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Abstract 

Subsurface injection of nano scale zero valent iron (NZVI) particles is an emerging 

technology for in situ remediation of the sites contaminated by toxic contaminants such as 

chlorinated organic dense non aqueous phase liquids (DNAPLs) and heavy metals. One of the 

key challenges in applying NZVI particles for remediation at the field scale is that NZVI 

particles are not readily transported in subsurface porous media.  

The overall objective of this research is to address this challenge by conducting a number 

of column experiments and 2-D pilot scale tank experiments as well as by exploring the 

deposition mechanics of metal nanoparticles theoretically. Although numerous studies have 

focused the stability and transport of polymer/polyelectrolyte coated NZVI particles, the 

comparison of the effect of the same type of polyelectrolyte stabilizer with different molecular 

weight on the stability and transport of the corresponding coated NZVI particles has not been 

systematically conducted to date. Varying molecular weights of homologous polyelectrolytes can 

cause changes in viscosity and rheology in free solution, and alter the extent of colloidal stability 

when coated on the nanoparticles. Furthermore, most of the studies on NZVI particle transport 

have been conducted in the vertically placed columns, which are not representative with the 

actual flow orientation in field, leading to a potential difference of transport performance of 

NZVI particles between the commonly used vertical flow orientation and the horizontal flow 

model. In addition, the scale-up effects (from laboratory-scale column to pilot-scale or field-scale 

demonstrations) on NZVI transport are reported. In this study, a thorough investigation on NZVI 

transport is conducted in a 2-D pilot-scale tank to shed some light on the transport performance 

of NZVI particles under conditions that are more close to actual circumstances. Finally, to 

calculate the deposition rate coefficient of metal nanoparticles during transport, a considerable 

number of studies on NZVI particles transport employed equations for predicting the single 

collector contact efficiency that are developed on the basis of the numerical calculations for 

common colloidal particles such as latex particles, which have smaller densities than those of 

metal particles. Taking the horizontal flow mode and the density effects for metal nanoparticles 

into consideration, a new methodology is developed in three dimensions (3-D) to more precisely 

predict the single collector efficiency of NZVI particles. 
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In the first study, the influence of the molecular weight of the polyelectrolyte grafted on 

NZVI particle on its stability and transport was investigated. Three carboxymethyl celluloses 

(CMC) with different molecular weights (90,000 Da, 250,000 Da and 700,000 Da) were used to 

stabilize NZVI particles. The comparison of the results revealed that the stability and transport of 

NZVI particles were improved significantly by CMC with high molecular weight, due to its high 

viscosity property. In the second study, the effects of gravity on NZVI particle during its 

transport were extensively assessed in vertical and horizontal placed columns under different 

conditions (mean sand diameters and NZVI concentrations). The results indicated that the 

gravity forces significantly reduced NZVI particles transport in coarse sand and at high NZVI 

concentration in horizontally placed columns. To thoroughly study the impact of horizontal 

orientation flow on the transport of NZVI particles at a larger scale, a series of transport 

experiments were conducted in a pilot-scale 2-D tank. Furthermore, to address the challenges 

met in predicting the single collector efficiency in horizontal orientation flow mode, a 

methodology based on trajectory analysis of particles around a Happel sphere-in-cell model for 

porous media in 3-D was developed.  
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Résumé 

L’injection souterraine des nanoparticules de fer à zéro valence (NZVI) est une technologie 

émergente pour l'assainissement in situ des sites contaminés par des polluants toxiques comme 

les solvants chlorés et les métaux lourds. L'un des principaux défis dans l'application des 

particules de NZVI à des fins de rémédiation est que les particules de NZVI ne sont pas 

facilement transportées dans des milieux poreux souterrains. L'objectif général de cette recherche 

est de relever ce défi en réalisant un certain nombre d'expériences en colonnes et en 2-D sur des 

bassins à l'échelle pilote ainsi que par l'analyse de la mécanique de dépôt de nanoparticules 

métalliques en théorie. Bien que de nombreuses études ont porté sur la stabilité et le transport de 

nanoparticules de fer (NZVI) revêtues de polymère / poly-électrolyte, la comparaison de l'effet 

du même type de stabilisant en polyélectrolyte ayant des poids moléculaires différents, sur la 

stabilité et le transport des particules de NZVI enrobées n'ont pas été effectués systématiquement 

à ce jour. Des poids moléculaires variables des polyélectrolytes homologues peuvent provoquer 

des variations de viscosité en solution libre et dans l'étendue de la stabilisation colloïdale 

électrostérique de NZVI en s’attachant sur la surface des nanoparticules. Des études antérieures 

sur le transport des particules NZVI ont été menées dans les colonnes placées verticalement, qui 

souvent ne sont pas représentatifs de l'orientation de l'écoulement réel sur le champ, ce qui 

conduit à une différence de potentiel de performance du transport de particules NZVI entre 

l'orientation de l'écoulement vertical couramment utilisé et le modèle à flux horizontal. Outre, les 

effets à l’échelle grandissante (de la colonne à l'échelle de laboratoire, pilote ou des 

manifestations à l’échelle du champ) sur le transport de NZVI sont rapportés. Dans cette étude, 

une enquête approfondie sur le transport de NZVI est effectuée dans un réservoir en 2-D à 

l'échelle pilote afin de faire la lumière sur la performance du transport des particules de NZVI 

dans des conditions qui sont plus près de la situation réelle. Enfin, pour calculer le coefficient de 

vitesse de dépôt des nanoparticules de métal en cours de transport, un nombre considérable 

d'études sur les particules de NZVI ont été effectué en employant des équations de transport à fin 

de prédire le contact de rendement du capteur unique qui sont mis au point sur la base des calculs 

numériques pour les particules colloïdales communes moins denses tels que des particules de 

latex, qui ont des densités plus inferieures que celles des particules de métal. Prenant le mode 

d'écoulement horizontal et les effets de la densité de nanoparticules métalliques en considération, 
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une nouvelle méthode est développée en trois dimensions (3-D) afin de prédire plus précisément 

l'efficacité du collecteur unique de particules NZVI . 
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Chapter 1 

Introduction 

1.1     Background―significance of DNAPL contamination in subsurface 

The contamination of groundwater and aquifers by toxic organic chemicals is one of the 

major environmental and public health concerns because of health risks associated with the 

exposure to various organic chemicals found in groundwater [1, 2]. Among high health risk 

organic chemicals, chlorinated solvents such as trichloroethylene (TCE) and tetracholorethylene 

(PCE) are one of the most prevalent organic pollutants found in groundwater. It has been 

received considerable attention to groundwater contamination by these compounds due to their 

toxicity properties (carcinogenicity, teratogenesis and mutagenesis) and the resultant health 

hazards to human [3, 4]. Furthermore, once these chlorinated solvents are released from 

industrial sites (usually in metal parts manufacturing plants), they can remain in subsurface for as 

long time in the form of dense non-aqueous phase liquids (DNAPLs). Due to their low solubility 

in water, slow mass transfer from the DNAPL to the groundwater, and density greater than that 

of water, DNAPLs can serve as a long-term source of dissolved contaminant plumes in the 

subsurface [5-7]. Chlorinated solvents have been found in a large number of contaminated sites, 

and have already caused water supply from various aquifers to be unavailable for potable water 

use [8]. Therefore, it is urgent to develop clean-up strategies for these contaminated aquifers. 

 

 1.2    The DNAPLs remediation technologies and challenges  
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Substantial investigation of various technologies, such as aquifer flushing with surfactant 

(or bio surfactant), in situ oxidation, permeable reactive barriers (PRB), bioremediation, 

phytoremediation and thermal remediation technologies for restoring DNAPL-contaminated sites 

to meet drinking-water quality standards has been conducted [9]. However, to date, no large site 

contaminated by chlorinated organic DNAPLs have been successfully restored to meet drinking-

water quality guidelines using the above technologies, due to the limitations of different 

remediation technologies in restoring DNAPLs contaminated sites as summarized in a recent 

review paper [9]. Because DNAPLs can penetrate deep into the aquifer to the bedrock layers, 

technologies such as permeable reactive barriers (PRBs), which can only address shallow 

contamination, are ineffective. Bioremediation is often ineffective for chlorinated DNAPL 

remediation, as very few microorganisms can degrade chlorinated solvents to innocuous end 

products.  Surfactant flushing carries risks of mobilizing the DNAPL beyond the contaminated 

zone if the groundwater hydraulics of the site is not perfectly controlled. 

 

1.3     Motivation of the study 

1.3.1 Rationale for applying NZVI particles to remediate DNAPLs contaminated sites 

Zero valent iron can reduce TCE and PCE to non-toxic products, such as ethane, ethene 

and chloride ions [10]. Nanoscale zero valent iron (NZVI) has several properties, such as very 

high surface area and high redox potential that result in high reactivity to these compounds and 

its direct injection into chlorinated solvent-contaminated subsurface zones make it a promising 

technology to restore aquifers contaminated with chlorinated organics [11]. NZVI is relatively 

inexpensive to produce industrially in large quantities, and they may be introduced in to the 
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subsurface by injection of its suspensions in DNAPL-contaminated zones or packed in the 

barrier walls to intercept dissolved plumes [12-14]. 

Polymer-coated NZVI generally has low toxicity potential [15-18]. However, more in 

depth and extensive studies are needed to test the potential toxicity of NZVI particles under a 

variety of environmental conditions to ensure that NZVI-based remediation does not pose any 

health risks [19]. 

1.3.2 Limitations to transport of NZVI in the subsurface 

The effectiveness of NZVI-based site remediation applications will depend on several 

factors, the three most important of which are colloidal stability, feasible transport performance, 

and high reactivity [20]. However, numerous studies have pointed out that bare NZVI has poor 

colloidal stability and mobility in porous media. This is due to severe aggregation and binding 

caused by magnetic attraction between NZVI particles and a considerably weak repulsion 

interaction forces between particles [21-23]. The aggregation process leads to large-sized 

particles which may be easily deposited on collector grain surfaces or filtered out in the porous 

media during transport and subsequently lead to failure of NZVI in reaching the target 

contaminated zones [24]. Coating NZVI with polymers or polyelectrolytes has been considered 

as an effective method to overcome colloidal instability and aggregation [25, 26]. 

Despite good transport results obtained in a number of laboratory-scale studies, several 

field scale demonstrations indicated that the transport of NZVI particles was very limited [27, 

28], unlike predicted from the column results. This is attributed to the lower velocity, 

heterogeneous media size, higher NZVI concentrations used in the actual field situation than 

those used in the column experiments and etc. 
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1.3.3 Research Scope  

To address the difficulties in stabilizing NZVI particles and to solve the issue of the 

limited transport of NZVI particles, this study focuses on the transport of CMC-NZVI particles 

in model porous media to identify the influence of various factors on NZVI transport. The 

transport experiments were conducted in laboratory-scale 1-D column (10 cm length) in vertical 

and horizontal orientation columns as well as in a pilot-scale 2-D tank (Plexiglas, length=70 cm, 

height=35 cm, width=2 cm) to investigate the factors, which are expected to influence the 

transport of NZVI particles, such as the physco-chemical properties of the polyelectrolyte 

stabilizer (carboxymethyl cellulose, referred to as CMC in this study), the ionic strength of the 

background electrolyte medium, the concentration of NZVI particles, the size of the porous 

media, the flow orientation, system scale-up, the injection velocity and the viscosity of the 

suspension etc. Further, the modification of the classical model for predicting the single collector 

efficiency developed by Rajagopalan and Tien [29] (RT model) was conducted to investigate the 

effect of altering the flow direction from vertical to orientation on NZVI deposition on sand. 

First, three types of CMC with different mean molecular weights (90,000 Da, 250,000 Da 

and 700,000 Da, referred as 90K CMC, 250K CMC and 700K CMC, respectively) were selected 

to investigate the effect of molecular weights of the same type of polyelectrolyte on stabilizing 

NZVI and improving its transport. The viscosities of three different CMC solutions and the three 

CMC-NZVI suspensions were measured. The adsorbed mass of CMC on NZVI particles was 

analyzed, based on which the interactions between particles as well as between the particles and 

the collector were calculated by DLVO theory. The stability and transport of the three CMC-

NZVI particles under varied ionic strength and free CMC concentrations as well as particle 

concentrations were studied. 
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Second, the transport experiments with 700K CMC stabilized NZVI particles were 

conducted in the both vertically-placed and horizontally-placed columns to investigate the effect 

of the two flow modes on the transport of NZVI particles. 

Third, tank experiments with 700K CMC stabilized NZVI particles were conducted to 

study the scale-up effect on the transport. The effects of CMC concentration, NZVI 

concentration, porous media size and the injection velocity on the transport in the 2-D tanks were 

investigated. 

Finally, the trajectory analysis of particles in 2-D developed in the RT model 

(corresponding to the vertical flow model) was modified and extended to 3-D to simulate the 

trajectory of particles around collector surfaces in 3-D. The scenario to include Brownian motion 

in the calculation was developed. Much wider ranges of several parameters (particle density, 

collector size, viscosity and flow velocity) were included in the simulation calculations to reveal 

the distinct properties of NZVI particle (dispersed in viscous polymer or polyelectrolyte solution) 

from common colloids on its trajectory around the collector. 

1.4      The specific objectives 

This study focuses on the transport of CMC coated NZVI particles under different 

conditions and in different scale reactors. The overall goal of this study was to evaluate the 

transport of polyelectrolyte-coated, industrially produced NZVI in clean homogeneous packed in 

laboratory scale 1-D column and 2-D pilot scale tanks.  

The specific objectives of this study are: 
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 To evaluate the effect of different molecular weight CMC (polyelectrolyte) 

coatings on NZVI colloidal stability and transport in laboratory-scale columns 

under various particle concentrations and sand sizes; 

 To investigate the effects of the viscosity of CMC-NZVI suspension on the 

stability and the transport of NZVI particles; 

 To compare the effects of vertical and horizontal flow on the transport of NZVI 

particles in porous media in a model aquifer system represented by a sand-packed 

column; 

 To investigate the effects of viscosity of the suspension, the flow injection 

velocity and the NZVI particles concentration as well as the collector size on the 

transport of NZVI particles and on the change of hydraulic conductivity in a 

model aquifer system represented by a 2-D tank; 

 To develop a mathematical model to predict the single collector efficiency of 

NZVI particles in horizontal flow. 

