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Abstract 

Co-transport of Carboxyl-functionalized Multi-walled Carbon Nanotubes and 

Kaolinite in Saturated Porous Media 

By 

Tianxiao Wang 

 

Co-transport behavior of carboxylated multiwalled carbon nanotubes (COOH-MWCNTs) 

and kaolinite in a range of solution conditions (ionic strength and pH) in saturated quartz 

sand was investigated. Preliminary stability test for CNT and kaolinite showed that 

particle size increased and electrophoretic mobility was less negative as the increase of 

NaCl concentration and the decrease of pH. Compared with kaolinite alone, much larger 

particles in CNT-kaolinite mixture were detected at 1 mM NaCl and pH=3, indicating 

heteroaggregation processes.  

Kaolinite hindered and enhanced CNT mobility at pH =3 in 1 mM NaCl and pH=9 in 100 

mM NaCl respectively through heteroaggregation. For pH=5, 1 mM NaCl, pH=9 in 1 

mM NaCl and pH=9 in 10 mM NaCl, competitions for adsorption sites between free 

CNT and kaolinite possibly resulted in the reduced deposition. Presence of CNT did not 

significantly affect the transport of kaolinite.  
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1. Introduction and objectives 

Diverse and increasing industrial demands of materials along with the unique physical 

and chemical properties of engineered nanomaterials (ENMs) act as the impetus for the 

long-term studies of advanced nanotechnology. As a result, production of ENMs has 

taken on a rapid growth [1]. Meanwhile, subsequent ENMs disposal and their potential 

accumulations in the environment, in which aquatic systems play an important part, 

become an inevitable issue. However, compared with development and application of 

ENMs, research on environmental risk of ENMs remains insufficient. Considering the 

reported toxicity and potential human exposure pathways, discharge and disposal of 

ENMs as well as potential accumulation in the environment may bring adverse effect on 

both human health and ecosystems. This study focuses on transport of ENMs in saturated 

porous media as a simulation of the subsurface environment. 

In most cases, ENMs do not necessarily transport in surface water or groundwater by 

themselves. On the contrary, a majority of disposed ENMs can form aggregates either 

with themselves (homoaggregation) or with other particles (heteroaggregation) in the 

hyporheic zone and the upper surface water. In river systems, natural occurring colloids 

(NOCs) such as inorganic minerals and natural organic matters has a concentration range 

much greater than those of ENMs. Thus, heteroaggregations between ENMs and NOCs 

are highly likely to occur. This can lead to important changes in particle size distribution 

and surface physicochemical properties, and consequently transport behaviors of the 

ENMs in the hyporheic zone. For example: 1) compared with ENMs, the ENM-NOC 

heteroaggregates can either be more easily settled down in aqueous phase because of 

their larger sizes or in some other cases be more stable when NOCs reduce 
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homoaggregation. 2) Various possible shapes of the aggregates might affect ENM 

transport through subsurface porous media by changing both the chemical (e.g. 

attachment efficiency) and physical (e.g. size exclusion and straining) mechanisms of 

transport. 3) Different surface properties (e.g., zeta potential) can make ENMs either 

easier or harder to be retained in porous media. Nevertheless, most studies on ENMs 

transport focused on ENMs alone. Only few recent studies investigated ENMs transport 

in the presence of NOCs. How various NOCs affect the aqueous stability of ENNs and 

their transport through subsurface porous media remains a largely unexplored area.  

The objective of this study is to determine the effect of kaolinite, one of the most 

common clay minerals, on the transport of carboxylated multi-walled carbon nanotubes 

through saturated porous media. In this study, co-transport behaviors in various pH and 

ionic strengths conditions were analyzed by stability test and a series of column 

experiments. Stability test was performed by Dynamic Light Scattering (DLS), while 

breakthrough curves of column experiments were obtained by light absorbance 

monitoring using UV-vis spectroscopy.  

2. Literature review 

2.1  Carbon nanotubes (CNTs) 

Carbon nanotubes are hollow tube-shaped materials with walls composed of one or 

multiple layers of graphite [2]. They can be as small as 3 Å3 but up to 132,000,000,000:1 

in aspect ratio [4]. Since it showed new features in mechanics, optics and electrical 

science [5], an increasing trend on its production and commercial application in various 

fields such as composite materials, microelectronics, energy storage and biotechnology 

has been reported [6] [7].  
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At the same time, given the knowledge of the increasing CNTs production, researchers 

has been focusing on and reported some important discoveries in terms of the toxicity of 

CNTs. It was shown that CNTs can cause inflammatory effects in rat lungs [8], DNA 

damages [9], bacterial cell membrane damage [10] and pathological effects on mice [11], 

etc. Also, the CNTs toxicity was found to be dependent on CNTs properties such as size 

[10] [12], composition [12] and shape [12], etc.  

Based on the facts of promoted CNTs production and their toxicity, human and biota 

exposure to CNTs through environmental media (including water, soil and air) has 

become a concern. The fate and transport processes of CNTs can not only influence the 

exposure level, but also change CNTs properties such as size and zeta potential (e.g. 

through interactions with NOCs). Both of them can largely alter the potential impact on 

human and ecosystems. However, studies in this area fall behind the intensive research 

on CNTs synthesis and application.  

In terms of the synthesis, surface functionalization techniques have been extensively used 

to improve CNT solubility [13] [14]. Among these studies, carboxyl functionalized CNTs 

has drawn great attention [15]. –COOH functional groups on CNTs can act as ‘reactive 

sites’ for further surface modification [16], leading to its relatively high production. 

Moreover, carboxylated CNTs are easily dispersed and highly stable in aqueous phase 

because of their highly negative surface charges and low hydrophobicity, thus will 

probably transport further than pristine CNTs in the aqueous environment. The enhanced 

mobility will then largely affect its human exposure. Thus, in this research ENM was 

modeled with COOH-MWCNT. 
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2.2  Kaolinite 

As is stated in the introduction, in natural water systems, the concentration of natural 

occurred colloids (NOCs) is typically much larger than that of ENMs and NOCs may 

have great impacts on the fate and transport of ENMs. In this research, we studied 

kaolinite, one of the most common clay minerals. 

At the molecular level, kaolinite has a layer-by-layer structure. It is composed of stacked 

layers of one silica tetrahedral and one alumina octahedral sheet linked by oxygen atoms 

[17] [18]. The thickness of the stacks is typically 0.05-2 m and can be up to 4000 um 

[18].  

Surface properties of kaolinites vary a lot. For kaolinites obtained from different sources, 

the isoelectric points has been reported from less than 2 to 4[19] [20] [21] [22]. The 

surface zeta potentials were also reported to be dependent on the relative composition of 

silica and alumina [23].  

2.3  Fate and transport of engineered nanoparticles (ENMs) 

To prevent adverse effects of ENMs on human and ecosystem health, it is important to 

understand not only ENMs’ toxicity, but also their human exposure pathways and 

bioavailability in the environment. Particularly, in aquatic systems, the human exposure 

and bioavailability of ENMs are dependent on their fate and transport behavior. 

Suspended particles can either settle down to the streambed after homo/hetero-

aggregation or flow back to the aqueous phase through pumping flows from the water-

sediment interface. Some of the settled particles can transport through the sediment via 

the filtration process. Human exposure can take places through food chains starting from 

the ENMs bio-uptake in the sediments or the aqueous phase. Among these processes, 
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aggregation, deposition and sedimentation play important roles. Over the past few 

decades, not only theories in colloidal chemistry have been applied in order to describe 

and predict these processes, investigations on the fate and transport of ENMs have also 

been making great contributions testing these knowledge. In this section, relevant 

theories on particle interaction processes will firstly be introduced. Then, studies on the 

transport and filtration of ENMs and their co-transport with natural colloids will be 

further reviewed. Finally, how this study moves forward from the previous ones will be 

pointed out.    

2.3.1 Particle interactions in aqueous phase 

 

In order to estimate the interactions between charged colloidal surfaces, Derjaguin–

Landau–Verwey–Overbeek (DLVO) theory acts as a framework for researchers. The 

DLVO theory assumes an additive total interaction energy (VT) between particles 

combining electrical double layer repulsion (VR) and Van der Waals attraction (VA) as a 

function of particle separation distance.  
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The shape of the interaction energy profile can directly affect colloidal aggregation and 

deposition, which influence particle stability. Colloid particles tend to more easily 

aggregate at the dips (e.g. primary minimum and secondary minimun in figure.1) in the 

profiles and be more stable at the peaks (enery barriers) where more energy is required to 

overcome the high potential energy.  

In particular, the total potential energy for spherical particles can be described as: 
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Where, R is the particle radius, h h is the separation distance, 121H  is the Hamaker 

constant for medium 1 separated by a liquid 2 (Hamaker constant is only dependent on 

Figure 1 Example of total interaction energy versus surface separation distance (source: 

http://depts.washington.edu/solgel/pages/courses/MSE_502/Electrostatic_Stabilization.html) 
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the characteristics of the particles and the medium), k is Boltzmann constant, 
0n  is the 

number concentration of ions, T is temperature, 0 is defined as 0tanh( / 4 )ze kT  where 

z is the charge valence of the electrolyte ions and 
0 is particle surface potential,  is the 

inverse Debye length which depends on the dielectric strength and ionic strength of the 

solvent.  

