. During fixed-bed 

regeneration, small amounts of SMX (3%) and SPY (9%) were irreversibly bonded to 

the sand/CNT porous media, thus reducing the column capacity for subsequent reuse 

from 67.9 to 50.4 mg/g for SMX and from 91.9 to 72.9 mg/g for SPY. The reduced 

column capacity resulted from decreased available adsorption sites and repulsion (i.e., 

blocking) of incoming antibiotics from those previously adsorbed. Findings from this 

study demonstrate that fixed-bed columns packed with CNTs can be efficiently used 

and regenerated to remove antibiotics from water. 
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Recommendations for Future Work 

Results from this Ph.D. research not also advance current understanding of the 

fate and transport of CNTs in saturated and unsaturated porous media, but also inform 

the development of innovative and high efficiency methods to incorporate CNTs into 

wastewater treatment technologies. Followings provide recommendations for  future 

work: 

 Develop models to better quantify interaction energies/forces between two 
CNT particles or a CNT particle and porous medium (e.g., sand grain and 
glass beads); 

 Determine whether CNT-based filters can be used to treat wastewater 
containing multiple contaminants, including both organic and inorganic 
compounds.   

 Develop strategies or technologies to apply and evaluate the CNT-based 
filters in a pilot plant for wastewater treatment. 

 

  



179 
 

APPENDIX A 
A SUPPORTING INFORMATION FOR CHAPTER 3 

A-1 DLVO Calculations 

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory was used to estimate the 

interaction energy between functionalized CNTs and the porous media by combining 

the van der Waals attraction and electrical double layer (EDL) repulsion. Because CNTs 

are tubular, effective hydrodynamic diameter was used to calculate the DLVO energy 

profiles. The Lifshitz - van der Waals attraction energy (
LWG ) for a sphere-plate 

system can be written as [102]: 
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where A132 is the Hamaker constant for substances “l” and “2” in presence of 

medium“3”, which can be determined from the Hamaker constant of each material , h is 

the separation distance, and r is the radius of the particle.  

The EDL repulsion energy (
EDLG )for a sphere-plate system can be written as 

[102]: 
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where ε is the dielectric constant of the medium (78.4 for water), ε0 is the vacuum 

permittivity (8.854×10-12 C2 N-1 m-2), k is the Boltzmann’s constant (1.381×10-23 C2 J K-1 ), 
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T is the temperature, z is the valence of electrolyte, e is the electron charge (1.602×10-

19 C), ψ1 and ψ2 are the surface potential of the particle and the grain surface, and κ is 

the reciprocal of the Debye length. From measured ζ, the surface potential of particles 

and grain can be determined following van Oss et al. [103]:  

 

)exp()1( d
r

d
            (A-3) 

 

where d is the distance between the surface of the charged particle and the 

slipping plane and usually taken as 5 angstroms (van Oss et al. 1990). The total DLVO 

interaction energies between the particles and the grain were determined using 

equations (1) - (3) and were normalized with kT. 
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Figure A-1. Absorbance spectra (A) and calibration curves (B) of functionalized 
MWNTs. 
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Figure A-2. Stability of functionalized MWNTs with DI water, 1 mM and 10 mM ionic 
strength (IS) at (A) pH 5.6 and (B) pH 10.0. 
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Figure A-3. DLVO calculation for MWNTs stability using hydrodynamic diameter (Dh), 
physical diameter (D), and length (L) 
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Figure A-4. DLVO energy profiles between MWNT particles and grains calculated 
using physical diameter (D) of MWNTs 
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Figure A-5. DLVO energy profiles between MWNT particles and grains calculated 
using physical Length (L) of MWNTs 
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APPENDIX B 
B SUPPORTING INFORMATION FOR CHAPTER 4 