1.5     Scope and structure of the thesis 

This thesis is a manuscript-based thesis. The submitted and/or accepted manuscripts are 

presented in the thesis. The co-authorships and connection texts are presented on the first page of 

each chapter. Chapter 2 presents a critical review of previous studies related to the relevant 

research topics. Chapter 3 presents the stability and transport of three different types of CMC-

NZVI particles (CMC with different mean molecular weights). Chapter 4 presents the transport 

of 700K CMC-NZVI particles in vertically and horizontally placed columns. Chapter 5 presents 

the transport of 700K CMC-NZVI particles in a bench-scale 2-D tank. Chapter 6 presents the 
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development of a new correlation equation for single collector efficiency prediction based on the 

trajectory analysis of particles in 3-D. Intellectual contributions are summarized in Chapter 7. 

 

1.6     Contribution of Authors 

The Methods, Results, Discussion and Conclusion sections of the thesis are presented in 

Chapters 3-6 as four journal manuscripts. Authorships of four articles are stated as below: 

 

Chapter 3 

Colloidal stability and transport of NZVI particles coated with carboxymethyl cellulose of 

various molecular weights, to be submitted to Water Research, December 2013, J. Li, S. 

Ghoshal 

Experimental design and execution, including the particle characterizations (TEM, DLS, NTA, 

zeta potential, conventional optical microscope and elements analysis), sedimentation settling 

experiments, column transport experiments, data analysis, DLVO theory calculations as well as 

the manuscript writing were conducted by J. Li. S. Ghoshal provided the supervision of the 

research and the experimental design as well as the editing of the manuscript. 

 

Chapter 4 

Comparison of Transport of Nanoscale Zero Valent Iron Nanoparticles under Vertical and 

Horizontal Flow, to be submitted to Water Research, December 2013, J. Li, S. Ghoshal 

Experimental design and execution, including the particle and sand characterizations, 

sedimentation settling experiments, column transport experiments, data analysis, primary theory 
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calculations as well as the manuscript writing were conducted by J. Li. S. Ghoshal provided the 

supervision of the research and the experimental design as well as the editing of the manuscript. 

 

Chapter 5 

Transport of polyelectrolyte-coated zero valent iron nanoparticles in a sand tank: Effects of 

nanoparticle concentration and injection velocity, to be submitted to Environmental Science and 

Technology, December 2013, J. Li, S. R. C. Rajajayavel, S. Ghoshal 

The design and the tank system and the experiments were conducted by J. Li. S. R. C. 

Rajajayavel gave assistance in execution of the tank experiments. The samples measurements, 

data analysis and the manuscript writing were also conducted by J. Li. S. Ghoshal provided the 

supervision of the research and tank design as well as the editing of the manuscript. 

 

Chapter 6 

Correlation equation for predicting single-collector efficiency using trajectory analysis method in 

three dimensions, to be submitted to Environmental Science and Technology, December 2013, J. 

Li, X. H. Xie, S. Ghoshal 

The model design was conducted by J. Li. X. H. Xie provided assistance in Matlab codes and 

forth order Runge-Kutta calculations. The simulation calculations and data analysis as well as the 

manuscript writing were conducted by J. Li. X. H. Xie conducted the regression calculations. 

S.Ghoshal provided the supervision of the research and the editing of the manuscript. 
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Chapter 2 

Literature review 

2.1     Introduction  

Site contamination is often caused by past disposal practices for toxic chemicals in land. 

Among these contaminated sites, the sites, where the contaminants spread to the aquifer and 

cause groundwater contamination, are often more challenging to restore than those with surface 

soil contamination only. The contamination of groundwater with toxic chemicals can put human 

and ecological health at risk. Among priority pollutants, chlorinated solvents such as 

trichloroethylene (TCE) and tetracholorethylene (PCE) are the among the most prevalent 

organics in groundwater [1]. These compounds have received considerable attention due to their 

carcinogenicity, teratogenesis and mutagenesis properties as well as other health hazards to 

human [2, 3]. Furthermore, once these chlorinated solvents are released from industrial sites, 

where most of the chlorinated solvents are used, they can remain in subsurface for as long time 

in the form of dense non-aqueous phase liquids (DNAPLs). Due to their low solubility in water, 

slow mass transfer from the DNAPL to the groundwater, and density greater than that of water, 

DNAPLs can serve as a long-term source of dissolved contaminant plumes in the subsurface [4-

6]. Chlorinated solvents have been found in a large number of contaminated sites, and have 

already caused water supply from various aquifers to be unavailable for potable water use [7]. 

Therefore, it is urgent to develop clean-up strategies for these contaminated aquifers. Substantial 

investigation of various technologies, such as aquifer flushing, in situ oxidation, permeable 

reactive barriers (PRB), bioremediation and phytoremediation for restoring DNAPL-

contaminated sites to meet drinking-water quality standards has been conducted [8]. However, to 
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date, none of large sites contaminated by chlorinated organic DNAPLs have been successfully 

restored to meet drinking-water quality guidelines using the above technologies [9, 10]. 

According to an inventory [11], during 1998-2001 total on- and off-site releases of methylene 

chloride, PCE, TCA, and TCE averaged about 33 million pounds, 4 million pounds, 0.5 million 

pounds, and 11 million pounds in U.S., respectively. Environment Canada reported that a huge 

amount of chlorinated solvents was consumed in Canada as degreasers and dry cleansers as well 

as chemical intermediates [12, 13]. These data imply that there a a large number of chlorinated 

organic DNAPLs contaminated sites in US and Canada. 

2.1.1 Chlorinated solvent toxicity  

Chlorinated solvents in general are harmful to human and ecological health because they 

can cause or are suspected of causing cancer. Chlorinated solvents have been associated with 

both acute and chronic human-health problems including liver damage and possible kidney 

effects, spontaneous abortions, reduced fertility, cancer, and childhood leukemia [14, 15]. Based 

on a series of studies about the toxicity of chlorinated solvents, USEPA has set very low 

concentrations of the maximum contaminants levels for chlorinated solvents [16]. 

As the industrial introduction of chlorinated solvents in the beginning of the last century, 

symptoms relating to cranial and peripheral nerves have been identified. During the last few 

decades of the last century, toxic effects on the liver and kidneys, cardiac effects and mutagenic 

outcomes have also been recognised.  

Spills and leaks of chlorinated solvents have caused widespread subsurface contamination 

in the environment.  Considerable efforts have been focused on the risk assessment of the 

groundwater containing with chlorinated solvents contaminants [17, 18].  
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2.1.2 Chlorinated solvent remediation technologies 

Extensive remediation efforts have been made in testing of the commonly available 

approaches such as pump-and-treat and in investigating new approaches to restore the sites 

contaminated by chlorinated solvents. The advantages and disadvantages of the possible 

treatment technologies for chlorinated solvent contamination of soil and groundwater are briefly 

described here. 

2.1.4.1 Conventional Pump-and-Treat 

Pump-and-treat remediation involves extracting contaminated water from aquifers, which 

would be directly adsorbed by granular activated carbon or would be extracted by air stripping, 

followed by the adsorption of granular activated carbon in the gas phase. The conventional 

pump-and-treat method represented 73% of cleanup agreements between 1982 and 1992 [19]. 

Pump-and-treat method was proposed to meet different objectives in plume management, plume 

migration control or complete plume remediation. However, an NRC panel review pointed out 

that most of the chlorinated contaminated sites remediated with pump-and-treat method did not 

meet the cleanup goals [20, 21], due to the complexity of geological settings and slow rates of 

chlorinated solvents desorption from the aquifer solid matrix. 

2.1.4.2 Air-Injection Systems 

Chlorinated solvents contaminants can also be readily removed from site by injecting air 

into subsurface. Alternative air-injection approaches include vacuum extraction, bioventing and 

air sparging [22].   

Vapor extraction is one type of air injection method with the purpose to enhance the movement of the 

injected air through soil and vadose zone by applying a vacuum at a sealed wellhead or with the aid of 

blowers. Vapor extraction method may be used to rapidly remove the chlorinated solvents contaminants 
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in vadose zone and soil. However, due to the slow desorption rate of chlorinated solvents from the porous 

media in subsurface, the removal usually cannot be complete. Additionally, the subsequent ex-situ 

treatment system to remove contaminants from the contaminated air is needed, which renders the cost to 

be high. 

Air sparging is by injecting pressurized air to remove chlorinated solvents from groundwater. The 

contaminants are anticipated to be brought to vadose zone, where they can be removed by the above soil 

vapor extraction approach. Air sparging approach is operated with very complicated wells design. Further, 

as very expensive subsequent treatment work is needed to remove chlorinated solvents from the soil gas 

[23].  

2.1.4.3 Biodegradation 

Considerable research involving aerobic and anaerobic biological transformations of 

chlorinated solvents began from the 1980s. However, to date, the knowledge gained indicates 

that the transformation products are generally hazardous, with possibility of generation of some 

vinyl chloride, which can be even more hazardous than the original contaminants [24]. Thus 

bioremediation is not always be feasible for chlorinated solvents. By mixing methane, oxygen and 

TCE and cultures naturally present on aquifer solids, TCE could be destroyed to smaller molecules rather 

than simply transforming into other hazardous compounds [25]. Two field demonstrations were 

conducted to evaluate the feasibility of using cometabolism for groundwater bioremediation of TCE [26, 

27], one of which was successful in removing 97% of TCE [26].  Initially, anaerobic transformation of 

vinyl chloride ethane to non-hazardous ethane was found by Freedman and Gossett [28]. Based on this 

finding, the natural attenuation was developed and has been considered as an alternative remediation 

approach. Chlorinated solvents can be anaerobically destructed at very high concentration (even higher 

than 100 mg/L) [29, 30]. However, anaerobic bioremediation approach of chlorinated solvents can only 

be used for plume rather than source zone, due to the toxicity of concentrated chlorinated solvents to 
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microorganism [31-33]. Another disadvantage of bioremediation is long term needed (usually, several 

years is needed). 

2.1.4.4 Cosolvent and surfactant flushing 

Adding chemicals or surfactant to chlorinated solvent contaminant source zone to 

improve the solubility of DNAPLs (or residual chlorinated solvents) is referred as cosolvent or 

surfactant flushing. Cosolvent and surfactant flushing approach has been applied in many field 

sites [34-36]. 

Cosolvent flushing usually uses the mixture of ethanol and water with or without other common 

chemical solvents such as n-pentanol [37]. Several sites results have shown that a significant amount of 

contaminants was removed [37-39]. Apart from the very high efficiency of contaminants removal, the 

remained ethanol in the subsurface after finishing the flushing process could be favorable for the 

subsequent bioremediation [40]. However, the issue that the flow of the dissolved chlorinated solvents 

could be uncontrolled is of concern. The flushing produced mixture (cosolvent, water and dissolved 

chlorinated solvents) would be difficult to treat. Additionally, cosolvents are usually costly. 

Using surfactant to replace the above cosolvent is proposed to promote the solubility of DNAPLs 

or residual chlorinated solvents much more effective, due to the stronger capability of surfactant to 

enhance the solubility of hydrophobic molecules. Several types of the surfactants such as Tween 80 and 

sodium dihexyl sulfosuccinate, have been tested to flush the chlorinated solvent contaminants zone. Very 

high removal rates were obtained in these field demonstrations [41, 42]. However, the concern that the 

surfactant can lower the interfacial tension of DNAPLs, causing them to migrate away from the 

contaminated site more readily, has been discussed [34]. Additionally, the issues for cosolvent flushing 

approach also exist in surfactant flushing approach. 

2.1.4.5 In situ thermal technologies 

As it is difficult to remove the adsorbed chlorinated solvent contaminants in the soil 

matrix via the in situ air stripping processes, adding heat to an aquifer was considered to be 
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effective to remove adsorbed solvents [43]. Thermal techniques include stream injection, 

electrical resistive heating and thermal conductive heating. Several remediation cases have been 

applied the in situ thermal technologies and very attractive results have been gained [44-46]. The 

thermal remediation technologies, however, rely on substantial energy generation capacity and 

are costly.  

2.1.4.6 In situ chemical transformation 

Adding chemicals (oxidants or reducers) to destruct the chlorinated solvents in the contaminated 

sites are referred as in situ chemical transformation. Two common scenarios are oxidative and 

reductive chemical processes. 

1) Oxidative chemical transformation processes 

Adding oxidants such as Fenton’s reagent and permanganate to effectively oxidize 

chlorinated solvents to form the carbon dioxide and chloride has been demonstrated by several 

field cases [41, 47, 48]. Most of chlorinated solvents were oxidized and removed in these cases 

studies [41]. Oxidative chemical process, however, would not be widely applied, due to the 

possible subsequent consequence after using these strong oxidants: they can destroy not only 

chlorinated solvents but also microorganism and organic compounds which are favourable for 

ecosystem. 

2) Reductive chemical processes 

Adding chemicals to replace chlorides with hydrogen in the chlorinated solvents 

molecules and to reach the reduction purpose is stated as reductive chemical process. The most 

popular chemical agent used in the reductive chemical process is zero valent iron (ZVI), which 

was initiated by Gillham and O’hannesin [49]. Fourteen different chlorinated solvents, including 

chlorinated methanes, ethenes and ethanes, have been reduced by ZVI in the literature. Based on 
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this finding, a new remediation technology, called permeable reactive wall (PRB) was developed, 

which has been widely employed worldwide [50, 51]. However, PRB approach is a passive 

approach, which can only be used to treat the contaminants in relatively passive groundwater 

plumes. This indicates that it needs a very long time to remove all contaminants to meet the 

remediation objectives or to meet the guideline of drinking water quality, and can only be 

applied for shallow contamination [52].  