Experimental results often show sharp changes on the stability of colloidal suspension at 

a certain point of electrolyte concentration, namely critical coagulation concentration 

(CCC).  

The governing factors of CCC is characterized by Schulze-Hardy rule.  
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The rule is derived from eqn. (2) by setting the maximum of total interaction energy to be 

zero. In high surface charge conditions, CCC is proportional to the negative sixth power 

of the ion valence. This relationship has been extensively used to evaluate the 

applicability of DLVO theory. [24] 

2.3.1.1 ENMs stability (homoaggregation) described by the DLVO theory 

 

The DLVO theory has been shown to adequately describe the colloidal stability of 

various types of nanoparticles such as nC60 [25] and nano-Au [26]. However, unlike 

spherical nanoparticles, CNTs, the ENM investigated in this study, have several special 

properties. For example, CNTs have a cylindrical shape with a very large aspect ratio. 

This is beyond the assumption of eqn. (2). So far, whether the equations that calculate the 
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electric double layer and van der Waals forces in DLVO theory is correct for CNTs has 

not reached consistency. Though efforts have been made to modify DLVO theory such as 

the derivation of potential energy between spherical and cylindrical particles [27], most of 

the studies on CNTs test the DLVO theory by applying the Schulze-Hardy rule on 

experimental results. In a study of Giordano et al. on the aggregation of CNT in N, N-

dimethylforamide, the DLVO theory was argued not to be able to describe CNTs 

aggregation because of the small Debye length and the big aspect ratio of CNT. This was 

contradictory to a former study by Sano et al. indicating that the coagulation of single 

walled carbon nanotubes in electrolyte solutions followed the Schulze-Hardy rule well 

[28]. And more recently, this conclusion of Sano et al. was supported by Smith et al., in 

whose research the approximation of spherical shape for oxidized multiwalled carbon 

nanotubes is capable of describing the particle coagulation also by fitting data based on 

the Schulze-hardy rule [29]. Generally, the applicability of DLVO theory on CNTs 

remains controversial thus more efforts might need to be made before a universal 

agreement is reached.   

In addition to DLVO forces (electrical double layer repulsion and Van der Waals 

attraction), some short-range forces should be taken into consideration as well. These 

non-DLVO forces include born repulsion, hydration effects, hydrophobic interaction, 

steric interaction, polymer bridging, etc. [24]. Polymers and natural organic matters 

(NOM) existed in the solvent or natural water are very likely to have sorption with 

nanoparticle surfaces. They can either act as coagulants by polymer bridging effect or 

steric interaction in which particles approaching each other is hindered depending on the 

surface coverage.  
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2.3.1.2 Heteroaggregation 

 

Compared with the homoaggregation of ENMs, heteroaggregation between ENMs and 

the ubiquitous NOCs in aquatic systems is expected to be more likely to occur and has 

recently drawn greater attention from researchers. Related studies can be classified in 

terms of ENM-ENM and ENM-NOC heteroaggregation. In the current study ENM-NOC 

heteroaggregation was analyzed. Surface properties and particle size distribution of 

NOCs as well as the solution conditions can largely affect the stability of ENMs and alter 

the particle size distribution by either forming heteroaggregates or hindering 

aggregations. Since sedimentation is primarily controlled by particle size, these influence 

caused by NOCs can change the removal of ENMs to a great extent. A number of studies 

have focused on ENM-NOC interactions. Among them, heteroaggregation induced by 

charge attraction was reported between negatively charged natural clays and positively 

charged metal oxide nanoparticles or surfactant-stabilized carbon nanotubes. For 

example, Zhou et al. reported that at pH=4 the positively charged TiO2 was destabilized 

by montmorillonite while further coagulation was reduced in low ionic strength 

conditions [30]. In another study investigating the effect of natural colloids and NOM 

particles in Rhine and Meuse water samples on the stability of CeO2 particles, stabilizing 

effect of NOM and heteroaggregation between natural colloids and nanoparticles were 

shown through the sedimentation experiments [31]. Han et al. described the stability of 

surfactant-coated multi-walled CNT suspensions in the presence of clay minerals 

(kaolinite and montmorillonite).  Both two clay minerals enhanced the CTAB coated 

CNT sedimentation while little effect of kaolinite was shown on the stability of SDBS 
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and TX-100 coated CNT. The addition of montmorillonite did not change the SDBS-

MWCNT stability but took on a partial deposition on TX100-MWCNT. The enhanced 

sedimentation scenarios were attributed to either the bridging effect of surfactants on 

CNT and clays or the sorption of surfactants by clays which caused the aggregation 

processes [32]. For interactions between negatively charged carbon-based materials and 

NOCs, complex sorption mechanisms including charge attraction, hydrophobicity, 

hydrogen bonding and Lewis acid-base interactions were revealed in a number of studies 

[30][33][34][36].  Heteroaggregation resulted from electrostatic attractions between GO 

and positively charged goethite was reported by Zhao et al. [36]. However, interactions 

were indeed revealed when ENMs and NOCs were both negatively charged. In Yang et 

al., the effectiveness of GO as flocculants to remove water contaminants was 

investigated. The charge repulsion between GO and particulate kaolin was believed to be 

overcome by hydrogen bonding and lewis acid-base interaction followed by the removal 

of  kaolin through sweeping flocculation [33]. Similarly, Zhang et al. characterized the 

interactions of 14C-labeled MWCNT and kaolinite through batch sorption test and 

showed that hydrophobicity and Louis acid-base interaction played the dominant role on 

the sorption process[34]. Apart from the cases that charge repulsion can be overcome in 

ENP-NOC heteroaggregation, Zhou et al. demonstrated coagulation and sedimentation 

processes of Ag and montmorillonite at pH=4, which is below the isoelectric point of 

sites on montmorillonite edge [30]. This implies that negatively charged ENMs might 

attach to clay particles with surface charge heterogeneity although the overall 

electrostatic force is repulsive. All the above studies demonstrated the importance of 

NOCs-ENM interaction andsolution conditions on the stability of the system: the 
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suspensions were either destabilized and settled down or stabilized as some stable ENM 

particles enhanced the NOC dispersion. These changes on the configuration and surface 

properties of ENM will highly likely alter their transport behavior in subsurface porous 

media. In order to prove and describe heteroaggregation process, methods can be 

generally classified to three types. One is to determine the attachment kinetics derived 

from particle size results obtained by dynamic light scattering. Since only one refractive 

index could be applied in the measurement, studies using this method tested binary 

systems with a much larger concentration of one composition (usually NOC) than the 

other of which the light scattering can be ignored [30][35]. Sedimentation experiment is 

another approach in which a large concentration difference in the mixture is also limited 

in order to get accurate concentration results of the supernatant (usually gained based on 

UV-vis light absorbance)[36][31]. Besides, several studies performed 

adsorption/desorption tests to obtain isotherms to characterize ENM-NOC interaction 

[32][36]. Reasonable separation method such as centrifugation is crucial in the 

adsorption/desorption experiments and thus the particle size difference between mixture 

compositions were narrowly restricted. Above all, a method to characterize 

heteroaggregation that allows a wide range of ENM/NOC particle size and concentration 

ratio is the most challenging part and is in great need of development.   

To the author’s knowledge, previous studies on the interactions between CNT and 

kaolinite applied surfactant-coated CNT [32] or in order to detect the concentration, 14C-

labeled CNT [34]. In this study, the interactions between the pure COOH-MWCNT and 

kaolinite were investigated.  
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2.3.1.3 Classical colloid filtration theory 

 

In the transport of CNT and kaolinite in porous media, besides the particle-particle 

aggregation or particle-collector deposition, transport behaviors also depend on other 

factors such as hydrodynamic condition and particle size. The well-known classical 

colloid filtration theory (CFT) provide a description of colloidal behaviors in transport 

through saturated porous media. In a filtration system, based on mass balance calculation 

and assumptions of spherical collectors and a first-order deposition, the normalized 

breakthrough concentration of the colloid particles at steady state can be described using    

eqn. (4) [37]:  

 
𝐶

𝐶0
= exp[−

3

2

(1 − 𝜃𝑤)

𝑑𝑐
𝛼𝜂0𝐿] (4) 

Where 𝐶 is the steady state effluent concentration, 𝐶0 is influent concentration,  𝜃𝑤 is the 

porous media volumetric water content,  𝑑𝑐 is the diameter of the collector, 𝛼 is particle-

collector attachment efficiency, 𝜂0 is single collector efficiency and 𝐿 is the transport 

distance.  