B-1 DLVO energy calculations 

The classic DLVO theory was used to estimate the interaction energy between the 

SWNT and porous medium and between the SWNT and air-water interface at the 

experimental conditions by combining the van der Waals attraction and electrical double 

layer (EDL) repulsion. Because SWNTs are tubular, the tube length (De = 400 nm) and 

the tube diameter (De = 0.8 nm) were used as effective size to calculate the DLVO 

energy profiles [118]. The Lifshitz - van der Waals attraction energy ( LWG ) for a 

sphere-plate system can be written as [102]: 
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where A132 is the Hamaker constant for substances “l” and “2” in presence of 

medium“3”, which can be determined from the Hamaker constant of each material , h is 

the separation distance, and r is the radius of the particle. The Hamaker constants of 

between SWNT and quartz sand and between SWNT and air-water interface are 8.5 

×10-21 and -1.81×10-21 J, respectively [118, 167].  

The EDL repulsion energy ( EDLG )for a sphere-plate system can be written as 

[102]: 
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where ε is the dielectric constant of the medium (78.4 for water), ε0 is the vacuum 

permittivity (8.854×10-12 C2 N-1 m-2), k is the Boltzmann’s constant (1.381×10-23 C2 J K-1 ), 

T is the temperature, z is the valence of electrolyte, e is the electron charge (1.602×10-

19 C), ψ1 and ψ2 are the surface potential of the particle and the sand surface, and κ is 

the reciprocal of the Debye length. From measured ζ, the surface potential of particles 

and sand can be determined following van Oss et al. [103]:  

 

)exp()1( d
r

d
            (B-3) 

 

where d is the distance between the surface of the charged particle and the 

slipping plane and usually taken as 5 angstroms (van Oss et al. 1990). The total DLVO 

interaction energies between the particles and the sand were determined using 

equations (1) - (3) and were normalized with kT.  
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Figure B-1. Stability of the SDBS-dispersed SWNT suspension 
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APPENDIX C 
C SUPPORTING INFORMATION FOR CHAPTER 6 

 

Figure C-1. Stability of functionalized CNT suspensions. 
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Figure C-2. Absorbance spectra (a) and calibration curves (b) of functionalized 
SWNTs and MWNTs. 
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C-1 DLVO Calculations 

The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory was used to estimate the 

interaction energy between the two functionalized CNTs and the two porous media by 

combining the van der Waals attraction and electrical double layer (EDL) repulsion. 

Because CNTs are tubular, effective hydrodynamic diameter (De = 179.8 nm for MWNT; 

De = 152.7 nm for SWNT) was used to calculate the DLVO energy profiles. The Lifshitz 

- van der Waals attraction energy (
LWG ) for a sphere-plate system can be written as 

[102]: 
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where A132 is the Hamaker constant for substances “l” and “2” in presence of 

medium“3”, which can be determined from the Hamaker constant of each material , h is 

the separation distance, and r is the radius of the particle. The Hamaker constant of 

between CNT and quartz sand is 8.5 ×10-21 J [118].  

The EDL repulsion energy (
EDLG )for a sphere-plate system can be written as 

[102]: 
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where ε is the dielectric constant of the medium (78.4 for water), ε0 is the vacuum 

permittivity (8.854×10-12 C2 N-1 m-2), k is the Boltzmann’s constant (1.381×10-23 C2 J K-1 ), 
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T is the temperature, z is the valence of electrolyte, e is the electron charge (1.602×10-

19 C), ψ1 and ψ2 are the surface potential of the particle and the sand surface, and κ is 

the reciprocal of the Debye length. From measured ζ, the surface potential of particles 

and sand can be determined following van Oss et al. [103]:  

 

)exp()1( d
r

d
           (C-3) 

 

where d is the distance between the surface of the charged particle and the 

slipping plane and usually taken as 5 angstroms (van Oss et al. 1990). The total DLVO 

interaction energies between the particles and the sand were determined using 

equations (1) - (3) and were normalized with kT (Figure C-3). 
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Figure C-3. DLVO energy between the CNTs and porous media.  
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C-2 PZC 