2.2     Nanoscale zero valent iron (NZVI) particle  

2.2.1 Discoveries 

In 1972, zerovalent metals were first reported to be effective in breaking down pesticides 

and other chlorinated organic compounds in aqueous solution by Sweeny and Fisher [53]. And 

until the end of 1980s, Gillham’s group at University of Waterloo conducted investigations to 

evaluate the dechlorination reaction mechnisms of TCE and PCE by granular ZVI [54]. Based on 

these research findings, several field scale ZVI-PRB were built up in the sites contaminated by 

chlorinated solvents. From 1996, in which year Weixian Zhang reported that nanoscale ZVI 

(NZVI) particle showed a much better reactivity with chlorinated solvents than that of ZVI, due 

to its small size and the resulting large surface area [55], substantial studies investigated the 

effects of NZVI particles on dechlorinating chlorine(s) from chlorinated solvents or stabilizing 

heavy metals as well as on reducing nitrates [50, 56-61]. Since the past decade, the application of 

NZVI in site remediation has been thoroughly studied in several aspects―the improvement the 

reactivity of NZVI by combining NZVI with a noble metal (such as, Pd, Pt, Ag) salt solution to 

yield a bimetal nanoparticle [62], the stabilization of NZVI particles, the transport of NZVI 

particles and the combination of NZVI particle technology with other site remediation 
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technology (such as bioremediation) as well as the potential toxicity of NZVI particles to 

ecosystem [63, 64]. Due to the small size of NZVI particles, they can potentially transport 

through the porous media in the subsurface. Thus, it has been proposed to directly inject NZVI 

particles into the subsurface as a new remediation technology. 

2.2.2 Properties and applications 

Zero valent iron can reduce TCE and PCE to non-toxic products, such as ethane and 

ethene and chloride ions [65]. Nanoscale zero valent iron (NZVI) has several properties such as 

very small size (usually ranging from tens nm to several hundred nm), very high surface area and 

resulting high reactivity to these compounds and its direct injection into chlorinated solvent-

contaminated subsurface zones make it a promising technology to restore aquifers contaminated 

with chlorinated organic compounds [66]. Moreover, NZVI has other distinct advantages of 

implementation in remediation: it is relatively inexpensive to produce industrially in large 

quantities, and they may be introduced into the subsurface by injection of its suspensions in 

DNAPL-contaminated zones or packed in the barrier walls to intercept dissolved plumes [67-69].  

NZVI particles are prone to aggregation in aqueous suspensions to form big particles, 

resulting from the strong magnetic attraction between particles and relatively weak repulsion 

interaction forces between particles [70-72]. This aggregation process leads to large-sized 

particles which may be easily deposited on collector grain surfaces or filtered out in the porous 

media during transport and subsequently lead to failure of NZVI in reaching the target 

contaminated zones [73]. Thus, stabilization of NZVI particles in the suspension is a key 

challenge. Coating NZVI with polymers or polyelectrolytes has been considered as an effective 

method to overcome colloidal instability and aggregation [74, 75]. Several other methods have 

been developed to stabilize NZVI particles―emulsifying NZVI particles with oil and surfactant 
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[76, 77], supporting NZVI particles on microscale activated carbon or silicon gel [78-81]. 

Emulsified NZVI (ENZVI) particles have been tested in several field demonstrations [69, 82], 

but the limitation of ENZVI―the very high viscosity of the suspension―makes the injection 

difficult and the failure of delivery of NZVI particles to the contaminated zones. Thus, when 

using ENZVI to reduce the contaminants in site, the contaminant source zones are required to be 

close to the injection point. Supporting NZVI particles on microscale activated carbon or silicon 

gel have been reported in literature, but no case study has been reported yet [83]. One concern 

with this approach is that it is difficult to impregnate a large amount of NZVI particles into the 

support, which would result in the deficient of the overall reactivity [80]. Further, the capability 

of the adsorption of support (activated carbon or silicon gel) would be significantly decreased by 

the impregnated NZVI particles. In turn, the proposed scenario that the adsorption performance 

of activated carbon can concentrate the contaminants to rapid access to the supported NZVI to 

expedite the reduction reaction of contaminants is likely to be impracticable [78]. 

Polymer-coated NZVI have been found to show lower toxicity potential [84]. However, 

more in depth and extensive studies are needed to test the potential toxicity of NZVI particles 

under a variety of environmental conditions to ensure that NZVI-based remediation does not 

pose any health risks [85]. 

The effectiveness of NZVI-based site remediation applications will depend on several 

factors, the three most important of which are colloidal stability, feasible transport performance, 

and high reactivity [86]. However, numerous studies have pointed out that bare NZVI has poor 

colloidal stability and mobility in porous media.  
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2.2.3 Aggregation of NZVI particles 

For NZVI particles, in addition to the Van der Waals force and electrostatic force, the 

magnetic force (as well as the steric force for polymer stabilized NZVI) was also taken into the 

account in the calculation of the extended DLVO theory to predict the extent of aggregation 

between particles [87]. The extended DLVO theory calculations results reveal that pristine NZVI 

particles always show a very deep secondary minimum in the range of IS from 10 mM to 100 

mM with the nearly neutral pH, indicating a very strong trend of aggregation [87]. However, 

after coating with polyelectrolytes, steric repulsion needs to be accounted for in the extended 

DLVO calculations. As a result of the polyelectrolyte coating, the secondary minimum between 

NZVI particle and particle is usually reduced significantly or even negligible [87, 88], leading to 

very less attractions between particle and particle and in turn causing very little aggregation.  The 

effects of aggregation on NZVI particle transport have also been extensively studied.  

2.3     Transport of NZVI particles  

The transport performance of NZVI particles is usually assessed in laboratory by 

conducting transport experiment in packed bed columns. From the breakthrough curve, the 

transport performance can be assessed. Various parameters such as flow velocity, ionic strength, 

pH, collector size, collector material, NZVI particle concentration and NZVI particle size as well 

as polymer (polyelectrolyte) type, which can affect the transport of NZVI particles, are 

extensively studied by several research groups. Lowry’s group in Carnegie Mellon University 

has published on the transport of NZVI particles in laboratory column [70, 89, 90]. Their work 

includes the investigations of the effects of different types of polyelectrolyte on the transport of 

NZVI particles, the effects of the concentration of NZVI particle on its transport, the magnetic 
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property of nanoscaled iron particles and its effects on transport, the effects of ionic strength and 

aging of NZVI particle on its transport. Zhao’s group in Auburn University has also published 

several papers on NZVI particle transport in packed bed column [91, 92], including one study on 

investigating the effects of flow velocity and collector material on CMC stabilized NZVI particle 

and one study on the effect of NZVI particle size on its transport. Sethi’s group has focused on 

the effects of polymer such as guar gum and xanthan gum on the stabilization and transport of 

NZVI particles [93]. Additionally, O’Carroll’s group in the University of Western Ontario has 

investigated the transport of CMC stabilized NZVI and Pd-Fe nanoparticle transport [94]. 

Raychoudhury et al studied the effect of the increase of particle size during transport on the 

single collector efficiency and the resultant deposition rate of NZVI particles [95]. Taken 

together, the transport results obtained in these studies indicated that polymer or polyelectrolyte 

stabilized particles show a significantly improved transport. 

A large number of pilot-scale tests and field scale demonstrations of NZVI particle have 

been conducted to assess the long-term transport performance of NZVI particles in field [96]. 

Zhang’s group in Lehigh University have conducted two field demonstrations on NZVI transport 

[62, 69].The results from their demonstrations show that NZVI particles can effectively transport 

in the subsurface and degrade the chlorinated solvents there effectively. Quinn and her 

colleagues also conducted several pilot- and field-scale demonstrations on the transport of 

emulsified NZVI particles [96, 97] and their results indicate that ENZVI can effectively transport 

with groundwater flow and reduce the mass and concentrations of chlorinated solvents. Zhao’s 

group in Auburn University also conducted one small pilot-scale tank experiment to attempt to 

use SEAWAT software to simulate the transport performance of NZVI particles in porous media 

[98] and two field demonstration of CMC stabilized NZVI particles [99, 100]. The small tank 
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experimental results showed that NZVI particle can not only move forward with the flow but 

also settle with gravity, due to its high density [98]. One of their field demonstrations results 

show that CMC stabilized NZVI particles are very mobile once they are injected into the 

subsurface while the mobility reduces with time and after 13 hs, the particles are immobile [99]. 

The other demonstration showed that CMC stabilized Fe-Pd nanoparticles are more mobile in the 

soil under the injection with high pressure [100]. Phenret et al conducted a laboratory-scale 2-D 

tank experiment to compare the effects of NZVI particle concentration, Fe0 content in the 

particle and the polyelectrolyte types on the transport of particles [101]. Transport of NZVI 

particles at low concentration (0.3 g/L) was more efficient than those at high concentrations (3 

g/L and 6 g/L) and that the particle with high Fe0 content exhibited less transport [101]. Only one 

pore volume of NZVI particles was injection in the study, which implies the results may not be 

true for the long-term field application. Further, the estimated thicknesses values of different 

polyelectrolyte coatings in NZVI particles reported in the study are prone to be too thick (from 

30 nm to 70 nm) [101] and may be not correct, because only around 2.5% of the total coated 

particle mass was the polyelectrolyte and the particle diameter was less than 50 nm, unlikely 

generating a such thick coating. Recently, Wei et al also conducted a field demonstration on the 

transport and reactivity of Fe-Pd particle from Lehigh Nanotech and self-prepared NZVI coated 

by a nonionic surfactant in Taiwan [68]. Their results indicate that NZVI particles can transport 

efficiently in the soil and around 50-99% of VC was reduced, might due to the fact that the 

authors used a type of containing a non-ionic surfactant to on-site synthesize their NZVI particles. 

Johnson et al published a field demonstration work on CMC stabilized NZVI particles [102]. A 

very limited transport of NZVI particles is reported in the study [102], which would be due to the 

fact that 4 g/L CMC solution was used to stabilize NZVI particles and a large volume of free 
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CMC solution was injected into the site, whose viscosity is likely to be too high and to cause a 

very high resistance for flow to move forward. Taken together, the results obtained in these field 

demonstrations reveal that the transport of NZVI particles is not as efficient as those obtained in 

the laboratory-scale column, due to many factors such as the heterogeneous geophysical and 

geochemical properties and the less flow rate in the field. 

2.4     Prediction of the transport of NZVI particles by the colloid filtration 

theory 

Colloid transport equations that account for dispersion, advection and deposition on 

collector surfaces, is often used to calculate NZVI transport in porous media in such l-

dimensional columns [88, 91]. 
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where C is particle concentration, D is hydrodynamic dispersion coefficient, u is average 

linear velocity and k (T-1) is the first order deposition rate coefficient, described in [103]. 

Nanoparticle deposition in porous media has been described by the colloid filtration 

theory in several studies [104, 105]. According to this theory, the particle deposition rate 

coefficient is represented as function of the single collector contact efficiency (η0) and the 

attachment efficiency (α) as shown in equation 2.2.  
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In the above equation ε is porosity of media and dc is the average diameter of collector 

and u is Darcy velocity. The parameter 0  is the probability of collision of a particle flowing 
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through the porous media and can be theoretically determined by Tufenkji and Elimelech 

equation (T&E model) [106]. The parameter α represents the probability of sticking of a particle 

on the collector after collision, or in other words the probability of a collision that leads to 

deposition. The attachment efficiency is usually determined from experimental data of C versus t 

(or breakthrough curves) by solving for equation 2.1 and 2.2 with the assumption of steady state 

transport (or ∂C/∂t=0) and negligible dispersion [91, 107].  

In addition to the general deposition mechanisms mentioned above, the other deposition 

mechanisms such as detachment, straining and wedging, blocking as well as ripening are usually 

taken into account to explain the transport performance of NZVI particles under various 

conditions [70, 95, 108, 109].  

The density scale of NZVI particles ranges from 6.3 g/cm3 to 7.8 g/cm3, and is beyond 

the density scale covered in T&E model (which is from 1.0 g/cm3 to 1.8 g/cm3). Yet, many 

studies on NZVI particle transport in 1-D column used T&E model to predict the single collector 

efficiency and subsequently to calculate the attachment efficiency as well as the deposition rate 

of NZVI particles [89, 91, 95, 110, 111]. Further, the transport of NZVI particles in field 

injection cases would suject to be horizontal orientation, which is different from the flow 

orientation in the 1-D downward or upward flow columns. The T&E model was formulated 

based on downward flow column and two dimensional (2-D) analysis of collector frame was 

used in the model. More precisely predicting the single collector efficiency of NZVI particles 

transport in field or in any cases with horizontal flow orientation, three dimensions (3-D) of 

collector frame should be taken into account.  
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3.1 Introduction 

 
The direct injection of nanoscale zero valent iron particles (NZVI) into the subsurface for 

remediation of sites and aquifers contaminated with organic and inorganic pollutants including 

chlorinated solvents or heavy metals has generated considerable interest [1-5]. The high redox 

activity of zero valent iron which can readily yield at least two electrons from each iron atom, 

combined with the high specific surface area of nanoscale particles makes NZVI a potential 

agent for chemical reduction of a variety of pollutants, e.g. chlorinated solvents [6-8], 

chlorinated biphenyls [9, 10], flame retardant compounds [11, 12], hexavalent chromium and 

arsenic [4, 13, 14].   

 A major hindrance to field-scale implementation of NZVI-based groundwater 

remediation is the aggregation of NZVI due to the magnetic forces [7, 10-13]. Furthermore, 

remediation of typical sites contaminated by chlorinated solvents via in situ injection of NZVI is 

expected to require injecting g/L concentrations of NZVI, and at such elevated concentrations 

there will be extensive aggregation due to the increased likelihood of particle-particle collisions 

[15]. Aggregates of several microns in size may be formed from NZVI, and these aggregates are 

likely to get filtered out during subsurface transport, and remain close to the point of injection 

[16]. 