Single collector efficiency, 𝜂0 is contributed by efficiencies from Brownian diffusion 

(𝜂𝐷), gravity sedimentation (𝜂𝐺) and interception (𝜂𝐼). [37] 

 𝜂0 = 𝜂𝐷 + 𝜂𝐺 + 𝜂𝐼 (5) 

After introducing several dimensionless parameters, a correlation equation of  𝜂0 is 

presented by Tufengki and Elimilech: 
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𝜂0 = 2.4𝐴𝑆
1/3

𝑁𝑅
−0.081𝑁𝑃𝑒

−0.715𝑁𝑣𝑑𝑊
0.052 + 0.55𝐴𝑠𝑁𝑅

1.675𝑁𝐴
0.125 + 0.22𝑁𝑅

−0.24𝑁𝐺
1.11𝑁𝑣𝑑𝑊

0.053            

(6) 

Dimensionless parameters in eqn. (6) is defined in reference [38].  

It can be seen from CFT that the mobility of particles in the filtration media is controlled 

by 𝛼 and 𝜂0. The impacting factors for 𝛼  includes ionic strength, pH and Hamaker 

constant, etc. that have influence on the interaction energy between particles and 

collectors. While for𝜂0, particle size and hydrodynamic conditions are governing factors.  

In column experiments, based on experimental results of particle breakthrough curves, 

attachment efficiency were generally obtained by two methods. One is through the 

calculation from eqn. (4) in CFT.  Another is to set up advection-dispersion model 

equations and fit the attachment coefficient value.  

2.3.1.4 Transport modelling 

 

In a 1-D column system, a 1-D advection-dispersion-reaction equation can be used to 

describe particle transport and retention in the porous media: 

 
∂C

∂t
+
𝜌𝑏
𝜃𝑤

𝜕𝑆

𝜕𝑡
= 𝐷𝐻

𝜕2𝐶

𝜕𝑥2
− 𝑣𝑝 (7) 

Where, C is the aqueous phase concentration, S is solid phase concentration, 𝜌𝑏 is bulk 

density of the porous media, 𝜃𝑤 is the water saturation content, t is time, 𝐷𝐻 is 

hydrodynamic dispersion coefficient, 𝑣𝑝 is pore velocity and x is the distance travelled 

after time t.  
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Assume 1) first order attachment rate; 2) site blocking, ripening and detachment are 

negligible, 
𝜌𝑏

𝜃𝑤

𝜕𝑆

𝜕𝑡
 is expressed as follows: 

 
𝜌𝑏
𝜃𝑤

𝜕𝑆

𝜕𝑡
= 𝑘𝑎𝑡𝑡𝐶 (8) 

Where, 𝑘𝑎𝑡𝑡 is the first order attachment rate, which is related to the product of 𝛼𝑎𝑛𝑑𝜂0 

in CFT:  

                                                       

03 (1 )

2

w
att

c

v
k

d

 


                                                   (9) 

With the initial and boundary conditions in pulse input, eqn. (7) and eqn. (8) make the 

following solution for solid and aqueous concentration as a function of time. [39] [40] 

 𝑐(𝑥, 𝑡) =
𝑀

𝑄
𝑒−𝑘𝑡

𝑥

2√𝜋𝑡3𝐷
𝑒−(𝑥−𝑣𝑡)

2/4𝐷𝑥 (10) 

Where M is the total mass of the injected particles and Q is the volumetric flux.  

Though CFT and the 1D-advection-disperstion model showed successful interpretations 

of colloid filtration in many studies, there are cases where they are not suitable to be 

applied. The classical filtration theory assumes 1) negligible blocking, ripening and 

detachment, 2) a first order deposition rate and 3) spherical particles and spherical 

collectors in the system in trajectory analysis. Size exclusion is phenomena that particles 

are limited to travel through narrow pore channels in the media because of the particle 

shape or size, leading to a smaller effective pore volume and a shorter breakthrough time. 

Straining effect happens when particles are blocked at the pores. In CNT transport, a lot 

of studies have shown evidences of straining effects. Jaisi et al. demonstrated a lower 
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mobility of SWNT in the soil compared with fullerene under the same solution chemistry, 

indicating a straining effect in SWNT transport [41]. Wang et al. reported a tube-length 

dependency of the straining effect in the column test of MWNT by fitting a modified 

model considering physical straining [42].  

Also, several previous column test studies using step input showed no plateaus in the 

breakthrough curves [42][43][48], indicating site blocking processes during the injection. 

In addition, CNT is tube-shaped. The interception efficiency could vary a lot depending 

on whether it makes side contact or end contact with the collector surface. Therefore, 

modification to the CFT-based models is needed for CNT transport. 

Considering the tube-shaped CNT, Liu et al. developed a new expression for single 

collector efficiency with expressions for side and end contact and showed good 

agreement with their experimental results [43].  To account for blocking and detachment, 

the term  
𝜌𝑏

𝜃𝑤

𝜕𝑆

𝜕𝑡
 in 1-D advection-dispersion model can be redefined and showed 

successful fitting results by adding a dimensionless correcting factor, ψ : 

 
𝜌𝑏
𝜃𝑤

𝜕𝑆

𝜕𝑡
= 𝑘𝑎𝑡𝑡𝜓𝐶 −

𝜌𝑏
𝜃𝑤

𝑘𝑑𝑒𝑡𝑆 (11) 

 ψ =
𝑆𝑚𝑎𝑥 − 𝑆

𝑆𝑚𝑎𝑥
 (12) 

Where, 𝑘𝑑𝑒𝑡 is the detachment rate constant and 𝑆𝑚𝑎𝑥 is the retention capacity. ψ equals 

zero when the maximum retention has reached [42]. Another expression is  
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 ψ = (
𝑆𝑚𝑎𝑥 − 𝑆

𝑆𝑚𝑎𝑥
)(
𝑑𝑐 + 𝑥

𝑑𝑐
)−𝛽 (13) 

Where β is an empirical variable controlling the shape of the retention profile. [44]  

By incorporating site blocking combined with straining effect into 1-D advection-

dispersion model, the governing equation becomes:  

 
𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
+ 𝑣𝑝

𝜕𝐶

𝜕𝑥
− 𝑘𝑎𝑡𝑡𝜑𝑎𝑡𝑡𝐶 −

𝜌𝑏
𝜀
𝑘𝑑𝑒𝑡𝑆𝑎𝑡𝑡 − 𝑘𝑠𝑡𝑟(

𝑑50 + 𝑥

𝑑50
)−𝛽 (14) 

2.3.2 Fate and transport of ENMs 

 

The mobility of ENMs through porous media is impacted by various factors, including 

both physicochemical and hydrodynamic parameters such as ionic strength, solution pH, 

solution ion types, collector size, media material, pore water velocity, natural organic 

matter and influent concentration, etc. 

For some of these factors, CFT combined with the DLVO theory have shown successful 

explanation and prediction on how they influence the mobility of the particles by 

obtaining consistency with a large amount of column experimental results for various 

types of ENMs.  

Particularly, in terms of the CNTs, several researches on their transport in porous media 

has been reported. The influence of ionic strength has been most extensively studied. 

Generally, experimental results are consistent with DLVO theory showing an increase of 

CNT mobility with decreasing ionic strength. For example, Jaisi et al. assess the 

deposition of single walled CNT in clean quartz sand with an influent SWNT 

concentration of 87 (±4) mg/L and at pH 7.0 under various KCl solution concentrations. 
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Results showed that the normalized concentration decreases from 0.78 at 3 mM to 0.09 at 

55 mM of KCl [41]. This trend agrees with previous studies [45]. In another study 

evaluating transport of SWNTs in natural soil columns, also in consistency with filtration 

theory, the deposition rate increases with salt concentration and the increase is more 

significant in the existence of divalent ions rather than monovalent ions [41].  

Solution pH influences particle deposition by changing surface charge of both particles 

and collectors through ion sorption at the interface. An important parameter to evaluate 

the surface charge is the point of zero charge (PZC). Particle will typically be negatively 

charged when solution pH is higher than PZC while positively charged when pH is lower 

than PZC. For example, Tian et al. investigated transport and retention of MWNTs and 

SWNTs in three types of porous media (acid-cleaned, baked, and natural sand) under 

unfavorable conditions. With pH increasing from 8 to 10, MWNT breakthrough 

concentration increased from 0.23 to 0.78 for natural sand and 0.24 to 0.75 for baked 

sand with similar results for SWNT [46]. However, opposite results were obtained for 

solution containing Ca2+ because of the calcium bridging between surface functional 

groups. A research on released of deposited MWNT from silica surfaces using QCM-D 

shows that at 1.5 mM CaCl2, when pH changes from 7.1 to 4.0, a large fraction of 

MWNT can be released since the bridges between CNT and silica surfaces were broken 

[47].  

In addition to impacting factors above, research shows other parameters such as pore 

water velocity, grain size, presence of NOM, straining and media heterogeneity also 

plays significant roles on the transport of CNT. For example, Liu et al. demonstrated a 
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strong influence of high MWNT mobility at pore water velocities higher than 4.0 m/d 

[43]. 

Mattison et al. reported an increase by 60% of normalized concentration with media size 

ranging from fine sand to silt [48]. Kasel, et al. proved the changes in the MWNT 

retention profile at high influent concentration which causes site blocking/filling [49]. 

Khan et al. described a strong mobility of SWNTs in glass and weak mobility in paper 

[50].  

As to NOCs on CNTs transport in porous media, except several articles on the influence 

of NOM, a study on CNTs and bacteria co-transport was reported.  