Point of Zero Charge (PZC) of the porous media (i.e., acid-clean, baked, and 

natural sand)  and CNTs (i.e., SWNT and MWNT) were determined using the mass 

titration method as described by Noh and Schwarz [246]. Three aqueous NaNO3 (0.01 

M) solutions of different pHs (3, 6 and 11) were prepared using HNO3 (0.1 M) and 

NaOH (0.1 M). The solid samples were then added to the solutions (20 mL) at different 

mass ratios (1%, 5%, 10%, 15%, 20%).  The final pH of the mixture was measured after 

24 h of shaking at 25 ± 0.1 °C. PZC was determined as the converging pH value from 

the pH vs. sample mass curves (Figure S4). 

 

Figure C-4. Mass titration curves of the porous media and CNTs. 
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Table C-1. PZCs of metal (hydro)oxides. 

(Hydro)Oxides PZC [184, 190, 191] 

Aluminium oxide (Al2O3) 7.6 - 9.2 

Gibbsite (Al(OH)3) 9.1 - 10.1 

Magnetite (FeO·Fe2O3)  6.5 - 8.2 

Maghemite (Fe2O3, γ-Fe2O3)  6.1 - 7.5 

Hematite (Fe2O3, α-Fe2O3) 7.0 - 9.3 

Goethite (α-FeO(OH)) 7.2 - 9.6 

Ferrihydrite ((Fe3+)2O3•0.5H2O) 8.2 - 8.7 

Nickel oxide (NiO) 9.9 - 11.3 

Nickel oxide (Ni(OH)2) 8.8 - 11 

(Fe0.89Ni0.11)yOz 7.2 - 8.4 
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APPENDIX D 
D SUPPORTING INFORMATION FOR CHAPTER 7 

 

 

Figure D-1. Mass titration curves of the porous media and CNTs. Point of Zero Charge 
(PZC) of the sand and the CNTs were determined using the mass titration method. 
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APPENDIX E 
E SUPPORTING INFORMATION FOR CHAPTER 8 

 

Figure E-1. Release of sulfamethoxazole (SMX) and sulfapyridine (SPY) from the 
post-adsorption CNT/sand fixed bed columns during regeneration.  
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Table E-1. Summary of transport and adsorption parameters of sulfamethoxazole 
(SMX) and sulfapyridine (SPY) in CNT/sand columns with different CNT incorporation 
methods 
 

  Introduction
 *
 

tb  
(min) 

te  
(min) 

tz  
(min) 

F 
tf  
(min) 

vz  
(cm/min) 

hz  
(cm) 

s  
(%) 

Capacity  
(mg/g) 

SMX 
         

 
Layered 28.5  43.5  15.0  0.48  7.9  0.42  6.3  77.9  68.5  

 
Mixed 27.7  44.5  16.8  0.42  9.7  0.43  7.2  72.1  69.3  

 
Dispersed 29.6  47.5  17.9  0.38  11.1  0.41  7.4  69.6  77.7  

SPY 
         

 
Layered 34.5  44.5  10.0  0.59  4.1  0.37  3.7  89.9  89.4  

 
Mixed 33.6  51.5  17.9  0.36  11.5  0.37  6.7  71.4  91.9  

  Dispersed 35.4  55.4  20.0  0.37  12.6  0.35  7.0  70.6  97.8  

* The parameters include breakpoint time (tb), exhausted time (te), adsorption zone unit movement time 
(tz), fraction (F), adsorption zone initial formation time (tf), adsorption zone velocity (vz), adsorption zone 
height (hz), saturation percentage (s) and column capacity. 
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Table E-2. Summary of transport and adsorption parameters of sulfamethoxazole 
(SMX) and sulfapyridine (SPY) in CNT/sand columns under various pH conditions 
 

  pH
 *
 

tb  
(min) 

te  
(min) 

tz  
(min) 

F 
tf  
(min) 

vz  
(cm/min) 

hz  
(cm) 

s  
(%) 