To improve the efficacy of NZVI-based in situ remediation, reducing aggregation and 

promoting its colloidal stability is essential [17, 18]. Several approaches have been suggested to 

alleviate aggregation and to stabilize NZVI particles: suspending NZVI in emulsified oil [19, 

20], embedding NZVI onto supports of carbon or silica particles [21, 22], and coating NZVI 

particles with polymer or polyelectrolyte molecules [23-30]. Among these approaches, colloidal 
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stabilization by coating with polymers or polyelectrolytes is more commonly reported [16, 29, 

31-33]. Polyelectrolyte layers on the corresponding coated NZVI particle surface can provide 

considerable interparticle repulsion by steric and electrostatic forces against attractive by van der 

Waals and magnetic forces [28, 31, 34, 35]. 

A wide variety of polyelectrolytes and polymers such as poly (styrene sulfonate) (PSS), 

polyacrylic acid (PAA), polyaspartate (PAP), carboxymethyl cellulose (CMC) and guar gum, has 

been tested to stabilize NZVI particles [28, 36-38]. Our prior studies have shown that CMC is an 

effective agent in stabilizing NZVI due to its carboxylate and hydroxyl groups, which can bind 

with NZVI surface and thus stabilize NZVI particles efficiently [39-41]. Different CMCs with 

varied molecular weights such as 90 000 Da, 250 000 Da and 700 000 Da (referred to as 90K, 

250K and 700K CMC respectively) have been used to coat NZVI particles. He et al reported that 

90K CMC can effectively amend the size of NZVI particles [38] and the particles obtained by 

pre-coating 90K CMC can transport effectively in the lab scale columns [25] and in real field 

[42]. The significant mobility of 90K CMC coated NZVI particles was also reported by 

Raychoudhury et al. [28] and Kim et al. [43]. A newly published field study [44], however 

reported that 90K CMC modified NZVI particles were not very mobile (1 g/L NZVI dispersed in 

4 g/L CMC solution). Recently, Kocur et al extensively studied the effects of 250K CMC dose 

and flow velocity on the stability and transport of NZVI particles [45]. They found that the 

stability and transport of NZVI particles increased with increasing of CMC concentration. The 

stability and transport of both 90K CMC and 700K CMC modified NZVI particles were reported 

in the studies conducted by Phenrat et al [46] and Kim et al [43]. 

Comparisons of the effectiveness of various polymers in reducing aggregation do not 

indicate a clear dependence on molecular weight, as factors such as charge on the 
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polyelectrolytes, the binding of the polyelectrolyte to the particle surface and the chemical 

properties of the polymer can influence the extent of stabilization. The extent of aggregation 

however is reduced by increasing molecular weights of homologous polymers and 

polyelectrolytes [31, 47]. Varying molecular weights of the same polyelectrolyte can cause 

changes in viscosity and rheology, which may also alter the colloidal stability of NZVI [48]. 

Varied physical and structural properties of the same type of polyelectrolyte could affect their 

colloidal stabilization efficiency on NZVI particles [31, 38, 49].  

Admixtures of NZVI particles with shear-thinning fluids, which show less viscosity at 

higher flower rate, have been proposed as a promising method for enhancing NZVI transport 

[50-53]. Shear fluids are viscous when static and can stabilize NZVI particles, while the viscosity 

of fluids would reduce with increasing flow rate. As the hydraulic conductivity of the saturated 

porous media is negatively related with the viscosity of the flow, the resistance for NZVI 

particles, which is stabilized by the shear-thinning fluid, to transport through would be reduced 

with the increase of the flow rate. It is important to study the effects of shear-thinning on the 

stability and mobility of NZVI particles. Several studies have compared the effects of 

homologous polyelectrolytes with different molecular weights on the stability and transport of 

NZVI particles, such as PSS,PAP and CMC [30, 43]. However, these studies have only 

investigated the effects of molecular weight of homologous polyelectrolytes on the changes of 

electrostatic and steric stabilization of NZVI and its impact on aggregation and transport [46] 

[43], and have not considered the role of polyelectrolyte viscosity and rheology on the stability 

and transport of NZVI. 

The objective of the study was to assess the role of viscosity of homologous CMC 

polyelecctrolytes on the transport of NZVI.  . The effects of 90K, 250K and 700K CMC on 
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NZVI particle size, surface charge, charge density and polymer coating thickness were assessed. 

The impacts of these particles as well as that the CMC solution viscosity on the colloid filtration 

theory-derived transport parameters were analyzed based on transport patterns observed in 

column experiments using the three CMC polyelectrolytes. The particle sizes of the different 

CMC-NZVI particles and their aggregates were characterized by transmission electron 

microscope (TEM), dynamic light scattering (DLS), nanoparticle tracking analysis (NTA) and 

optical microscopy at different NZVI concentration levels. The transport performance of 90K, 

250K and 700K CMC-NZVI particles were investigated in packed column with different NZVI 

concentrations (1 g/L and 3 g/L) and ionic strength (3 mM Na+ and 10 mM Na+). The viscosities 

of these three CMC solutions (at 1 g/L) in different ionic strengths were measured and the effects 

of viscosity of free CMC in NZVI suspension on particles transport were analyzed by comparing 

the transport of washed and unwashed CMC-NZVI particles under identical conditions. The 

mass fraction of CMC absorbed on NZVI particles were determined by elemental analysis. The 

new Ohshima soft particle model [54] and the extended DLVO theory were employed to 

estimate the surface charge density and the particle-particle and particle-collector interaction 

potential to explain how the different CMCs can affect the stability and mobility of the grafted 

NZVI particles. It is expected that this detailed understanding of the effects of various molecular 

weights of the same type of polyelectrolyte on the stability and transport performance of the 

grafted NZVI particles can enable practitioners to choose an appropriate molecular weight of a 

polyelectrolyte to modify NZVI particles, offering optimal transport performance for specific 

delivery objective.  
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3.2 Materials and Methods 

 
Chemicals. 90K CMC (Mw  90000 Da, D.S. =0.9), 250K CMC (Mw 250000 Da, D.S. =0.9) and 

700K CMC (Mw 700000 Da, D.S. =0.9) as their sodium salt was obtained from Sigma Aldrich. 

Sodium bicarbonate (99.9%), Fisher Scientific, was used as electrolyte.   

Porous media. Silica sand (Unimin corp., WI, USA) with an average diameter of 340 μm was 

used as a model porous media. The sand grains were 11.6% by weight in the size range of 285 

μm-300 μm, 78.9% in the size range of 300-395 μm and the rest 9.5% of the sand ranged from 

395 μm to 450 μm. Prior to being used, the sand was washed by concentrated hydrochloric acid 

to remove all unwanted components, followed by rinsing with distilled water until the pH value 

of the final rinsing solution was approximately 6.5. The sand was then dried in a furnace at 

550 °C for overnight.  

Preparation of CMC-NZVI. NZVI samples with a Fe0 core and iron oxides outer shell was 

provided by Golder Associates, Canada. Bare NZVI particles were anaerobically stored as 

concentrated aqueous slurry (240 g/L) in a sealed container at pH 9.3. A NZVI stock solution 

(with concentration of 30 g/L) was prepared in degassed 3 mM NaHCO3 solution and sonicated 

using a Cole-Parmer 8892 sonicator for 20 min to break-up aggregates which had been formed 

during storage. NZVI suspensions (1 g/L and 3 g/L) were each prepared in 1 g/L CMC solutions 

with different NaHCO3 concentrations. It should be noted here that 1 g/L CMC solution can 

contribute 2.5 mM Na+ determined by AAS, due to dissociation of NaCMC. Therefore, to obtain 

the desired solution with specific Na+ concentration, the dose of NaHCO3 concentration was 

adjusted accordingly. The mixtures then were shaken at 250 rpm for 1 hour to promote 
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interactions between CMC and NZVI particles. Finally, the grafted NZVI particles were 

sonicated for another 20 min.  

Washing NZVI particles. 30 mL 700K CMC grafted NZVI suspension was taken into a 

centrifuge tube with N2 headspace and centrifuged for 100 min at 10,000 rpm. Then the 

supernatant was taken out and replaced by the same volume of degassed 3 mM NaHCO3 solution. 

The above mixture was resuspended and centrifuged again. This washing process was repeated 

three times.  

Physical characterizations. The viscosities of different CMC solutions were measured by a 

viscometer (Brookfield, LVDV-I+ with LV1 spindle). The speed rate of the spindle was set at 30 

rpm. After the spindle ran for 4 min, the viscosity was measured. In addition, the shear rate was 

calculated by accounting for the speed rate of the spindle and was determined to be 0.15/s. 

Transmission electron microscopy (TEM) was used to obtain high-resolution images of 

the CMC-NZVI particles under selected conditions. Samples were prepared by placing a drop of 

the nanoparticle suspension on a Formvar grid, which was remained to air dry overnight prior to 

being examined under TEM. Accurate measurement of the average particle size was given by a 

TECNAI microscope equipped with an AMTCCD camera operating at 120 kV with a LaB6 

filament.  

Dynamic light scattering (DLS) (Malvern ZetaSizer Nano) and electrophoretic mobility 

(EPM) measurement were conducted as reported elsewhere [27, 28]. The NTA, DLS, and EPM 

measurement techniques as well as that for the elemental analysis of CMC grafted on NZVI 

particles are described in the SI. 

Both DLS and NTA measurement of NZVI particles were conducted at low 

concentrations due to instrument limitations [55, 56]. TEM measurement of NZVI particles was 
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conducted at even lower concentration, because at high concentrations, too many particles would 

be accumulated on the grid, leading to the impossibility to discriminate the individual particle. 

Optimal microscopy was thus used to measure CMC-NZVI aggregates sizes at concentrations 

relevant to the transport experiments reported in this study. Optical microscopy has been 

employed in this study to measure NZVI aggregates sizes to avoid artefacts related to the effects 

of disaggregation cause by large dilutions on particle size. Optical microscopy measurements 

were conducted as follows: A latex particle sample with mean diameter of 200 nm (the diameter 

of 96% of particles ranged from 190 nm to 210 nm) was used as standard particles for method 

validation. The standard particles were imaged in a microscope (Olympus BX51) with bright 

field filter under the 100x objective as well as by phase contrast technique. Images were 

analyzed by ImageJ (totally around 2000 particles were analyzed) to provide the Fetet’s diameter 

of 200 nm particle. Following the same process, NZVI suspensions with original concentrations 

(1 g/L and 3 g/L, in this study) were directly imaged in the microscope to obtain the actual 

aggregates sizes at these concentrations. 

The measurements of the mean diameters of different CMC-NZVI aggregates were 

conducted after the samples prepared for 24 min. Unlike the size measurement protocols used in 

previous studies [15, 25, 27, 28, 31, 43, 49, 57], no sonication process was conducted for all size 

measurements. Additionally, the suspension was stored on an end-over-end rotator, which 

rotated very slowly to ensure the suspension uniform. The particles diameters measured by this 

protocol could reflect the actual size distribution in aqueous phase. It should be noted that the 

average diameters measured by the conventional microscope at 24 min after different CMC-

NZVI particles prepared were used as their average aggregates diameters in column transport, 

because the duration of injection process was around 48 min. Elemental analysis was conducted 
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on an EAS1108 (Fisons instruments S.p.A., Italy) to examine how much CMC was coated on 

NZVI particles (the detailed analysis processes were explained in section S1 in SI).  

Sedimentation. The colloidal stability of the newly modified NZVI particles was assessed by 

using UV-vis (508 nm) spectrophotometry to monitor the sedimentation processes of different 

CMC-NZVI suspensions at 1 g/L for 70 min at 25 °C [28].  

Transport experiment. Transport studies were conducted in water-saturated silica sand (dp=340 

μm) in glass columns (Chromaflex, Fisher, 1.0 cm i.d., and 10 cm length). Columns were wet-

packed and flushed with 3 mM NaHCO3 solution for 15 pore volumes (PV) to obtain a uniform 

distribution of charges on sand surface. The porosity of the sand used here was 0.341, and water 

velocity was maintained at 0.508 cm/min with a peristaltic pump (Masterflex L/S, model 77200-

12). The flow rate was controlled at constant by the pump. 8 PVs of NZVI suspension at 

different concentrations (1 g/L or 3 g/L) was each injected into the column during which the 

suspension was mixed evenly by a shaker at 380 rpm to minimize aggregation and sedimentation. 

Once the injection was complete, the column was flushed with 10 PV of NaHCO3. The effluent 

was collected with 2 min interval by an automatic fraction collector (Spectrum Chromatography 

Inc). An aliquot of the effluent was digested in acidic mixture (H2O: HCl: HNO3=65:30:5 (vol 

ratio) for 24 hours so that the amount of oxidized iron could be measured by flame atomic 

absorption spectrometry (Perkin Elmer, Flame-AAS Analyst 100 AAS system). The influent 

particle concentration was measured in the same manner.  

Ohshima and extended DLVO theories. Ohshima theory for soft particle calculation was 

introduced here to acquire surface charge density of the grafted NZVI particles and in turn to 

assess the particle-particle electrostatic potential (calculation methods are presented in the SI). 

Extended DLVO theory was also introduced in this study to assess the interactions between 
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different CMC-NZVI particles and the interaction between different CMC-NZVI particles and 

the collector (see section S2 in the supporting information for details) [28, 31, 58, 59]. 

3.3 Results 

3.3.1. Nanoparticle characterization 

3.3.1.1. Particle size characterization 

Table 3.1 shows the mean diameter of NZVI aggregates under different conditions by 

using DLS and microscopy. DLS measurement showed that the mean diameters of 90K CMC-, 

250K CMC- and 700K CMC-NZVI particles in 3 mM Na+ solution were 1115 nm, 811 nm and 

540 nm, respectively. Similar to previous studies [33, 49] our results confirm that with increasing 

CMC molecular weight, the colloidal stability of NZVI particles is improved, resulting in a lower 

extent of aggregation as characterized by the mean aggregate size. The mean diameter of 700K 

CMC-NZVI aggregates measured by DLS increased from 540 nm to 738 nm when Na+ 

concentration in the solution rose from 3 mM to 10 mM. This result can be explained by the 

effect of charge screening at higher electrolyte ionic strengths as well as changes in 

conformations of the CMC polymeric structure on the surface of the NZVI. 
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Table 3.1. Size and Physicochemical Characteristics of CMC-NZVI results.  