The universal existence of natural organic matter (NOM) and its interaction with colloid 

particles makes it significant to evaluate NOM effect on fate and transport of 

nanoparticles. NOM can either enhance the mobility by hindrance effect or enhance the 

deposition by bridging effect. 

As is shown, solution conditions have significant influence on the transport of colloidal 

particles. In natural aqueous systems, solution conditions such as pH and ionic strength 

varies in wide ranges at different spatial and temporal conditions. In this study, a range of 

pH and ionic strength values were applied to investigate the co-transport of CNT and 

kaolinite.   

2.3.3 Co-transport of ENM and NOC 

 

In contrast with studies on the transport of only ENMs, literature on co-transport of ENM 

and other colloids or non-colloid contaminants turned to be much less. In natural aquatic 

systems, various natural occurred colloids (e.g. NOM, kaolinites, and bacteria) may 
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greatly influence the transport of engineered nanoparticles. The level of the impact is 

mainly related to two respects: 1) the extent of ENMs and NOCs heteroaggregation, 

which depends on both particle surface chemistry and solution chemistry. The ENM-

NOC heteroaggregates can facilitate ENM transport or hinder the breakthrough by 

straining. 2) Deposition rate of ENM-NOC heteroaggregates on media collectors. 

Decades before the wide application of nanomaterials, colloid facilitated transport has 

been termed in contransport conditions in environmental media where colloidal particles 

facilitate breakthrough of the contaminants by acting as carriers. For example, Simunek 

et al. studied the facilitated transport of Cd by bacteria [51]. Recently, several studies 

have shown ENM-facilitated transport of contaminants including fullerene-facilitated 

transports of PCB and phenanthrene [52], hydroxyapatite nanoparticles-facilitated 

transport of Cu [53] and MWCNT-facilitated transport of phenanthrene [54], etc. 

However, colloidal particles do not always facilitate the breakthrough of their co-

transporting substances. In the study of Fang et al. on the co-transport of TiO2 

nanoparticles on the transport of Cu in four types of soils, TiO2 enhanced the mobility of 

Cu through colloid facilitated transport in the three of the four different soils but reduced 

the recovery of Cu in the fourth type of soil, indicating the influence of soil properties 

[55]. Also, Vasilliadou et al. showed the inhibition of Pseudomonas Putida transport by 

kaolinite in glass bead column caused by their attachment to kaolinite particles that 

previously adsorbed onto the glass [56]. A study on the effect of CNTs on E. Coli 

transport in saturated porous media showed that under low ionic strength conditions, 

CNTs did not affect the retention and transport of E.Coli. However, under high ionic 
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strength, the mobility of E. Coli was hindered, which was attributed to the 

heteroaggregation between E. Coli and CNTs and the CNT-cell bridging effect [57].  

There are quite a few studies on the ENM-ENM and ENM-NOC co-transport. Cai et al, 

discussed the co-transport of nTiO2 and nC60 nanoparticles in saturated quartz sand under 

different ionic strength and pH conditions. Recovery of nTiO2 did not show significant 

changes at pH=5 but increased with the existence of nC60 at pH=7 because of the site 

competition on the surface of the sand. The transport of nTiO2 was demonstrated to be 

retarded under all solution conditions. The straining of heteroaggregate and site ripening 

were considered to be the reasons at pH=5 whereas at pH=7 the straining was not a 

contribution to the decreased nTiO2 mobility [58].  On ENM-NOC co-transport, a study 

was performed to examine the clay-TiO2 co-transport in quartz sand with fixed pH and 

different ionic strength and ion valences. The result showed the facilitated transport of 

TiO2 by betonite in both NaCl and CaCl2 solutions and kaolinite in NaCl, but a decreased 

recovery by kaolinite in CaCl2 through the straining of kaolinite-TiO2 heteroaggregates 

[59].  

To the author’s knowledge, of the ENM-related co-transport studies, very few has 

separately demonstrated the breakthrough results of both the free ENM and the attached 

ENM. In addition, this study is the first one on the co-transport behavior of COOH-

MWCNT and kaolinite. Mechanisms of the mutual effects influenced by COOH-

MWCNT and kaolinite were discussed based on the breakthrough curves of all the 

composition of the kaolinite-CNT mixture (total kaolinite, attached CNT and free CNT).  
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3. Materials and methods 

3.1  Materials 

3.1.1 Carbon nanotubes 

 

Carboxyl-functionalized MWCNT powder was purchased from NanoLab Inc. (Waltham, 

MA). In making the CNT stock suspension, a vibra-Cell VCX 500 sonicating probe was 

applied to a 500-beaker with 200 mg CNT powder and 200 mL deionized water. The 

sonication was processed in an ice bath at 100 W for 30 min.  CNT suspension was kept 

in a 500 mL glass bottle and wrapped in aluminum foil at room temperature within one 

year.  Every time before use, 5 mL of the stock suspension was transferred into a 50 mL 

centrifuge tube and sonicated in a cup horn (Vibra-Cell) for 5 min at 100 W.   

3.1.2 Kaolinite 

 

Kaolinite powder was purchased from EMD chemicals (Gibbstown, NJ).  The kaolinite 

stock suspension was made by adding 50.3 g kaolinite powder (EMD chemicals, 

Gibbstown, NJ) into 300 mL DI water in a 500-mL glass beaker followed by sonication 

in an ice bath using a sonicating probe (Vibra-Cell VCX 500). The operation condition 

was 100 W for 30 min.  The ultrasonicated suspension was then presettled for 45 hours. 

Top 85% of the supernatant was collected as kaolinite stock suspension with a calculated 

concentration of 47450 mg/L. The suspension was then stored at room temperature in a 

500-mL amber glass bottle before use within six months. Similar to CNT suspension, 10 

mL of the stock suspension was transferred into a 50 mL centrifuge tube and sonicated in 

a cup horn (Vibra-Cell) for 5 min at 100 W every time before use.   
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As the influent of column experiment, CNT control, Kaolinite control and Kaolinite-CNT 

mixture samples were composed of 90 mg/L CNT, 18,000 mg/L kaolinite and both of 

them in the same concentrations, respectively. Samples were prepared in a range of 

solution conditions and were obtained by diluting the CNT or kaolinite stock 

suspensions. Right before the injection into the column, samples were prepared in 

scintillation bottles and mixed for 1h at about 400 rpm. The sample names and their 

solution conditions for column experiments are listed in Table 1.  

Table 1 Sample names and solution conditions for column experiments 

Sample name 

Solution condition 
CNT 

Control 
Kaolinite control Kaolinite-CNT mixture 

c-1-3 k-1-3 m-1-3 1 mM NaCl, pH=3 

c-1-5 k-1-5 m-1-5 1 mM NaCl, pH=5 

c-1-9 k-1-9 m-1-9 1 mM NaCl, pH=9 

c-10-9 k-10-9 m-10-9 10 mM NaCl, pH=9 

c-100-9 k-100-9 m-100-9 100 mM NaCl, pH=9 

 

3.1.3 Porous media (quartz sand) 

 

Quartz sand obtained from Sigma-Aldrich Co. was sieved to a size range of 250-300 μm 

and then soaked in 1.5 M HNO3 solution for 24 h followed by another 24 h in 1 M 

NaOH. After the soaking processes, the sand was rinsed with deionized water till the 

rinsing water reached neutral pH. Then, the sand was dried for 24 h in an oven at 100 ℃.

The dried sand was stored in a plastic bottle under room temperature before use.  
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3.2  Methods 

3.2.1  Characterization of CNT and kaolinite 

Electrophoretic mobility of CNT, kaolinite and quartz sand as well as particle size 

distribution of all the control and mixture samples were determined by phase analysis 

light scattering (PALS) using a ZEN 3600 ZetasizerNano (Malvern, Worcestershire, UK) 

at 25 ºC and 173°. Refractive indexes used in the measurement were 1.556 for kaolinite 

and mixture samples and 2.200 for CNT.   

3.2.1.2. Electrophoretic mobility  

 

Considering the long aspect ratio of CNT, electrophoretic mobility was reported instead 

of zeta potential, which is calculated from electrophoretic mobility assuming spherical 

particles. The concentration of CNT and kaolinite samples was 10 mg/L in solution 

conditions shown in Table 1. 

Under the assumption that zeta potential is independent of particle size, quartz sand 

sample with 159 ± 27.4 nm in diameter was collected from the supernatant of the treated 

sands after 30-min settlement in deionized water. Samples were measured using 

disposable capillary cells (DTS 1060, Malvern Instrument). Each sample was measured 3 

times and 10 runs were performed each time.  

3.2.1.3 Stability test 

 

There are three reasons for the stability test. First, particle size distributions of CNT and 

kaolinite before and after the 1h-mixing were measured in order to examine the effect of 

mixing on homoaggregation. Secondly, the mean diameter of particles in mixture 

samples would give evidence on the extent of CNT-kaolinite heteroaggregation. In 
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addition, for further data analysis, the stability of CNT and kaolinite should be evaluated 

during the time range (up to 900 s) of one column breakthrough process. Thus, kinetic 

method was applied to demonstrate the change of particle size as a function of time after 

the mixing.  