Capacity  
(mg/g) 

SMX 
         

 
3.0 31.7  49.7  18.0  0.40  10.7  0.38  6.9  72.5  84.9  

 
5.6 27.6  44.5  16.9  0.42  9.8  0.43  7.3  71.8  69.3  

 
7.0 22.6  32.7  10.1  0.58  4.2  0.53  5.3  85.1  45.8  

 
9.0 16.6  23.5  6.9  0.46  3.7  0.76  5.2  81.3  11.7  

SPY 
         

 
3.0 33.4  50.4  17.0  0.45  9.3  0.36  6.2  77.5  93.9  

 
5.6 33.5  51.5  18.0  0.41  10.6  0.37  6.6  74.1  91.9  

 
7.0 31.6  49.3  17.7  0.40  10.6  0.39  6.9  72.5  86.1  

  9.0 29.5  44.6  15.1  0.53  7.0  0.40  6.0  81.3  77.8  

* The parameters include breakpoint time (tb), exhausted time (te), adsorption zone unit movement time 
(tz), fraction (F), adsorption zone initial formation time (tf), adsorption zone velocity (vz), adsorption zone 
height (hz), saturation percentage (s) and column capacity. 

 

 



200 
 

Table E-3. Summary of transport and adsorption parameters of sulfamethoxazole 
(SMX) and sulfapyridine (SPY) in CNT/sand columns under various bed depth 
conditions 
 

  
Bed  
depth

 *
 

tb  
(min) 

te  
(min) 

tz  
(min) 

F 
tf  
(min) 

vz  
(cm/min) 

hz  
(cm) 

s  
(%) 

Capacity  
(mg/g) 

SMX 
         

 
6 cm 8.5  20.6  12.1  0.57  5.2  0.39  4.7  65.9  72.8  

 
9 cm 15.5  26.5  11.0  0.57  4.7  0.41  4.5  78.4  71.6  

 
12 cm 22.5  33.6  11.1  0.63  4.1  0.41  4.5  86.2  76.9  

 
15 cm 27.4  44.5  17.1  0.47  9.0  0.42  7.2  74.5  69.3  

SPY 
         

 
6 cm 9.5  25.5  16.0  0.51  7.9  0.34  5.5  55.0  97.1  

 
9 cm 17.5  32.5  15.0  0.50  7.4  0.36  5.4  70.3  94.5  

 
12 cm 25.6  37.7  12.1  0.53  5.6  0.37  4.5  82.4  94.7  

  15 cm 33.6  51.8  18.2  0.36  11.7  0.37  6.8  71.0  91.9  

* The parameters include breakpoint time (tb), exhausted time (te), adsorption zone unit movement time 
(tz), fraction (F), adsorption zone initial formation time (tf), adsorption zone velocity (vz), adsorption zone 
height (hz), saturation percentage (s) and column capacity. 
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Table E-4. Summary of transport and adsorption parameters of sulfamethoxazole 
(SMX) and sulfapyridine (SPY) in CNT/sand columns under various adsorbent dosage 
conditions 
 

  
Adsorbent 
dosage

 *
 

tb  
(min) 

te  
(min) 

tz  
(min) 

F 
tf  
(min) 

vz  
(cm/min) 

hz  
(cm) 

s  
(%) 

Capacity  
(mg/g) 