Sample IS 

(mM) 

Viscosity (cP) EPM 

( cmVums 11 
)

C/C0 Kd (s-1) NTA DLS Microscopy 

Diameter (nm) η α Diameter 

(nm) 

η α Diameter (nm) η α 

Bare NZVI (1 g/L) 3 1.0 -2.78 0 Na Na Na Na Na Na Na 15940±2458 Na 1 

1 g/L NZVI in 1 g/L 

90K CMC 

3 3.2±0.3 -4.26 0.08 2.16*10-5 284±32.2 8.69*10-3 1.36 1115±95 8.67*10-3 0.90 6340±589 8.80*10-3 0.034 

1 g/L NZVI in 1 g/L 

250K CMC 

3 7.3±0.5 -5.61 0.38 8.27*10-6 260 ±29.4 3.33*10-3 0.81 811±88.6 3.33*10-3 0.88 5250±477 3.37*10-3 0.045 

1 g/L NZVI in 1 g/L 

700K CMC 

3 26.3 ±1.2 -7.20 0.77 2.34*10-6 206±35.8 8.98*10-4 0.47 540±118 8.98*10-4 0.69 2220±384 9.54*10-4 0.19 

1 g/L NZVI in 1 g/L 

90K CMC 

10 1.4±0.2 -2.31 0 Na Na Na Na 1866 0.0667 1.00 9968±1022 1.5469 1.00 

1 g/L NZVI in 1 g/L 

250K CMC 

10 3.1±0.5 -4.20 0.12 5.20*10-3 265±40.5 7.29*10-3 0.97 1128 0.0073 0.42 7668±924 0.3917 0.0186 

1 g/L NZVI in 1 g/L 

700K CMC 

10 11.3±1.0 -5.23 0.55 5.03*10-6 257±37.8 2.06*10-3 0.69 738±101 2.06*10-3 0.79 3440±452 2.05*10-3 0.092 

1 g/L NZVI in 1 g/L 

250K CMC 

(washed) 

3 1.0 -3.88 0 Na Na Na Na 1671 0.0793 1.00 10082±1049 2.2869 1.00 

1 g/L NZVI in 1 g/L 

700K CMC 

(washed) 

3 1.0 -4.46 0.41 7.41*10-6 Na Na Na 1077 3.06*10-3 0.066 4450±749 3.02*10-3 0.0066 

3 g/L NZVI in 1 g/L 

90K CMC 

3 3.2±0.3 -4.26 0 Na Na Na Na Na Na Na 11350±1562 Na Na 

3 g/L NZVI in 1 g/L 

250K CMC 

3 7.3±0.5 -5.61 0.23 1.25*10-5 Na Na Na 1551 5.05*10-3 0.464 8490±1031 5.20*10-3 0.027 

3 g/L NZVI in 1 g/L 

700K CMC 

3 26.3 ±1.2 -7.20 0.93 6.11*10-7 Na Na Na 1181 2.49*10-4 0.073 3130±611 2.49*10-4 0.028 
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Optical microscopy derived measurements of the same NZVI particle and aggregate 

diameters were significantly larger but showed the same trends as the DLS measurements. The 

mean diameters of 90K CMC-, 250K CMC- and 700K CMC-NZVI aggregates measured by 

microscopy at 1 g/L were 6340 nm, 5250 nm and 2220 nm, respectively. The discrepancy in the 

DLS and microscopy can be attributable to the fact that samples for DLS measurements were 

diluted down to 150 g/L. At lower concentrations, the extent of aggregation is reduced as the 

probability of collision between particles decreases with decreasing concentrations. The NTA 

measurements require dilution to even lower concentration of 40 mg/L, which in part contributes 

to the lower mean particle sizes in the range of 200 to 300 nm (shown in SI Table 3.S1). Particle 

size distribution data shown in Figure 3.S1, even the mean diameter of 1 g/L NZVI particles in 1 

g/L 700K CMC solution was around 2.22 μm, smaller particles (around 500 and 600 nm) 

constitute a significant fraction. Furthermore, with optical microscopy the minimum diameter 

which could be observed was 200 nm, and smaller particles were ignored. 

In general, measuring the in situ aggregate sizes of NZVI in aqueous solutions is 

challenging. Different techniques pose different challenges. For instance, direct-observation 

measurement methods such as TEM and AFM would take the size of aggregates as that of 

individual particles [60]. The diffusion coefficient measurement methods such as NTA, DLS, 

FCS and FIFFF can produce a very big deviation from the actual diameter for polydisperse 

samples due to the sensitivity of light intensity to the particle sizes [60].   

Micron-sized aggregates in high concentration suspensions of NZVI with post-grafted 

polymers have been observed in several other studies. Phenrat et al also observed that 

polyelectrolyte stabilized NZVI particles  in high concentration suspensions could be in the 

range of several microns [46, 61] , for example, the mean diameters of 700K CMC-NZVI (6 g/L) 
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ranged from 4.39 to 8.72 μm [61]. Our attempts at measuring particle sizes by DLS at these high 

concentrations did not yield reproducible results. However, optical microscopy provided 

reproducible results and particle size trends are consistent with typical of colloid stabilization 

behavior with the addition of polyelectrolytes as increasing CMC molecular weight decreased 

the mean particle size. The aggregation extents of different CMC-NZVI particles determined by 

DLS and the particle size distributions of different CMC-NZVI determined by microscopy were 

shown in Figure 3.S1 and 3.S2, respectively. 

Washing the CMC-NZVI suspensions resulted in larger particle sizes, because of reduced 

electrosteric stabilization at lower CMC concentrations caused by washing. Mean particle sizes 

at 3 g/L NZVI concentration were larger than with 1 g/L. Washed 700K CMC-NZVI aggregates 

showed a bigger mean diameter (4450 nm) than that of unwashed particles (2220 nm) under 

identical conditions. The presence of the free CMC in the suspension would be favorable to the 

prevention of NZVI particle aggregation. The free CMC in the suspension caused the suspension 

to be very viscous, leading to the Brownian motion of particles to slow down. Finally, the 

collision between particles would be significantly reduced, reducing the aggregation rate. 

Furthermore, the unwashed particles had a higher CMC layer thickness (8.0 nm) than that of 

washed (5.4 nm) as observed from TEM images (the results shown in Table 3.S2). The higher 

layer thickness provided more electrostatic and steric repulsions between particle and particle, 

resulting in less aggregation rate. 

3.3.1.2 Zeta potential measurement 

         Electrophoretic mobilities of 700K CMC-, 250K CMC- and 90K CMC-NZVI particles in 3 

mM Na+ solution are -4.46 cmVums 11  , -3.88 cmVums 11  and -3.16 cmVums 11   and the 
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corresponding zeta potential, calculated using Henry equation are -60.39 mV, -52.48 mV and -

42.81 mV, shown in Figure 3.S4 for IS ranging from 3 to 150 mM, at a pH range of 7.28-8.92. 

Sakulchaicharoen et al also reported higher electrophoretic mobility of 700K CMC-NZVI than 

with 250K and 90K CMC-NZVI particles [49]. CMC with higher molecular weight are possess 

more carboxylate and hydroxyl groups and thus, the EPM values of these three CMC-NZVI 

particles increased with increasing CMC molecular weight. 

3.3.2 The effects the molecular weight of CMC on NZVI particle stability  

3.3.2.1 Viscosity measurements 

The viscosities of different CMC-NZVI solutions were measured and shown in Table 3.1. 

The viscosity of the CMC solutions were assumed to be identical to that of CMC-NZVI 

suspension based on the findings of Comba et al [62], who found that at high shear rates (1/s to 

105/s), addition of NZVI particles (5 g/L, 17.5 g/L and 30 g/L) into 3 g/L xanthan  gum solution 

does not change the viscosity of the solution. As described in the experimental and materials 

section, the shear rate used for the measurement of our samples was about 0.15/s. Thus, the 

viscosities of different CMC-NZVI suspensions were considered to be as the same value of the 

corresponding pure CMC solution. This was additionally verified by a viscosity measurement 

results that the viscosities of the 700K CMC solution (3 mM Na+) with and without NZVI were 

found to be identical and 26.3 cP. 

CMCs with different molecular weights yielded  significantly different viscosities: 700K 

CMC-NZVI in 3 mM Na+ had the highest viscosity of 26.3 cP, while 250K CMC-NZVI and 90K 

CMC-NZVI suspensions showed relatively lower viscosities of 7.3 cP and 3.2 cP under the 

identical IS. The increase trend of CMC solution’s viscosity with increasing CMC molecular 
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weight has been reported elsewhere [50]. Furthermore, the viscosities of 700K CMC- and 250K 

CMC-NZVI suspensions significantly decreased with the increase of NaHCO3 concentration. 

This can be accounted for by the restraint of the expansion of CMC molecules with higher IS 

[63].  

Additionally, Comba et al [62], found that the viscosities of both xanthan solution and 

NZVI-xanthan suspension measured in the bulk were the same as those measured in the porous 

media under the same shear rate condition. Thus, the viscosities of different CMC-NZVI 

suspensions listed in Table 3.1 could be directly used to for particle-collector interaction energies 

and to conduct the single collector efficiency prediction. 

 

3.3.2.2 CHN analysis and measurement of the layer thickness of CMC layer by TEM 

The elemental analysis for determination of the amounts of bound and free CMC in 

solution is shown in Table 3.S1. It can be observed that the CMC mass contents of all these 

different CMC-NZVI particles were less than 1.8%. Previous studies also reported that CMC 

mass contents on the CMC post-grafted NZVI particles were very low, from 3% to 4.5% [31, 43]. 

Additionally, CMC mass contents of these different types of CMC-NZVI particles did not 

significantly differ from each other. This is in contrast to another study which reported that the 

higher molecular weight of polyelectrolytes, such as PSS, PAP and CMC, had much more 

adsorption on NZVI particle [43]. CMC contents of 700K CMC-NZVI decreased from 1.78% in 

3 mM Na+ solution to 1.56% in 10 mM Na+ solution. Additionally, CMC mass content of 700K 

CMC-NZVI particles reduced after washing (from 1.78% to 1.27%). These results indicated that 

CMC mass content would decrease with the increase of salt concentration in NZVI suspension 

and adsorbed CMC molecules on the grafted NZVI particle can be washed off to some extent. 
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3.3.2.3 New Ohshima theory and the extended DLVO theory calculations  

The new Ohshima theory was employed in this study to analyze the surface charge 

density of different CMC-NZVI particles [54]. The calculated charge number densities on 90K 

CMC-, 250K CMC- and 700K CMC-NZVI particles surfaces are 2.923 N/m3, 6.538 N/m3 and 

7.769 N/m3, which are higher than those reported in Phenrat et al’s paper (0.33 N/m3 and 0.35 

N/m3 for 700K CMC- and 90K CMC-NZVI particles, respectively) [31]. This charge density 

result indicates that CMC with higher molecular weight can bring more surface charge on the 

corresponding coated NZVI particle. Further, among these three CMC-NZVI samples, the 

surface layer of 700K CMC-NZVI particles displayed much more resistance (least softness, 5.8), 

while the surface layer of 90K CMC-NZVI particle exhibited the lowest resistance (highest 

softness, 9.0) for surrounding solution to transport through them. 

Using the above simulated surface charge density values and the methodology to 

calculate the electrostatic interaction between particle and particle, described by Ohshima [54], 

the electrostatic particle-particle interactions of different CMC-NZVI particles were obtained and 

shown in Figure 4.S4. It is obvious that the electrostatic repulsion interaction between 700K 

CMC-NZVI particles is much stronger than those between 250K CMC-NZVI particles and 

between 90K CMC-NZVI particles. Moreover, it can be observed that for all these three types of 

CMC-NZVI particles, the electrostatic repulsion rapidly decreased with the increase of NaHCO3 

concentration, potentially causing quite high aggregation at high IS. Additionally, the barrier of 

the electrostatic particle-particle interaction of 90K CMC-NZVI particle in 3 mM Na+ solution 

showed in Figure 3.S4a is around 60 KT, which is higher than that reported in Phenrat et al’s 
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paper (around 20 KT) [31]. This could be attributable to the surface charge density results 

discussed in the above paragraph. 
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Figure 3.1. Extended DLVO calculations (a) the electrosteric interaction energies of different 
CMC-NZVI particles (between particle and particle); (b) total interaction energies of different 
CMC-NZVI particles (between particle and particle); (c) the secondary minima of different 
CMC-NZVI particles (between particle and particle); (d) the changes of the total interaction 
energies of 700K CMC-NZVI particles with NaHCO3 concentrations (between particle and 
particle); (e) the total interaction energies of different CMC-NZVI particles (between particle 
and collector); (f) the changes of the total interaction energy  of 700K CMC-NZVI with 
NaHCO3 concentration (between particle and collector). 

The electrosteric repulsions between particle and particle were calculated using Byrd et 

al’s equation [64] (see Section equation (3.S10) in SI). And the results are shown in Figure 3.1a. 
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The electrosteric interaction of 700K CMC-NZVI particle was about 1.6 times and 3 times of 

250 K CMC- and 90K CMC-NZVI, respectively. The electrosteric interaction energy of washed 

700K CMC-NZVI particles was even higher than that of unwashed 90K CMC-NZVI particles. 

The much stronger electrosteric interaction energy of 700K CMC-NZVI particle can be 

accounted by the much longer polymer segment in 700K CMC polymer, which can generate a 

stronger electrosteric repulsion.  

Figure 3.1b presents the total interaction energy profiles of different CMC-NZVI particles. 

It can be observed that 700K CMC-NZVI particles had the highest barrier, which can be 

attributed to both the highest electrostatic potential in Figure 3.S4 and the highest electrosteric 

interaction in Figure 3.1a. Nevertheless, 90K CMC-NZVI particles possessed the lowest barrier. 