Samples were prepared in the same way as the influent for mixing and diluted 20 times 

using corresponding background solutions before measurements. Samples before mixing 

was measured 3 times and each measurement consisted of 20 runs. Particle size results 

were reported as the average intensity mean diameter (nm) of the three measurements. 

Immediately after the mixing, particle size was monitored every 10 s, and the 

measurement lasted for 1200 s (120 data points in total). For the determination of the 

mean diameter after mixing, the first 60 data points were used to analyze particle size by 

taking the average of every 20 points and then calculating the mean and standard 

deviation of the three averaged values in order to keep the same statistical methods as 

that of the data before mixing. For each sample, two-tailed student t-tests (95% 

confidence level) were performed for particle size before and after the mixing. To 

compare the data among different samples, student t-tests were also performed for the 

after-mixing sizes of kaolinite control and mixture. Trend lines of the 120 data points 

after 1-hr mixing as a function of time with equations and R2 values were analyzed. 

Results were reported as the aggregation rate (dp/dt) to examine the stability of all 

samples after the mixing.  

3.2.2  Separation test 

 

To obtain the concentration of various compositions (free CNT, attached CNT and 

kaolinite) in the CNT-kaolinite mixture samples, a consecutive procedure of ultra-
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sonication and centrifugation was performed to examine the optimal operation condition 

on the separation of total CNT from the mixture. After 1-hr mixing, each mixture sample 

was diluted 20 times followed by a measurement of the total light absorbance at 800 nm 

using a UV-Vis spectrophotometer (Shimadzu, UV 2550). The diluted sample was then 

transferred to a 1.5-mL microtube and sonicated in a cup horn for 1 min at 100 W. For 

the sonicated sample, centrifugation processes were tested from 2 min to 4 min in order 

to obtain an optimal separation condition. Light absorbance was measured again 

immediately after the samples were centrifuged. The criterion of an applicable separation 

method was that the derived total CNT concentration of the sonicated-centrifuged 

samples from light absorbance data had an error of less than 5% from its theoretical value   

(90 mg/L).  

3.2.3  Column setup   

 

Columns (Omnifit 1.5 cm in diameter) were wet packed with 14.5 g clean sands. To rinse 

the sand, 10 pore volume of DI water and 10 pore volume of background electrolyte 

solution were sequentially passed through the column using syringe pumps before the 

influent CNT control, kaolinite control or mixture samples was first pumped into a 0.28 

mL injection loop controlled by two four-way valves and was injected to the column by 

corresponding background solutions at a flow rate of 0.84 ml/min. For CNT control and 

NaNO3 tracer, a sub-micro flow through cell (Precision Cells, Type 513M) was used to 

get real-time light absorbance every 9 sec in a total measurement time of 900 sec.   For 

kaolinite control and kaolinite-CNT mixture, 43 effluent samples were collected 

consecutively by a fraction collector (Pharmacia Frac-100) at 0.32 min intervals.  
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Figure 2 Schematic of the column setup 

 

3.2.4  Concentration measurement 

 

The same as separation test, the effluent concentrations for CNT control, kaolinite control 

and mixture samples were determined by the light absorbance at 800 nm (302 nm for 

NaNO3 tracer). At 800 nm wavelength, light absorbance of CNT is much less than that of 

kaolinite at the same concentration. Thus CNT concentration can be determined from the 

CNT-kaolinite mixture by separation procedures. As is mentioned in the column setup, 

real time data were gathered through semi-micro flow-through cuvette for CNT control. 

As of kaolinite control and the mixture, effluent samples were diluted 2.5 times by 

background solutions before being added to a 0.7 ml micro cuvette (30ES10, NSG 

Precision Cells, Inc, NY). After the optimal operation condition was determined from the 
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separation test, a series of procedures for the effluent mixture were carried out as Table 2 

shows. Each measurement was repeated twice. One parallel experiment was performed 

for each of m-1-5, m-10-9 and m-100-9 and was labeled ‘(2)’ after the sample names.  

Table 2 Procedure for the measurement of effluent light absorbance 

Light 

absorbance 
Description 

X1 

Light absorbance of free CNT;  

Measured after centrifugation of the 0.672-mL effluent by extracting 

0.65 mL of the supernatant.  

X2 

Light absorbance of attached CNT and kaolinite; 

Measured after getting X1 through washing out free CNT remained 

in the microtube by sequentially adding background solution, 

centrifugation, extracting supernatant and adding deionized water 

followed by 1-min ultra-sonication at 100 W.   

 X3 

Light absorbance of attached CNT;  

Determined by adding solutions back from the cuvette to the 

microtube after the measurement of X2 and then centrifugation at 

optimal separation conditions. 

 

Thus, light absorbance of various compositions in the mixture including free CNT (X1), 

attached CNT (X3), total CNT (X1+X3) and kaolinite (X2-X3) can be obtained. To 

certify that free CNT can be effectively removed when obtaining X2, quality control 

experiments were run by determining the mass of free CNT through centrifugation and 

measuring light absorbance of the supernatant. Results showed that 94%-95% of free 

CNT was washed out, thus the washing method was reasonable to be applied.  
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Breakthrough curves of the effluent samples normalized by the corresponding influent 

concentration (C/C0) were plotted as a function of pore volume. Mass recovery rates were 

calculated from eqn. (18):  

 𝑀𝑎𝑠𝑠𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑟𝑎𝑡𝑒 =
𝑄Δ𝑡

𝑉0
∑

𝐶

𝐶0
 (18) 

Where, Δ𝑡 is the fraction time for collecting effluent samples; Q is volumetric flow rate; 

𝑉0 is the injected volume. Moving average was performed for several noisy breakthrough 

curves before the calculation in order to improve the accuracy.  

4. Results and discussion 

4.1 Effect of solution chemistry on CNT and kaolinite stability 

Characterization and stability test in a pH range from 3 to 9 and ionic strengths from 1 

mM to 100 mM NaCl were chosen in order to confirm any impacts of solution chemistry 

on CNT, kaolinite and quartz sands.  

Table 3 Particle size of CNT control, kaolinite control and CNT-kaolinite mixture samples (data were 

reported as intensity mean before and after mixing; Student t test was performed to identify any significant 

difference) 

Sample name 
Intensity mean (d, 

nm) before mixing 

Intensity mean (d, nm) 

after mixing 

Student t test p value 

(p<0.05: significant 

difference) 

c-1-3 572 ± 216.2 977.6 ± 229.5 0.03121 

c-1-5 444.16 ± 39.24 503.67 ± 45.35 0.08041 

c-1-9 342.1 ± 22.13 374.5 ± 99.78 0.22781 

                                                           
1 P values of student t tests for particle size before and after mixing 
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c-10-9 460.4 ± 113.7 515.8 ± 192.3 0.07231 

c-100-9 403.2 ± 44.34 854.4 ± 69.31 0.00031 

k-1-3 1116.3 ± 104.04 1551.6 ± 167.6 0.01881 

k-1-5 519.8 ± 21.03 622.8 ± 22.07 0.82911 

k-1-9 599.0 ± 27.87 548.6 ± 28.28 0.09251 

k-10-9 674.1 ± 36.00 783.2 ± 49.70 0.04871 

k-100-9 794.3 ± 52.75 801.8 ± 26.05 0.96051 

m-1-3 2286 ± 830.3 2526 ± 18.24 0.66981 0.00062 

m-1-5 632.9 ± 78.99 606.6 ± 21.30 0.6121 0.470352 

m-1-9 527.0 ± 29.89 564.8 ± 27.55 0.19461 0.51512 

m-10-9 746.7 ± 16.79 769.5± 14.23 0.14721 0.66912 

m-100-9 885.7 ± 80.24 875.4 ± 54.43 0.84301 0.10232 

 

                                                           
2 P values of student t tests for particle size of kaolinite control and mixture after the mixing.  
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 Figure 3 Electrophoretic mobility (µm/(s-V/cm) of CNT and kaolinite suspensions 

It is determined that the solution pH has an effect on both the electrophoretic mobility 

(EPM) and particle size of CNT. As is shown in Figure 3, under 1 mM NaCl solution 

condition, EPM values of CNT kept negative and no isoelectric point (IEP) was shown 

through the studied pH range. The ENM range and trend were consistent with previous 

studies on oxidized CNTs[60][61]. 

 Notably, the studied CNT sample containing 2-7 wt% of -COOH has an EPM range 

more negative than pristine CNT since the negatively charged carboxyl functional groups 

in water contributed to the higher surface charge density and correspondingly higher 

electrostatic repulsion among CNT particles. Hence, the COOH-CNT focused on in this 

research tended to be more stable and mobile in aquatic systems. Specifically, the EPM 

took on a sharp increase (more negative) from pH=3 to pH=5 and a much more gradual 

increase from pH=5 to pH=9. For example, EPM value increased from -2.7 µm/(s-V/cm) 
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to -3.6 µm/(s-V/cm) when pH was adjusted from 3 to 5 while it then barely increased to -

3.6 µm/(s-V/cm) at pH=9. This is likely due to the fact that pKa of carboxyl group ranges 

from 2.0-4.0 [62] In agreement with the EPM results, which indicated the higher the pH, 

the more negatively charged of CNT, particle size data in Table 3 showed a decreasing 

trend from 977.6 nm at pH=3 to 374.5 nm at pH=9. These results confirmed that fact that 

CNT homoaggregation can be affected by pH values, especially under extreme conditions 

(e.g. pH=3).  