SMX 
         

 
10 mg 27.5  44.6  17.1  0.47  9.0  0.42  7.2  74.8  69.3  

 
20 mg 45.4  62.3  16.9  0.48  8.8  0.28  4.7  83.4  70.0  

 
30 mg 58.3  76.9  18.6  0.44  10.5  0.23  4.2  84.2  64.9  

 
40 mg 66.7  95.4  28.7  0.48  14.9  0.19  5.4  81.4  62.8  

SPY 
         

 
10 mg 33.5  51.3  17.8  0.42  10.4  0.37  6.5  74.6  91.9  

 
20 mg 53.3  73.9  20.6  0.41  12.2  0.24  5.0  80.3  86.8  

 
30 mg 70.4  101.3  30.9  0.39  19.0  0.18  5.6  76.9  85.1  

  40 mg 85.8  122.8  37.0  0.40  22.1  0.15  5.5  78.1  82.4  

* The parameters include breakpoint time (tb), exhausted time (te), adsorption zone unit movement time 
(tz), fraction (F), adsorption zone initial formation time (tf), adsorption zone velocity (vz), adsorption zone 
height (hz), saturation percentage (s) and column capacity. 
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Table E-5. Summary of transport and adsorption parameters of sulfamethoxazole 
(SMX) and sulfapyridine (SPY) in CNT/sand columns under various adsorbate initial 
concentration conditions 
 

  
Adsorbate 
C0

 *
 

tb  
(min) 

te  
(min) 

tz  
(min) 

F 
tf  
(min) 

vz  
(cm/min) 

hz  
(cm) 

s  
(%) 

Capacity  
(mg/g) 

SMX 
         

 
10  mg/L 37.4  53.5  16.1  0.49  8.1  0.33  5.3  82.1  54.8  

 
20  mg/L 27.4  44.5  17.1  0.47  9.0  0.42  7.2  74.5  69.3  

 
30  mg/L 26.6  37.5  10.9  0.44  6.1  0.48  5.2  80.4  84.8  

 
40  mg/L 25.6  32.5  6.9  0.45  3.8  0.52  3.6  86.7  92.0  

SPY 
         

 
10  mg/L 51.8  62.4  10.6  0.56  4.7  0.26  2.8  91.9  80.9  

 
20  mg/L 33.7  51.4  17.7  0.36  11.3  0.37  6.6  72.0  91.9  

 
30  mg/L 25.5  46.8  21.3  0.49  10.9  0.42  8.9  69.7  109.6  

  40  mg/L 25.5  41.5  16.0  0.50  8.0  0.45  7.2  76.2  123.4  

* The parameters include breakpoint time (tb), exhausted time (te), adsorption zone unit movement time 
(tz), fraction (F), adsorption zone initial formation time (tf), adsorption zone velocity (vz), adsorption zone 
height (hz), saturation percentage (s) and column capacity. 
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Table E-6. Summary of transport and adsorption parameters of sulfamethoxazole 
(SMX) and sulfapyridine (SPY) in CNT/sand columns under various flow rate conditions 
 

  Flow rate
 * tb  

(min) 
te  
(min) 

tz  
(min) 

F 
tf  
(min) 

vz  
(cm/min) 

hz  
(cm) 

s  
(%) 

Capacity  
(mg/g) 

SMX 
         

 
1 ml/min 59.3  93.5  34.2  0.42  19.8  0.20  7.0  73.1  78.3  

 
2 ml/min 27.7  44.7  17.0  0.42  9.8  0.43  7.3  71.7  69.3  

 
3 ml/min 19.8  27.7  7.9  0.40  4.7  0.65  5.2  79.5  67.7  

 
4 ml/min 14.8  19.9  5.1  0.32  3.5  0.91  4.7  78.8  61.9  

SPY 
         

 
1 ml/min 67.0  103.2  36.2  0.46  19.7  0.18  6.5  76.4  94.9  

 
2 ml/min 33.6  51.3  17.7  0.36  11.3  0.37  6.6  71.9  91.9  

 
3 ml/min 22.3  29.7  7.4  0.66  2.5  0.55  4.1  90.6  90.2  

  4 ml/min 16.8  21.7  4.9  0.46  2.7  0.79  3.9  86.1  83.6  

* The parameters include breakpoint time (tb), exhausted time (te), adsorption zone unit movement time 
(tz), fraction (F), adsorption zone initial formation time (tf), adsorption zone velocity (vz), adsorption zone 
height (hz), saturation percentage (s) and column capacity. 
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