The secondary minima of the total interaction energy between particle and particle of different 

types of CMC-NZVI suspensions was amplified and shown in Figure 3.1c. The deeper minima 

occurred to 90K CMC-NZVI particles than those occurred to 250K CMC-, and 700K CMC-

NZVI particles, indicating that there was a stronger attraction between particle and particle. Both 

these secondary minima results the barrier results shown in Figure 3.1b demonstrate 700K CMC-

NZVI particle would be much more stable than 250K CMC- and 90K CMC-NZVI particles, 

verifying the size characterization results in 3.1.1 section and the sedimentation results shown in 

Figure 3.S5. 

Several studies had investigated the effects of IS on the aggregation rate and transport of 

NZVI particles [27, 34]. The effects of IS on the secondary minima between particle and particle 

of 700K CMC-NZVI suspension are shown in Figure 3.1d. The interparticle attraction increased 

with the increase in IS, due to the increased charge screening effects on particle’s electrical 

double layer. The data shown in Figure 3.1d also revealed that the attractive forces between 
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washed 700K CMC-NZVI particles was higher than that of the unwashed sample under the 

identical solution chemistry because less electrosteric energy existed between the washed 

particles than that existed between unwashed particles (shown in Figure 3.1a). This can be used 

to explain that the aggregate size of washed particles is bigger than that of the unwashed particles 

stated in microscope results and the washed 700K CMC-NZVI particle shows less stability than 

that of unwashed (shown in Figure 3.S3a). 

Figure 3.1e shows the interaction between the different CMC-NZVI particles and the 

collector in 3 mM SI. It is obvious that the depth of the secondary minimums between these three 

CMC-NZVI particles and the collector increases with the decrease of the molecular weight of 

CMC, indicating that the attraction between these three CMC-NZVI particles and the collector 

increases with the decrease of CMC molecular weight. A positive relationship between the 

particle-collector maximum attractions of 700K CMC-NZVI particles and NaHCO3 

concentration can be found from Figure 3.1f. Moreover, the secondary minima between washed 

particle in 3 mM Na+ solution and collector was shallower than that between unwashed particle 

in 10 mM Na+ solution and collector. This indicates that the attraction exerted on washed particle 

by collector was stronger than that exerted on unwashed particle.  

 

3.3.3 The effects of the molecular weight of CMC on the transport of NZVI particles 

3.3.3.1 Transport of different CMC-NZVI particles at 1 g/L 
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Figure 3.2. The transport of different CMC-NZVI particles at 1 g/L (in 3 mM Na+ solution) in 
column experiments. 

The breakthrough curves of different CMC-NZVI particles at 1 g/L in 3 mM IS are 

shown in Figure 3.2. It can be observed that 700K CMC-NZVI has the highest steady state 

effluent concentration (C/C0≈0.77), followed by 250K CMC-NZVI (C/C0≈0.38), while 90K 

CMC-NZVI showed negligible effluent concentrations (C/C0≈0.08). These results indicate that 

700K CMC is the most effective polyelectrolyte to improve the transport of NZVI particles 

among three samples.  

These results are in agreement with the above CMC-NZVI particle characterization 

results: the 700K CMC can extensively stabilize NZVI particles, resulting in the final aggregate 

sizes (mean diameter was 2.22 μm) are easily transported transport through sand of the 340 μm 

average diameter used. However, the mean diameters of 250K CMC- and 90K CMC-NZVI 

particles were 5.25 μm and 6.34 μm which result in limited mobility. It should be noted that after 
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switching the NZVI suspension to electrolyte to flush the column, only a very small amount of 

NZVI particles was flushed out. Very similar observations were also found in earlier studies [65-

67]. This can be attributed to the different viscosity property of the suspension and the flushing 

electrolyte: the suspensions used here and in these early studies were polymer solutions, which 

were very viscous (resulting in a very small single collector contact efficiency), while, the 

viscosities of electrolytes were not very high (close to 1 cP), which caused that NZVI particles 

easily contacted with sand granules, leading to more deposition during flushing process. 

Nanoparticle deposition in porous media has been described by the colloid filtration 

theory in several studies [68, 69]. According to this theory, the particle deposition rate 

coefficient is represented as function of the single collector contact efficiency (η0) and the 

attachment efficiency (α), with the assumption of steady state transport (or ∂C/∂t=0) and 

negligible dispersion.  

k  3(1 f )u

2ds f










0                                                                                                                (3.1) 

In the above equation f is porosity of media and ds is the average diameter of collector. 

The parameter η0 is the probability of collision of a particle flowing through the porous media 

and can be predicted by the Tufenkji and Elimelech equation [70]. 

The parameter α represents the probability of sticking of a particle on the collector after 

collision, or in other words the probability of a collision that leads to deposition. The attachment 

efficiency is usually determined from experimental data of C versus t (or breakthrough curves) 

by solving for equations 3.1 [24, 25]. 

   2ds * ln(C / C0 )

3(1 f )* L *0

                       

(3.2) 
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In equation 3.2 the dimensionless parameters of GN and AN  are negatively related with 

the viscosity of the suspension. Thus, scrutinizing equation 3.2, one can find that the single 

collector contact efficiency is negatively determined by the viscosity. Figure 3.3 shows the effect 

of viscosity on the single collector contact efficiency. 

 

Figure 3.3. Changes of the single collector contact efficiency with varying viscosity of dispersant. 

As listed in Table 3.1, CMC with higher molecular weight shows higher viscosity value. 

And the single collector contact efficiency values for the three CMC-NZVI particles are listed in 

Table 3.1. The η0 values of 700K CMC-, 250K CMC- and 90K CMC-NZVI aggregates at 1 g/L 

were calculated to be 5.02*10-3, 7.57*10-2 and 0.26. As a result the effluent concentrations of 

250K- and 90K-CMC NZVI compared to the 700K CMC-NZVI. Several studies have showed 

that 90K CMC-NZVI can transport through porous media [25, 28, 43, 49], whereas, the transport 

of 90K CMC-NZVI particles in this study is not significant, might due to the very concentrated 

NZVI particles used in this study and more aggregation extent as a result of the nature of the 
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product. This is due to the fact that the NZVI particles used in this study were more magnetic. 

Further, NZVI particles concentrations used in the early studies were very low (in tens of mg/L 

level) [25, 28] , while it is 1 g/L here which tends to form very big aggregates. Additionally, the 

bare NZVI particle was not mobile at all due to its very rapid aggregation rate, as previously 

reported in other studies [28, 34, 68]. 

3.3.3.2 Impacts of IS and washing on transport of 700K CMC- and 250K CMC-NZVI particles 

 

Figure 3.4. The effects of IS and washing on transport of 700K CMC- and 250K CMC-NZVI 
particles. 

Several studies have demonstrated that the ionic strength can substantially affect the 

stability and transport of NZVI particles [34, 71]. The transport of 250K CMC- and 700K CMC-

NZVI particles in 3 mM and 10 mM solutions as well as washed 250K CMC- and 700K CMC-

NZVI particles were investigated and compared in this study and shown in Figure 3.4. It can be 

observed that when Na+ concentration increased from 3 mM to 10 mM, the steady-state effluent 

concentration decreased from 0.77 to 0.55 and from 0.38 to 0.12 for 700K CMC- and 250K 
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CMC-NZVI particles respectively. This result can ascribe to two reasons: Firstly, when IS 

increased from 3 mM to 10 mM, the mean diameter of NZVI particles increased, which could 

cause less transport; Secondly, when IS increased, the viscosity of NZVI suspension decreased 

(from 26.3 cP to 11.3 cP and from 7.3 cP to 3.1 cP for 700K CMC-NZVI and 250 K CMC-NZVI 

suspension, respectively), resulting in increased single collector contact efficiencies in the high 

IS. Further, the washed 700K CMC-NZVI particles showed around 0.41 C/C0 while the washed 

250K CMC-NZVI particles did not transport at all. As shown in Table 3.1, the washed 700K 

CMC-NZVI was relatively less aggregated. Washed 250K CMC-NZVI particles however 

aggregated very easily. These results indicate that the transport of 250K CMC- and 700K CMC-

NZVI particles are significantly sensitive to ionic strength and washing.  

The effluent concentrations of washed and unwashed 700K CMC-NZVI samples were 

compared to reveal the effects of free polyelectrolyte molecules in NZVI suspension on its 

transport efficiency and the data is shown in Figure 3.3. It can be observed that the transport 

efficiencies of the washed and unwashed samples were 0.77 and 0.41 respectively under 

identical experimental conditions. This indicated that the free polyelectrolyte played a significant 

role in the transport of NZVI particles. The data on adsorbed CMC mass fractions obtained from 

elemental analysis results present earlier indicates that most of CMC molecules were free in 

CMC-NZVI suspensions, after losing these free CMC by washing suspension, CMC-NZVI 

aggregated further. Moreover, free CMC remained in the suspension could coat sand surface, 

resulting in increased repulsion between sand grains and NZVI particle. The single collector 

efficiency results listed in Table 3.1 also reveal that the single collector efficiency of washed 

700K CMC-NZVI particles is greater than that of the unwashed sample due to the higher 

viscosity of unwashed sample, as well as because of the smaller size of unwashed particles. 
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These results are consistent with the finding of Jiemvarangkul et al who observed that the 

transport of NZVI particles increased with the increase of PAA dosage in the suspension [29].  

        The attachment efficiencies of various CMC-NZVI particles were calculated based on DLS 

and optical microscopy measurement results respectively. The results are listed in Table 3.1. The 

attachment efficiencies determined by DLS characterization results are very high. This result can 

be attributed to the fact that the very high viscosity values are taken in the single collector 

contact efficiency calculations, which causes η0 to be very small, resulting in the attachment 

efficiency to be high. A recent study [72] also reported very similarly high attachment 

efficiencies when considering the high viscosity values in the single collector contact efficiency 

calculations. When IS increased from 3 mM to 10 mM, the attachment efficiency of 700K CMC-

NZVI particles increased from 0.69 to 0.79, consistent with the expectation. Nevertheless, even 

the suspensions’ viscosity values were also taken into consideration of the single collector 

efficiency calculations, the single collector contact efficiencies determined from the optical 

microscopy characterization results are very big (contributed by the very big particle size results), 

leading to the attachment efficiency to be very small. The attachment efficiency does not show 

the expected increase trend with the increase of IS for the same type CMC-NZVI particles. For 

example, the attachment efficiencies of 700K CMC-NZVI particles are 0.19 and 0.092 in 3 mM 

and 10 mM IS, respectively. This is due to the complexity of the changes of viscosity and 

particle diameter with IS.  

3.3.3.3 Transport of 700K CMC- and 250K CMC-NZVI at 1 g/L and 3 g/L 
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Figure 3.5. The transport of different CMC-NZVI particles at 3 g/L (in 3 mM Na+ solution). 

The transport of different CMC-NZVI particles at 3 g/L was investigated to examine the 

transport of CMC-NZVI particles at high concentration required in field application [18]. The 

results were shown in Figure 3.5. The steady-state effluent concentration of 700K CMC-NZVI at 

3 g/L was 0.93, which was higher than the value of 0.77 at 1 g/L. In contrast, the effluent 

concentration of 250K CMC-NZVI at 3 g/L only remained at 0.23, which was lower than the 

value of 0.38 at 1 g/L. The mobility of 90K CMC-NZVI particles at 3 g/L was negligible. The 

higher elution of 700K CMC-NZVI particles 3 g/L than that at 1 g/L is non-intuitive given that 

several studies observed the decreased elution of NZVI particles with the increase of iron 

concentration [28, 47]. Furthermore, based on above particle characterization: at 3g/L the CMC-

NZVI has a bigger mean aggregate diameter of 3.13 μm than that at 1 g/L (2.12 μm), leading to a 

slightly higher single collector contact efficiency at 3 g/L (Table 3.1).  It could be other external 

factor enhanced particles to mobile at 3 g/L. When iron concentration increased to 3 g/L, η 
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values of 250K CMC-NZIV particles increased to 5.20*10-3 from 3.33*10-3, due to the increase 

of aggregate size with particle concentration. This can explain the results that the transport 

efficiency of 250K CMC-NZVI particles fell to 0.23 at 3 g/L (shown in Figure 3.5).  

The interaction energies between different CMC-NZVI particles and collector were 

presented in Figure 3.1e. 700K CMC-NZVI particles showed the lowest particle-collector 

interaction energy at the secondary minima, and a value was very close zero. The interaction 

energy at the secondary minima between 250K CMC- as well as 90 K CMC-NZVI particles and 

the collector were about 2.5 and 5 times of that between 700K CMC-NZVI particle and the 

collector. As several studies have shown a positive relationship exists between the depth of the 

secondary minima and the attachment efficiency α [27, 73, 74], it is reasonable to predict that the 

attachment of 700K CMC-NZVI particles should be less than that of 250K CMC- and 90K 

CMC-NZVI particles. However, this expectation is opposite to the empirical calculated results 

listed in Table 3.1: the calculated attachment efficiencies (based on optical microscopy sizes) of 

1 g/L 90K CMC-, 250K CMC- and 700K CMC-NZVI in 3 mM IS are 0.034, 0.045 and 0.19 

respectively. Additionally, in terms of the expectation that bigger particle should have stronger 

magnetic attraction and resultant higher attachment efficiency [74] and 700K CMC-NZVI 

particle at 3 g/L should have less transport efficiency than that at 1 g/L. The DLVO secondary 

minimum is insufficient to interpret these two aforementioned results. Other force or energy 

should be considered to explain the unexpected comparatively high attachment efficiency of 

700K CMC-NZVI particles at 1 g/L among 90K CMC, 250K CMC and 700K CMC-NZVI 

particles and the unreasonable less attachment efficiency at 3 g/L. 



59 
 

 

Figure 3.6. Retention profiles along with the column length of 250K CMC- and 700K CMC-
NZVI particles. 

Figure 3.6 shows that the deposition of CMC-NZVI on the sand particles for the 3 g/L 

and 1g/L are very similar, and in fact, there is a slightly higher deposition at 1g/L in the first 2 

cm of the column. In contrast, for 250K CMC-NZVI particles, the extent of deposition at 3 g/L is 

much higher than at 1 g/L. The deposition data shown in Figure 3.6 can explainthe transport 

results shown in Figure 3.5. The depositon profiles of 700K CMC-NZVI particles are quite flat. 