Consistent with the theoretical hypothesis from the electrical double layer (EDL) 

compression, ionic strength significantly affected CNT stability. Under pH=9, as the 

electrolytes became more concentrated, the EPM of CNT decreased. As is seen in Figure 

3, at the ionic strengths of 1 mM, 10 mM and 100 mM NaCl, EPM of CNT was -3.6 

µm/(s-V/cm), -3.0 µm/(s-V/cm) and -1.9 µm/(s-V/cm), respectively. This trend was 

consistent with the particle size data shown in Table 3 (c-1-9, c-10-9 and c-100-9), where 

more enhanced aggregation trends after the mixing were shown with the average intensity 

mean increasing from 374.5 nm to 854.4 nm while the ionic strength was from 1 mM to 

100 mM NaCl.  

Similar to that of the CNTs, the EPM of kaolinite was also highly negative (from -2.56 

µm/(s-V/cm) to -4.77 µm/(s-V/cm)) through pH 3-9, illustrating no charge reverse of the 

kaolinite surface studied is likely to happen in natural water chemistry. Compared with 

CNT, the EPM of kaolinite was more negative, which implicates the stronger double 

layer repulsion. As was anticipated based on the EPM value that lower pH tends to 

enhance kaolinite aggregation, post-mixing particle size results in Table 3 took on an 

increasing trend as the pH decreases, with the average size decreasing from 1551.6 nm of 
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k-1-3 to 622.8 nm of k-1-5 being much more significant than from the size of k-1-5 to 

584.6 nm of k-1-9. With respect to the impact of IS, the value of kaolinite EPM 

decreased from -4.8 µm/(s-V/cm) in 1 mM NaCl to -4.1 µm/(s-V/cm) in 10 mM NaCl 

and -2.9 µm/(s-V/cm) at 100 mM NaCl and pH=9. This phenomenon was generally in 

consistence with the particle size results:  among samples of k-1-9, k-10-9 and k-100-9, 

k-100-9 had the largest average intensity mean while no significant difference was shown 

between k-1-9 and k-10-9.  

As is also displayed in Figure 3, pH and IS revealed the expected influence on the ENM 

of the quartz sand: EPM tended to be more negative at higher pH values and lower ionic 

strengths. At the same time, EPM of the quartz sand (from -1.19 µm/(s-V/cm) to -2.63 

µm/(s-V/cm)) was generally more positive than CNT and kaolinite.  

Apart from kaolinite and CNT control samples, particle size of the CNT-kaolinite 

mixture were also measured using the same method as that of kaolinite control samples 

(results shown in Table 3). It should be emphasized that this method for the mixture 

particle size is limited: here we ignored the light scattering contributed by CNT because 

of the high kaolinite to CNT concentration ratio of 200. From the p values of student t-

test, the mixing process did not show significant enhancement on the increase of particle 

size (p>0.05), suggesting that the heteroaggregation under these solution conditions was 

reaction limited rather than diffusion limited. In addition, it certified the large effect of IS 

and pH on the aggregation: particle size increase with the increase of IS and decrease of 

pH. Since the samples were composed of both CNT and kaolinite, the aggregation 

processes included both homoaggregation and heteroaggregation. By comparing the 

results with kaolinite control samples, it was obvious that for m-1-3, average particle size 
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of the mixture sample (2526 nm, after mixing) was significantly larger than the kaolinite 

control suspension (1556 nm, after mixing), indicating that the presence of CNT largely 

enhanced the aggregation in this solution condition and therefore increase the average 

particle size of the mixture.  

These results can be concluded that both the IS and pH values in natural solution 

conditions are able to affect the stability of CNT and kaolinite: low pH and high ionic 

strength  lead to lower electrophoretic mobility and thus smaller particle size after the 

mixing for CNT and kaolinite. Although both CNT and kaolinite are negatively charged, 

heteroaggregation can happen in extreme solution conditions such as 1 mM NaCl and 

pH=3, where Van der Waals attraction may overcome electrostatic repulsion according to 

DLVO theory.  These effects can potentially alter their deposition behavior in quartz 

sands.  

For the kinetic stability after the mixing, aggregation rates of all samples were shown in 

Table 4. Kinetic results of intensity mean for CNT control, kaolinite control and CNT-

kaolinite mixture showed a generally stable state within 20 min after the mixing, except 

for c-1-3 and m-1-3, of which increasing and decreasing trend on particle size were 

shown. This was mainly attributed to the much larger particle sizes under the extremely 

low pH condition. The increasing trend of c-1-3 indicated aggregation processes while 

the decreasing trend of m-1-3 suggested sedimentation process of particles.  

Table 4 Aggregation rate derived from particle size of CNT, kaolinite and the mixture after the mixing 

Sample name Aggregation rate (dp/dt) 

c-1-3 0.60 
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c-1-5 -0.09 

c-1-9 -0.01 

c-10-9 -0.01 

c-100-9 0.20 

k-1-3 0.30 

k-1-5 0.04 

k-1-9 0.02 

k-10-9 0.06 

k-100-9 0.08 

m-1-3 -1.41 

  m-1-5 0.02 

m-1-9 0.03 

m-10-9 -0.03 

m-100-9 0.05 
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4.2  Separation test  
 

Table 5 showed the optimal separation procedure for all solution conditions. In control 

samples, most of the CNT (92.3% - 98.7%) and few kaolinite (0.2% - 0.7%) kept 

suspended after centrifugation. Relative error between concentration obtained from the 

procedures and the theoretical CNT concentration (90 mg/L) were less than 5% in all 

solution conditions. Therefore, the separation procedures were considered reasonable. In 

the following column experiments for mixture samples, compositions in the effluent was 

measured referring to the optimal centrifugation condition shown in this test.  

Table 5 A series of light absorbance (Abs) for samples before and after the separation test 

Solution 

condition 

Optimal 

centrifugatio

n condition 

Abs CNT 

control 

Abs CNT 

control 

after 

centrifugati

on 

Abs 

Kaolin

ite 

control 

Abs 

Kaolinite 

control 

after 

centrifugati

on 

Abs 

mixture 

with 1 

min 

sonicatio

n and 

centrifug

ation 

Relative 

error 

from 90 

mg/L 

CNT 

1-3 
5k rpm 3 

min 
0.072 

0.069 

(96% 

suspended) 

1.17 

0.008 

(0.7% 

suspended) 

0.078 1.4% 

1-5 
5k rpm 3.5 

min 
0.078 

0.075 

(96.2% 

suspended) 

1.223 

0.009 

(0.7% 

suspended) 

0.080 4.2% 

1-9 
5k rpm 3.5 

min 
0.079 

0.078 

(98.7% 

suspended) 

1.212 

0.006 

(0.5% 

suspended) 

0.080 4.2% 

10-9 
5k rpm 4 

min 
0.078 

0.072 

(92.3% 

suspended) 

1.280 

0.002 

(0.2% 

suspended) 

0.080 4.2% 

100-9 
5k rpm 4 

min 
0.075 

0.072 

(96% 

suspended) 

1.259 

0.003 

(0.2% 

suspended) 

0.074 4.0% 



42 
 

 

4.3  Transport of CNT alone 

  

  

Table 6 Mass recovery values of CNT control breakthrough curves 

Sample 

name 
Tracer c-1-3 c-1-5 c-1-9 c-10-9 c-100-9 

Mass 

recovery 

rate 

1.05 0.10 0.37 0.69 0.37 0.027 

    

Figure 1. presents breakthrough curves of CNT control under various ionic strength (1 

mM, 10 mM and 100 mM NaCl at pH =9) and pH values (3, 5 and 9 at 1 mM NaCl).  

CNTs were retained to a large extent in the quartz sands column under all conditions, 

though surface charge of CNTs and quartz sands are both negative through 3 to 9.  Under 

1mM NaCl conditions, CNT mass recovery values increased with the increase of solution 

pH, which was supported by the electrophoretic mobility results in Figure 3, where CNTs 

and quartz sand were more negatively charged as the pH increased thus increased the 
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electrostatic repulsion. Apart from surface interaction, aggregation sizes of the influent 

might also have effects on CNT retention through physical straining effect, where large 

aggregated particles were incapable of traveling through pore channels of the porous 

media. Straining is expected to significantly affect colloid deposition when the ratio of 

colloid diameter and median diameter of the collector (dc/d50) goes to 0.003 or higher 

[63]. According to the particle size of CNT control samples after the mixing (shown in 

Table 3), particle size results shown in Table 3 indicate significant decrease of the 

intensity mean diameter as the increase of pH at 1 mM NaCl.  The decreasing mass 

recovery as pH going down was also possibly attributed to the enhanced straining effect, 

where dc/d50 ranged from 0.002 to 0.004. 

Notably, the breakthrough curve under pH=9 is much higher than pH=3 and pH=5, with a 

mass recovery of 0.69, which is 6.9 times of that of under pH=3 (0.10) and 1.8 times of 

when pH=5 (0.37). This indicates that, the mobility of CNT is likely to present significant 

variation from pH=5 to pH=9, which is in the pH range of natural surface water. 

To investigate the influence of ionic strength, column experiments were performed under 

1 mM, 10 mM and 100 mM NaCl at pH =9. In the three solution conditions, 69%, 37% 

and 2.7% of CNTs were released. The higher the ionic strength was, the more CNTs were 

retained in the column. This agrees with the electrophoretic mobility results and the 

DLVO theory, according to which the double layer of CNT shrinks under higher ionic 

strength conditions, thus reduce the repulsive electrostatic force between CNT and quartz 

sands. The results were also consistent with the particle size which increased with the 

increase of ionic strength shown in Table 3. The same as the effect of pH, straining effect 

was enhanced under higher ionic strength where CNT showed larger particle sizes. 
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Similarly, mechanisms are the same for the effect of ionic strength and pH on kaolinite 

transport. 

It is also noticed that unlike the tracer breakthrough curves, the CNT breakthrough curves 

generally shifted left and peaked at the pore volume less than 1 except c-10-9. This 

phenomena is attributed to the size exclusion effect as is mentioned in Section 2.3.2. 

Provided the usual bundled shape, CNT aggregates were blocked from narrow pore 

channels which led to ‘a smaller effective pore volume and a shorter breakthrough time’. 

As of c-10-9, which peaked slightly after 1 pore volume, retardation effect caused by 

sorption might occurred in the transport process as well as size exclusion.  

4.4  Transport of kaolinite alone 

 

Figure 5 Breakthrough curves of kaolinite control and the tracer 
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Table 7 Mass recovery values of kaolinite control breakthrough curves 

Sample 

name 
Tracer k-1-3 k-1-5 k-1-9 k-10-9 k-100-9 

Mass 

recovery 

rate 

1.05 0 0.94 0.92 0.86 0.33 

 

Breakthrough curves and mass recovery values of kaolinite control samples were shown 

in Figure 5 and Table 7, respectively. Consistent with the electrophoretic mobility data, 

mobility of kaolinites was enhanced at higher pH and lower ionic strength. Also, as 

Figure 3 showed more negative surface of kaolinite than CNT, kaolinite generally 

behaved more mobile during the filtration process because of the stronger electrostatic 

forces with quartz sands. For example, the mass recovery rates of c-1-5 and c-1-9 were 

0.15 and 0.69 whereas that of k-1-5 and k-1-9 almost reached the full recoveries (0.94 

and 0.92, respectively). However, at 1 mM NaCl and pH=3, no kaolinite particles came 

out with the effluent. This may be due to the large average particle aggregation size 

(1551.6 nm) of the influent in the extremely low pH condition which caused straining 

effect. Compared with curves in other solution conditions, the pore volume at the peak of 

k-100-9 is much larger and exceeded 1 pore volume, indicating a retardation effect 

resulted from sorption of kaolinite to quartz sand under the high ionic strength condition 

(100 mM NaCl). This also suggested that reversible attachments occurred during the 

transport process. 

It is noteworthy that unlike the symmetric breakthrough curve of NaNO3 tracer, most 

breakthrough curves of CNT and kaolinite control samples had tailing effects. These 

tailings suggested that the depositions of CNT and kaolinite to quartz sand may be 
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reversible and detachment might have occurred during the filtration. Similar phenomena 

has been reported in many previous colloid transport studies[64][65][66]. 

4.5  Co-transport at 1 mM NaCl and pH=3 

 

Figure 6 Breakthrough curves of m-1-3, c-1-3 and k-1-3 

 

Table 8 Mass recovery value of c-1-3, k-1-3 and compositions in m-1-3. The mass of free CNT, attached 

CNT and total CNT in the mixture were normalized by the corresponding influent compositions and the 

total influent CNT. 

   

For the solution condition of 1mM NaCl and pH=3, Breakthrough curves of attached   

CNT, free CNT and total CNT normalized by influent total CNT concentration and 

normalized concentration of CNT and kaolinite control were shown in Figure 6. Of the 
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mixture sample, only 2.1% of kaolinite recovered and no CNT transported through the 

column (shown in Table 8). The highly enhanced deposition was consistent with the less 

negatively charged surface of kaolinite, CNT and quartz sand at pH=3. In the presence of 

kaolinite, the mobility of free CNT and attached CNT was reduced compared with that of 

the CNT control: mass recovery rate decreased from 0.10 to 0. This is because the 

addition of kaolinite greatly induced particle aggregation with the average intensity mean 

increased from 977.6 nm to 2526 nm. As is also seen in Table 9 that 86% of the influent 

total CNT is in the attached form. In this case, attached CNT was retained in the column 

as kaolinite-CNT heteroaggregates since the mobility of kaolinite was extremely low in 

this solution condition (no kaolinite recovered in k-1-3). As of the 14% of free CNT, its 

high retention as well as the low concentration resulted in the mass recovery below the 

detection limit (0.14).  

Table 9 Influent CNT composition in co-transport experiments 

Influent 

Sample name 
free CNT/total CNT attached CNT/total CNT 

m-1-3 14% 86% 

 m-1-9  92.0% 8% 

m-10-9  96.9% ± 1.1% 3.1% ± 1.1% 

m-100-9 37.5% ± 6.6% 62.6% ± 6.6% 

m-1-5 97.4% ± 2.1% 2.7% ± 2.1% 
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4.6  Co-transport at 1 mM NaCl and pH=5 

 

 

 

 

Figure 7 Breakthrough curves at 1 mM NaCl and pH=5. (a):  m-1-5, c-1-5 and k-1-5; (b):  m-1-5 (2), c-1-5 

(2) and k-1-5 (2).  
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Table 10 Mass recovery value of c-1-5, k-1-5 and compositions of m-1-5. The mass of free CNT, attached 

CNT and total CNT were normalized by the corresponding influent compositions and the total influent 

CNT. 

Sample 

name 

m-1-5 

free 

CNT/fre

e CNT 

m-1-5 

attache

d 

CNT/a

ttached 

CNT 

m-1-5 

kaolini

te 

m-1-5 

total 

CNT/tot

al CNT 

m-1-5 

free 

CNT/t

otal 

CNT 

m-1-5 

attache

d 

CNT/t

otal 

CNT 

c-1-5 k-1-5 

Mass 

recovery 

(average 

± range) 

0.76 ± 

0.01 

0.60 ± 

0.08 

0.86 ± 

0.07 

0.75 ± 

0.00 

0.74 ± 

0.02 

0.02 ± 

0.01 
0.37 0.94 

 

 As the solution pH increased from 3 to 5, dramatic increase was shown on the recovered 

mass of the compositions in the mixture. For example, the recovery of total CNT reached 

75% while no recovery was shown when pH=3. In general, the increase of electrostatic 

repulsion among more negative charged surfaces as well as the smaller aggregation sizes 

of the influent contributed to the enhanced mobility. In comparison with the control 

samples, significant increase of total CNT mass recovery rate from 37% to 75% was 

revealed. Most kaolinite particles were recovered in cases with and without CNT.  

The influent CNT consists of less than 5% of attached CNT of which ~60% was 

recovered compared with 37% of c-1-5. This indicates that, the transport of the attached 

CNT was facilitated by kaolinite. With such a small proportion of the attached CNT in 

the influent, the increased mobility of total CNT under the presence of kaolinite is not 

mainly attributed to colloid facilitated transport (assume no aggregation/disaggregation 

occurred during the 900-s transport). The recovered free CNT from total free CNT was 

0.76 ± 0.01 which was about twice that of the CNT control (0.37). This demonstrates that 
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there is another mechanism rather than colloid facilitated transport that dominate the 

increasing CNT mobility during co-transport experiments. Therefore, it is likely that a 

competition of adsorption sites exists between kaolinites and CNT: the deposited 

kaolinites prevent the deposition of CNT on the quartz sands. Despite all kaolinite 

transported through the column, which seemed to make the site competition impossible, 

the reversible sorption illustrated by the tailing effect of kaolinite breakthrough curves 

and the high kaolinite to CNT concentration ratio (200) might lead to the site blocking 

effect.  

While the presence of kaolinite greatly enhanced CNT transport, kaolinite breakthrough 

curve of m-1-5 was slightly lower than k-1-5. The mass recovery value (86% ± 5%) did 

not show significant increase from that of the kaolinite control (94%).  
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4.7  Co-transport at 1 mM NaCl and pH=9 

  

Figure 8 Breakthrough curves of m-1-9, c-1-9 and k-1-9. 

Table 11 Mass recovery value of c-1-9, k-1-9 and compositions of m-1-9. The mass of free CNT, attached 

CNT and total CNT in the mixture were normalized by the corresponding influent composition and the 

total influent CNT. 