It is likely that the free CMC in the 700K CMC-NZVI samples and the change of particle size 

are more prominent role in controlling deposition. However, for 250K CMC-NZVI particle, the 

deposition profile (under 3 g/L NZVI concentration condition) shows the classical colloid 

deposition model (log-normal distribution), because free 250K CMC in the suspension could not 

provide a significant repulsion between the particle and the collector.  
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3.4     Conclusions 

The effects of the molecular weight of CMC on the corresponding grafted NZVI particles 

were systematically investigated in this study to give clear answers to the questions of whether 

the various products with different molecular weight of the same type of the polyelectrolyte can 

affect the corresponding grafted NZVI particles’ stability and mobility and how. The viscosity 

results and the corresponding single collector efficiency analysis indicated that 700K CMC 

processed the highest viscosity and provided the lowest single collector efficiency for 700K 

CMC-NZVI particles. Ohshima theory fittings and extended DLVO calculations showed that 

700K CMC-NZVI particles had the highest surface charge density and the highest electrostatic 

and electrosteric interparticle energies. These calculation predictions were confirmed by NTA 

and DLS as well as the sedimentation results: 700K CMC-NZVI particles showed smallest mean 

size and slowest aggregation rate as well as the highest stability among three CMC-NZVI 

particles. As expected, 700K CMC-NZVI particles showed the highest mobility. Even at quite 

high iron concentration (3 g/L), 700K CMC-NZVI particles were still quite mobile. Compared to 

unwashed particles, washed 700K CMC-NZVI particles showed a considerable decreased 

transport efficiency. And finally, the conclusion that, among a series of products of the same type 

of polyelectrolyte, a product with higher molecular weight could give a higher stability and 

mobility for the corresponding grafted NZVI particles can be drawn. Moreover, a suggestion that 

both the properties of the grafted NZVI particles and the property of the dispersant should be 

taken into account to assess the particles’ stability and mobility is given based on above results to 

the researchers in the related fields.  

 



61 
 

Acknowledgments 

The research was funded by the Strategic Project Grant Program of the Natural Sciences and 

Engineering Research Council of Canada and by Golder Associates Ltd. J. L. was supported in 

part by a McGill Engineering Doctoral Award. We thank Prof. Nathalie Tufenkji, McGill 

University for access to the laser Doppler velocimeter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



62 
 

Supporting information 

Section S1. DLS and electrophoretic mobility (Zeta potential) measurements and CHN 
elemental analysis processes 

1) DLS measurement 

20 mL 150 mg/L samples were stored in 30 mL vials and fixed on an end-over-end 

rotator for 24 mins with a slow rotation rate. And then 2 mL of this sample was taken into the 

cubic vial and sealed for DLS measurement.  

2) Electrophoretic Mobility 

The electrophoretic mobilities (EMP) of the different CMC-NZVI particles in different 

concentrations of NaHCO3 solutions were measured by laser doppler velocimetry (ZetaSizer 

Nano ZS, Malvern). EMP measurements were quadrupled for each sample at 25.0 0C. The 

strength of the applied electrical field (E) was 4.8 V.  

3) Elemental analysis process 

A small amount of dried sample was weighed into a tin capsule. The sample was dropped 

into the combustion reactor prior to the arrival of oxygen in the combustion reactor. The sample 

and tin capsule reacted with oxygen and combusted at temperatures of 1700-1800 oC. By tsample 

was broken into it is elemental components, N2, CO2, H2O and SO2. High performance copper 

wires absorbed the excess oxygen, which was not used to combust the sample. Then, the product 

gases flowed through the gas chromatographic separation column which was kept at a constant 

temperature (± 0.1 oC) to be separated and were detected sequentially by a TCD detector. The 

TCD detector generated a signal, which was proportional to the amount of element in the sample. 
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The ECS software compared the elemental peak to a known standard material (after calibration) 

and generated a report for each element on a weight basis. 

4) NTA measurement 

NTA measurements were conducted as follows. After the original suspension was mixed 

uniformly, 2 mL of original suspension was taken into specific volume of degassed water (with 

specific ionic strength) to get 40 mg/L NZVI suspension. Next, 1.5 mL of this 40 mg/L NZVI 

suspension was injected into NTA machine. The diffusion path of each single particle was 

tracked and recorded for analyzing particle size.  

Section S2. New Ohshima theory and extended DLVO theory calculations 

1) Ohshima theory calculation 

The characteristics of coated NZVI particles were extracted from Ohshima theory 

calculations [54]. The calculation procedures involve the following equations: 

2

00

/1/1

//





v

NZ

v
e

m

DONmr 



                                                                             (3.S1) 

where 

DON  KBT

ze
ln{

ZN

2zn
[(

ZN

2zn
)2 1]1/2}                                                                                 (3.S2) 

0 
KBT

ze
(ln[

ZN

2zn
{(

ZN

2zn
)2 1}1/2 ] 2zn

ZN
[1{(

ZN

2zn
)2 1}1/2 ])                                          (3.S3) 

m [1 (
ZN

2zn
)2 ]1/4                                                                                                            (3.S4) 



64 
 

and 

2/1
2

0 )
2

( 
INe

TKBr                                                                                                                (3.S5) 

I  1

2
nizi

2

i1

M

                                                                                                                         (3.S6) 

In equation 3.S1, r  is the relative permittivity of the solvent, 0 is the permittivity of 

free space, v  is the viscosity of the solution, 0  is the potential at the boundary between polymer 

layer and electrolyte, DON  is Donnan potential inside polymer layer, m  is the effective Debye-

Hückel parameter of the solution, which is given in equation 3.S4,   is defined as softness with 

the dimension of the reciprocal of length (which is the unknown parameter and would wait to be 

fitted), Z  is the valence of the ionized groups on the polyelectrolyte, which is –1 for CMC (used 

in this study), N  (m-3) is the density of ionized group (would be obtained from the fitting of the 

measured   values at different NaHCO3 concentrations), and e  is the elementary electron 

charge. 

In equation 3.S2, KB is Boltzmann’s constant, T  is absolute temperature, n  is electrolyte 

bulk concentration (m–3), z  is the valence of a symmetrical electrolyte, which is 1 for a 1:1 

electrolyte such as NaHCO3 used in this study. 

In equation 3.S5,   is Debye-Hückel parameter of the solution, which is dependent on 

ion strength, determined in equation 3.S6. I  is ionic strength of the electrolyte, M  is the ionic 

species in the electrolyte, ni  is the bulk concentration of each species and zi  is the valence of 

each species. 
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All parameters obtained from equations 3.S2 to S6 would be employed into equation 3.S1 

to fit the measured   values in each run and to give N  and   values. A Matlab (the Mathworks, 

Novi, MI) code employing iterative least squares minimization was used for calculations. 

After getting the N  value, the electrostatic potential between two particles can be 

calculated by the following equation: 

Uelectrostatic (h)  1

r0
4

(
a1a2

a1  a2

)(Z1eN1)(Z2eN2 )eh

                                                   (3.S7) 

In equation 3.S7, 1a  and 2a  are the radiuses of particles, h  is the separation distance 

between two particles. And for CMC-NZVI particles, only one kind of particles exists in each 

suspension. Thus Z1 and Z2 as well as N1 and N2  are the same. 

2)    DLVO calculations 

The interaction energy of particle-particle calculated by extended DLVO theory takes 

into account repulsive electrostatic double layer energy, attractive van der Waals and magnetic 

energies as well as repulsive steric energy. 

The electrostatic repulsion potential between two particles was estimated from equation 

3.S7. The contribution of van der Waals force to the interaction between two particles was 

estimated using the equation described in Israelachvili’s book [75]. The attraction interaction 

caused by magnetic forces between two particles was estimated from the equation in 

Rosensweig’s book [76]. The contribution of repulsive steric force was inferred from the relative 

studies [59, 64, 77]. These three energies can be calculated by the following equations: 

Usphsph
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                                                                                                      (3.S8) 

A  is Hamaker constant, set to be 1.5*10-19 J for CMC-NZVI particles. 
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u0 , is the permeability of free space, which is 1.26*10-6 m*kg/s2*A2 (A is Hamaker constant) for 

NZVI particle. MS  is the measured saturation magnetization for the iron nanoparticle, which 

is1.5*105 A/m for NZVI particle. 
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where, s  is the distance between polymer chains, which is set to be 2 nm, 5 nm and 6 nm for 

700K CMC, 250K CMC and 90K CMC, respectively, l  is the film thickness on particle surface, 

which is determined by TEM in this study.   

Section S3.  Polydispersed NZVI particles (DLS results) and the analysis of the grafted 
CMC on CMC-NZVI particles  

1) Representative polydispersed NZVI particles size by DLS and optical microscopy 
measurements 
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Figure 3.S1. The changes of particle size distribution of different CMC-NZVI particles with time. 
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(a)

(b)

(c)

 

Figure 3.S2. Representatives of size distributions of different NZVI particles determined by 
optical microscopy, (a) 1 g/L NZVI in 1 g/L 700K CMC (3 mM Na+); (b) 1 g/L NZVI in 1 g/L 
250K CMC (3 mM Na+); (c) 1 g/L NZVI in 1 g/L 90K CMC (3 mM Na+). 

2) Elemental analysis results 
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Table 3.S1. CMC mass content of different CMC-NZVI particles. 

Samples C% CMC content (%) 

Pure 90K CMC 34.97 / 

Pure 250K CMC 35.20 / 

Pure 700K CMC 35.32 / 

Bare NZVIr 0 0 

1 g/L NZVI in 1 g/L 90K CMC with 0.5 Mm Na+ 0.6 1.616 

1 g/L NZVI in 1 g/L 250K CMC with 0.5 Mm Na+ 0.57 1.719 

1 g/L NZVI  in 1 g/L 700K CMC with 0.5 Mm Na+ 0.63 1.784 

1 g/L NZVI  in 1 g/L  700K CMC with 7.5 Mm Na+ 0.55 1.56 

1 g/L NZVI in 1 g/L 700K CMC with 0.5 Mm Na+ (washed ) 0.45 1.274 

 

3) Layer thickness measurements by TEM 

Table 3.S2. Layer thickness of different CMC-NZVI particles determined by TEM measurement. 

Sample Layer thickness (nm) 

90K CMC-NZVI 4.9 

250K CMC-NZVI 6.3 

700K CMC-NZVI (unwashed) 8.0 

700K CMC-NZVI (washed) 5.4 

 

As expected, 700K CMC-NZVI particles had the highest layer thickness (8.0 nm) among 

these three types of CMC-NZVI particles. And even after removing free CMC, washed 700K 

CMC-NZVI particles still had quite high layer thickness (5.4 nm). The interaction energy 

between particle and collector takes into account of electrostatic energy and Van de Waals 

energy. 
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4) The characterization results of different CMC-NZVI particles by NTA and the 

corresponding CFT theory calculation results 

     

Section S4. New Ohshima theory calculation results 
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Figure 3.S3. Electrophoretic mobility of different CMC grafted NZVI particles as a function of 
NaHCO3 concentration. The surface charge densities (N/m3) and the softness (λ) of different 
CMC-NZVI particles were 2.923 and 9.0 (90K CMC-NZVI), 6.538 and 6.0 (250K CMC-NZVI) 
and 7.769 and 5.8 (700K CMC-NZVI) obtained from the fittings. 
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Figure 3.S4. The electrostatic interaction energy of different CMC-NZVI particles in NaHCO3 
solutions (with varied concentrations) calculated from equation (3.S7) and N values obtained in 
Figure 3.S3. (a) 90K CMC-NZVI; (b) 250K CMC-NZVI; (c) 700K CMC-NZVI. 

 

Figure 3.S5. Sedimentation results (a) the effects of different CMC and washing on the 
sedimentation rate of NZVI particles (all samples were prepared with 3 mM NaHCO3); (b) the 
effect of NaHCO3 concentration on sedimentation rate of 700K CMC-NZVI.  

The stabilities of all these three types of CMC-NZVI particles (washed and unwashed) 

were higher than that of bare particles (results shown in Figure 3.S5a). 700K CMC-NZVI 
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displayed the highest stability (approximately 80% of particles remained in suspension after 60 

min). In comparison 250K CMC-NZVI and 90K CMC-NZVI improved the stability of NZVI 

particles only slightly with 35% and 25%, respectively, of particles remaining in suspension over 

the same time period). This result differs from the observations reported in an earlier study [31], 

in that a smaller difference of stability of 700K CMC- and 90K CMC-NZVI particles was 

observed. The smaller difference could be explained by the fact that a smaller ratio of CMC mass 

concentration to NZVI concentration (1:3) was used in that study [31] compared to the 1:1 ratio 

employed here. A smaller difference of stability between 700K CMC- and 90K CMC-NZVI 

observed in another study [33], may be due to very low NZVI concentration used (0.1 g/L) for 

the sedimentation experiment.  

Additionally, the stabilities of all three unwashed CMC-NZVI suspensions are higher 

than the corresponding washed suspension, attributing to the effect of free CMC on preventing 

particles to contact each other.  This is consistent with the observation of Tiraferri et al that the 

increase of guar gum concentration would be more effective on stabilizing NZVI particles [78]. 

Also, Kocur et al found that 2.5 g/L NZVI particles in 0.8% wt 250K CMC was much more 

stable than 0.1 g/L NZVI particles in 0.2% wt 250K CMC [57]. Nevertheless, an opposite result 

that washed NZVI particles were more stable than unwashed particles was reported by Cirtiu et 

al. [79]. This was interpreted by flocculation effect of free CMC in the suspension. However in 

that study, CMC were pre-grafted to the particles. 