Sample 

name 

m-1-9 

free 

CNT/

free 

CNT 

m-1-9 

attached 

CNT/atta

ched 

CNT 

m-1-9 

kaolinite 

m-1-9 

total 

CNT/total 

CNT 

m-1-9 

free 

CNT/tota

l CNT 

m-1-9 

attached 

CNT/tot

al CNT 

c-1-9 k-1-9 

Mass 

recovery 

rate 

0.90 0.64 0.88 0.85 0.82 0.03 0.69 0.92 

 

In terms of the condition at 1mM NaCl and pH=9, compared with when pH=5, the 

mobility of CNT increased as is illustrated in Figure 8 and Table 11. 85% of the total 

CNT was recovered while the proportion was 75% in m-1-5. Mobility of kaolinite was as 

high as 89% and was close to that of m-1-5. The mechanism of this increasing trend of 

CNT mobility from pH=5 to pH=9 is similar to that from pH=3 to pH=5: lower particle 
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size hindered the straining effect and higher electrophoretic mobility enhanced the 

electrostatic repulsion between CNT and the collector.  

Similar to that of m-1-5, free CNT also showed higher mobility than that in the control 

group. Sorption site competition with the detachable kaolinite still served as the main 

mechanism. It is surprising that as of the transport of attached CNT in the mixture, the 

64% mass recovery rate was less than that of both free CNT and kaolinite. It is possible 

that due to the small proportion of the influent attached CNT (8%) whose light 

absorbance was slightly higher than the detection limit of the UV-vis instrument, decimal 

place of the data used to calculate mass recovery rate became important. However, the 

number of significance was not enough to show an accurate result.  

In consistency with that of m-1-9, the recovered kaolinite in the mixture remained as high 

as 88% of the total compared with 92% in kaolinite control. Transport of kaolinite was 

not affected significantly by the presence of CNT.  
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4.8  Co-transport at 10 mM NaCl and pH=9 

  

 

 

Figure 9 Breakthrough curves at 10 mM NaCl and pH=9. (a):  m-10-9, c-10-9 and k-10-9; (b):  m-10-9 (2), 

c-10-9 (2) and k-10-9 (2). 
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Table 12 Mass recovery value of c-10-9, k-10-9 and compositions in m-10-9. The mass free CNT, attached 

CNT, total CNT in the mixture were normalized by the corresponding influent compositions and the total 

amount of influent CNT. 

Sample 

name 

m-10-

9 free 

CNT/f

ree 

CNT 

m-10-9 

attached 

CNT/att

ached 

CNT 

m-10-9 

kaolinit

e 

m-10-

9 total 

CNT/t

otal 

CNT 

m-10-

9 free 

CNT/t

otal 

CNT 

m-10-9 

attached 

CNT/tot

al CNT 

c-10-9 k-10-9 

Mass 

recovery 

rate 

(average 

± range)  

0.59 ± 

0.04 

0.44 ± 

0.66 

0.82 ± 

0.01 

0.59 ± 

0.06 

0.58 ± 

0.03 

0.02 ± 

0.03 
0.37 0.86 

 

As of the co-transport under 10 mM NaCl and pH=9, kaolinite was as highly mobile as 

that of m-1-5 and m-1-9, not being greatly affected by CNT. However, the mass of total 

CNT transported through the sand column decreased to 0.59 from 0.85 of m-1-9 and 0.75 

of m-1-5. More retention of the CNT in quartz sands was revealed than the corresponding 

results in m-1-9 indicated the influence of the higher ionic strength (increased from 1 mM 

to 10 mM NaCl) on the surface potential as analyzed in previous groups. 

According to Table 12, 96.9% ± 1.1% of total CNT remained as free CNT in the influent. 

This is consistent with the particle size results shown in Table 3 in which the size of the 

mixture after 1h-mixing was close to that of the only kaolinite (p>>0.05). With such a 

small amount of attached CNT, its normalized concentration varied a lot among 3 

measurements of a single data point and great differences of curves for parallel 

experiments were shown in Figure 8. Therefore, the effect of kaolinite on the mobility of 

attached CNT was not determined in this solution condition. Similar to m-1-5 and m-1-9, 

free CNT was more mobile during the co-transport compared with that of CNT alone. 
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Mechanisms lay the same as the reversible attachment of kaolinite block the sorption 

sites of free CNT.  

It is also noticed from the Figure 8 that breakthrough curves of free CNT and kaolinite in 

the mixture peaked after 1 pore volume, indicating that similar to the transport of 

kaolinite and CNT alone, these compositions were retarded during the transport.  

 

4.9  Co-transport at 100 mM NaCl and pH=9 
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Figure 10 Breakthrough curves at 100 mM NaCl and pH=9. (a):  m-100-9, c-100-9 and k-100-9; (b):  m-

100-9 (2), c-100-9 (2) and k-100-9 (2).  

Table 13  Mass recovery value of c-100-9, k-100-9 and compositions in m-100-9. The mass free CNT, 

attached CNT and total CNT in the mixture were normalized by the corresponding influent compositions 

and the total amount of influent CNT. 

Sample 

name 

m-100-

9 free 

CNT/fre

e CNT 

m-100-9 

attached 

CNT/attac

hed CNT 

m-100-

9 

kaolinit

e 

m-100-9 

total 

CNT/tot

al CNT 

m-100-9 

free 

CNT/tot

al CNT 

m-100-9 

attached 

CNT/tot

al CNT 

c-

100-9 

k-

100-

9 

Mass 

recovery 

rate 

(average ± 

range)  

0.00 ± 

0.00 

0.36 ± 

0.02 

0.364 ± 

0.14 

0.26 ± 

0.11 

0.00 ± 

0.00 

0.26 ± 

0.11 
0.027 

0.33

6 

    

 In terms of the co-transport behavior in 100 mm NaCl and pH=9, breakthrough curves 

and mass recovery were demonstrated in Figure 10 and Table 13. Combing the results 

with that of m-10-9, it can be concluded that except attached CNT, the transport of 
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compositions in the mixture was hindered as the ionic strength rose from 10 mM to 100 

mM NaCl. For example, mass of the kaolinite recovered in m-100-9 decreased to 0.36 

from 0.82 in m-10-9.   

In the presence of CNT, the mobility of kaolinite was not significantly affected: the 

average mass recovery of kaolinite was 0.36 while it was 0.34 for kaolinite control. 

Whereas, kaolinite dramatically enhanced CNT transport: about 10 times of the original 

recovered CNT in the control group transported through the column. Moreover, almost 

all the recovered CNT was attached with kaolinite. 37.5% of influent free CNT was 

almost totally retained under the high ionic strength. At the same time, attached CNT 

showed very similar breakthrough curve to kaolinite with the same recovery rate of 0.36. 

The positive effect of kaolinite on attached CNT transport was attributed to the CNT-

kaolinite heteroaggregation that facilitated CNT transport.  

5. Conclusions and future research  

5.1  Conclusions 

The objective of this study is to investigate the impact of kaolinite on the transport of 

carboxylated multi-wall carbon nanotubes through saturated porous media in a range of 

ionic strength and pH conditions in the natural water systems. Particle characterization 

along with bench-scale column experiments were performed and the following 

conclusions were reached.  

Characterization of kaolinite, CNT and kaolinite-CNT mixture showed that not only the 

stability of CNT and kaolinite alone but also their interactions can be largely affected by 

solution condition (ionic strength and pH). Homoaggregation of CNT and kaolinite was 
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shown in extreme solution conditions (pH). While both CNT and kaolinite were 

negatively charged, significant heteroaggregation occurred at 1 mM NaCl, pH=3 and 100 

mM NaCl, pH=9 in this study.  

Under the presence of kaolinite, the mobility of total CNT was greatly increased in most 

solution conditions in this research. Generally, more CNT was recovered under higher pH 

and lower NaCl concentration. When few heteroaggregates exists, reversible attachment 

of kaolinite to the porous media blocked sorption sites of CNT; while in situations of 

significant CNT-kaolinite interaction, transport of attached CNT was facilitated by 

kaolinites in the form of CNT-kaolinite heteroaggregates.  

While kaolinite greatly affect the CNT transport, CNT did not significantly impact the 

transport behavior of kaolinite.  

5.2  Future research  

Findings in this study revealed that transport of nanomaterials in subsurface environment 

can be highly affected by natural clay particles such as kaolinite through complex 

mechanisms under various solution conditions.  Conclusions in this research along with 

the increasing production of nanomaterials and the ubiquitous natural colloids indicate 

that co-transport behavior is in great need to be deeply studied as precautions against any 

adverse effects of nanomaterials on human health and ecosystems. However, predictions 

for ENM behaviors in natural aquatic systems are still limited. Knowledge gaps and 

challenges include the complexity of the compositions in natural water, separation and 

detection method of ENMs and modelling of the interactions and co-transport of ENMs 

along with NOCs, etc. To improve the prediction of nanomaterial concentrations in 

aquatic systems, future studies with quantitative analysis via co-transport modelling and 
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investigations on other impacting factors such as ion types, nano-suspension solvents, 

porous media characteristics and influent concentration are suggested.  

Appendix: Curves of intensity mean (d.nm) as a function of time after mixing for 

CNT control, kaolinite control and the mixture samples.  
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