In Figure 3.S5b, one can observe that the sedimentation rate of 700K CMC-NZVI 

increased with the rise of the NaHCO3 concentration. This result can be attributed to the 

significantly reduction in EDL repulsion between particles with the increase of ionic strength due 

to charge screen, resulting in higher aggregation of the NZVI particles [78, 80]. This 
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interpretation is proved by the electrophoretic mobility results shown in Figure 3.S3, in which 

the negative relationship with the absolute value of electrophoretic mobility value with the IS 

was displayed.  
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4.1 Introduction 

Nanoscale zero valent iron (NZVI) particles have been proposed as a promising reactive 

agent for remediation of sites contaminated by chlorinated organic compounds and heavy metals 

[1-3]. Several small field-scale site demonstrations have suggested that NZVI can effectively 

eliminate significant mass of chlorinated solvent compounds following their injection in the 

subsurface contaminated zones [4, 5].  

However, challenges exist in the delivery and transport of NZVI to subsurface 

contaminated zones. NZVI particles are magnetic and the attractive magnetic forces lead to the 

formation of aggregates, in sizes up to several microns [6, 7]. When aggregated, NZVI have 

limited transport in subsurface porous media because of extensive physicochemical filtration. 

Inadequate remediation may occur due to limited transport and this is recognized as a significant 

challenge in large-scale field applications of NZVI particles [3, 8-10]. When NZVI are coated 

with stabilizing polymers or polyelectrolytes, the extent of aggregation is reduced due to the 

steric and electrostatic forces imparted by the adsorbed polymers on the NZVI surface [11, 12]. 

However, although polymers and polyelectrolytes can reduce the extent of aggregation and 

thereby significantly facilitate NZVI transport [13, 14], aggregation cannot be completely 

prevented, especially at higher concentrations where the frequencies of collisions between NZVI 

particles are higher [11].   

The transport efficiency of the polyelectrolyte modified NZVI particles in field 

applications has been found to be significantly lower than that obtained in laboratory studies [15, 

16]. The overall recoveries of CMC NZVI particles were only 2.6%, 21% and 31% at different 

sand layers at a 4 m×4 m small scale field and experiment, and the corresponding attachment 
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efficiencies were 0.01, 0.06 and 0.06 at the flow velocity of 1.5 m/d [17]. However, Vecchia et al 

observed that 1 to 3 μm ZVI and 70 nm NZVI suspended in xanthan gum had the transport 

efficiency higher than 88% through a 0.46 m column [18]. Several reasons may account for this 

declined transport efficiency of NZVI particles in field application [17]: (i) the solution 

chemistry of the groundwater tends to differ from those of simple electrolyte solution chemistry 

used in the laboratories; (ii) natural soil grains in field often have uneven surfaces and non-

uniform charge distributions, unlike those clean, uniform surface sand grains used in laboratories 

[19]; (iii) field heterogeneities and preferential pathways could exist in the field, which could 

undermine the overall transport of NZVI particles to targeted zones [20]; and NZVI particle 

concentrations required in field application are higher than those used in laboratories [10, 21]. 

Another reason contributing to the different extents of NZVI transport in laboratory versus field 

studies is the effects of flow direction on particle deposition: laboratory studies on NZVI 

transport are typically conducted in packed columns subjected to vertical downward flow [11-13, 

22] but in field studies the primary transport from a well head is in the horizontal flow direction 

[10, 23, 24]. Kanel et al [25] conducted a study where the transport of NZVI injected 

horizontally from an inlet point into a 2-D tank was investigated. Under horizontal flow, NZVI 

particles migrated both in the horizontal and vertical directions, and the vertical migration was 

attributable to the density gradients between the 4 g/L NZVI suspension (1.030 g/cm3 to 1.036 

g/cm3) and the aqueous medium in which they were transported [26]. It is likely that 

gravitational settling can influence NZVI transport under the horizontal flow mode, especially 

for larger (higher mass) particles. Phenrat et al also conducted various polyelectrolytes modified 

NZVI particles transport in a 2-D tank [27]. Those authors observed that NZVI particles were 
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more prone to transport through the coarse sand (layered on the bottom of the tank) rather than 

the fine sand (intermediate layer) and the intermediate sand (top layer).  

The objective of this study is to systematically compare the effects of vertical and 

horizontal flow on the transport and deposition of NZVI particles in model granular subsurface 

media. An associated objective was to analyze the role of gravity settling on transport of NZVI 

in the horizontal and vertical directions. The transport of NZVI particles was studied in columns 

operated either with vertical flow or with horizontal flow. Columns were packed with either 

coarse sand (average diameter of 1140 µm), intermediate sand (340 µm) or fine sand (180 µm); 

and the effects of NZVI concentrations (0.3 g/L, 1 g/L and 3 g/L) on the extent of transport in 

under vertical and horizontal flow were compared. Various grain sizes were examined to assess 

how shear flow conditions affected transport. Various NZVI concentrations were evaluated 

because particle concentrations influence the extent of aggregation, and the size of aggregates 

would directly be influence the extent of gravity settling. NZVI particles were characterized [28] 

for size by dynamic light scattering (DLS) and microscopy as well as for Zeta potential by laser 

Doppler velocimetry. Theoretical trajectory analysis of particle transport around a collector 

under vertical and horizontal flow modes was conducted to estimate the impact of particle size 

and density on the rate of collision between the particle and the collector.  

4.2 Materials and methods 

1) Chemicals. Carboxymethyl cellulose (Sigma Aldrich) with a molecular weight of 700000 Da 

(700K CMC) and a degree of substitution (D.S.) of 0.9 was used as the polyelectrolyte for 

coating NZVI particles for improved colloidal stability and transport. Sodium bicarbonate 

(analytical grade, Fisher Scientific) was used for preparing background electrolyte solutions.  
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2) Silica sands. Silica sands (Unimin corp., WI, USA) with average diameters 1140 μm (coarse 

sand), 340 μm (intermediate sand) and 180 μm (fine sand) respectively, were used as model 

porous media. Prior to being used, sands were washed in concentrated hydrochloric acid to 

remove mineral phases other than silica. After acid-washing, the sand was rinsed with deionized 

(DI) water and oven dried for 3 h at 550 oC. 

3) Preparation of Polymer-Coated NZVI. NZVI particles were provided by Golder Associates, 

Canada and had a typical structure of Fe0 core and an outer shell composed of iron oxides, as 

determined with transmission electron microscopy and X-ray photoelectron spectroscopy. The 

NZVI suspension was stored under nitrogen as concentrated aqueous slurry (240 g/L), at a pH 

9.3. A 30 g/L NZVI stock solution was prepared in a 3 mM NaHCO3 solution and was sonicated 

for 20 minutes to separate NZVI aggregates formed during storage. NZVI particles in 

suspensions were post-grafted with CMC by mixing in a 1 g/L 700K CMC solution with 3 mM 

NaHCO3. The mixture of NZVI particles in CMC solution were shaken at 250 rpm for one hour 

to promote interactions between CMC molecules and NZVI particles. Finally, the coated NZVI 

(which were referred as 700K CMC-NZVI) particles were sonicated for another 20 minutes prior 

to use in sedimentation and transport experiments.  

4) Physical characterization. The viscosities of 700K CMC solution and 700K CMC-NZVI 

suspensions with different concentrations were measured by a viscometer (Brookfield, LVDV-I+ 

with LV1 spindle) at 25 Ԩ and 0.15/s. The diameters of primary NZVI particles were measured 

by TEM as described elsewhere [29]. The mean diameters of NZVI aggregates at different 

concentrations were characterized by optical microscopy (Olympus BX51). The measurement 

processes were as follows: a sample of latex particle with mean diameter of 200 nm (the 

diameter of 96% of particles ranged from 190 nm to 210 nm) was used as standard particles. The 
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standard particles were imaged in a microscope with bright field filter under the 100x objective 

as well as by phase contrast technique. Images were analyzed by ImageJ (totally around 2000 

particles were analyzed) to provide the Fetet’s diameter of 200 nm particle. Following the same 

process, NZVI suspensions with original concentrations (0.3 g/L, 1 g/L and 3 g/L) were directly 

imaged in the microscope to obtain the actual aggregates sizes at these concentrations. Two 

small drops of original suspensions were placed on glass slides and directly placed under 

microscope objective for measuring. The diameter of NZVI particles was also characterized by 

dynamic light scattering (DLS) after dilution to a concentration of 150 mg/L.  

5) Sedimentation. The sedimentation rate of the CMC-NZVI particles was qualitatively assessed 

by measuring the absorbance at 508 nm by UV-Visible spectrophotometry of 0.3, 1 and 3 g Fe/L 

CMC NZVI suspensions over 210 minutes at 25 °C. 

6) Column transport experiments. Transport studies were conducted in sand packed column. 

Columns were wet-packed and flushed with 15 pore volumes (PV) of 3 mM NaHCO3 solution to 

obtain a uniform distribution of charge on the sand surface. The porosities of the coarse, 

intermediate and fine sands were 0.325, 0.341 and 0.37, respectively. The injection velocity of 

NZVI suspension was maintained at 0.508 cm/min with a peristaltic pump (Masterflex L/S, 

model 77200-12). In each run, around 8 PVs of 700K CMC-NZVI suspension was injected 

downwards into a vertical column during which the suspension was mixed evenly by a shaker at 

280 rpm to minimize aggregation and sedimentation. Once the injection was complete, the 

column was flushed with 10 PV of the background electrolyte. The effluent was collected every 

2 minutes by an automatic fraction collector (Spectrum Chromatography Inc). An aliquot of the 

effluent was digested in acidic mixture (H2O: HCl: HNO3=65:30:5, vol ratio) for 24 hrs and the 

total Fe was measured by flame atomic absorption spectrometry (Perkin Elmer, Flame-AAS 
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Analyst 100 AAS system). Identical experiments were conducted with the horizontal column 

with horizontal flow. 

The transports of dissolved tracer in both vertical and horizontal columns were performed 

to inspect whether the flows in both columns were identical as expected from theoretical 

considerations. In tracer tests, 3 PV of 100 mg/L KNO3 solution was injected at 0.508 cm/min 

into the column, followed by flushing DI water. The eluent was collected at the time interval of 3 

minutes and the nitrate concentration was measured by UV-vis spectrophotometry (Pharmacia 

Biotech, Ultrospec 2000) at 220 nm wavelength. 

The transport of latex colloids (commonly used model for environmental biocolloids) 

was evaluated in horizontal and vertical flow columns. Around 2.8 PVs of latex particle (mean 

diameter of 1 μm, Invitrogen) at the concentration of 1*108/mL (dispersed in 3 mM NaHCO3 

solution) was injected into the column at the approach velocity of 0.508 cm/min (under the 

identical conditions as above). The elution samples were collected at 2 minutes interval and the 

concentrations were analyzed by using UV-spectroscope (Ultrospec 2000, Pharmacia Biotech).  

 The commonly accepted RT and TE models for single collector contact efficiency 

calculation were created based on simplifying the trajectory (R&T model) and calculating the 

numerical results of convective-diffusion equation (T&E model) of colloid particles to two 

dimensions [30, 31]. These simplification strategies are suitable for common colloid particles 

(such as latex particles, bacterial). The high densities of metal particles (such as NZVI particles) 

maybe, however, perform differently from common latex particles in transport through porous 

media. And Chung et al built a model to include the effect of gravity settling of colloid particles 

in filter theory [32]. The preliminary trajectory analysis of NZVI particles were conducted in two 

dimensions (for vertical flow model) and three dimensions (for horizontal flow model) to reveal 
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the effects of the density of NZVI particles on the single collector contact efficiency in vertical 

and horizontal column transports. The details about the scenarios on trajectory analysis in two 

dimensions (2-D) and three dimensions (3-D) were given in SI, Section 4.S1. 

4.3 Results 

4.3.1 NZVI aggregate size characterization 

The mean primary particle size of NZVI as characterized by TEM was 75 nm. The mean 

diameter of the bare NZVI 1 g/L suspension was 15.9 µm. The size of 700K CMC-NZVI 

aggregates at 0.3, 1 and 3 g/L measured by microscopy are listed in Table 4.1, and the mean 

diameter of the aggregates in the resulting suspensions in 3 mM Na+ solution were 3.13 µm, 2.12 

µm and 1.76 µm, respectively. Several other studies have also reported that primary 

nanoparticles tended to aggregate into several microns [33-35], due to the strong magnetic 

attraction between NZVI particles [36, 37]. The particle size measured by DLS for the 1 g/L was 

0.54 µm only. The discrepancy between optical microscopy and DLS measurements is because 

of disaggregation upon dilution to 150 mg/L, the maximum reliable measurement concentration, 

and as well due to settling off of large aggregates from the aqueous media during or prior to 

measurement. 

Table 4.1. The diameter of NZVI aggregates as measured by conventional optical microscopy 

under different conditions. 

Sample/Characterization 
method 

NZVI 
concentration 
(mg/L) 

700K CMC-
NZVI 

Bare NZVI Number (or conc.) 
of particles 
measured 

Average diameter of 
particles based on 
microscopy [38] 

300 1760±176  / 2327 

1000 2220±384 15940±1247 1956 

3000 3130±611 / 2048 

Average diameter of 300 352±82  150 mg/L 
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particles based on DLS 
measurement (nm) 

1000 
3000 

540±118 
1283±266 

/ 
/ 

150 mg/L 
150 mg/L 

The extent of aggregation as measured from particle size analysis was reflected in the 

sedimentation tests, shown in Figure 4.S3. The CMC-NZVI sedimentation rate was the slowest 

at the concentration of 0.3 g/L with approximately 63% of CMC-NZVI particles remaining in the 

suspension after 200 minutes), and was faster at higher concentrations with approximately 30% 

of particles remaining in solution for the 1 g/L suspension and only 20% of particles remaining 

in solution for the 3 g/L suspension over the same time period. The data is provided in Figure 

4.S1. These results confirm the trends observed from the particle size assays that CMC-NZVI 

aggregation was more rapid at a higher NZVI concentrations and the trends are similar to that 

reported in a previous study [8].  

4.3.2 Tracer tests 
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Figure 4.1. Breakthrough curves of nitrate through vertical and horizontal columns packed with 
coarse sand (average diameter 1140 μm). 

 

Figure 4.2. Breakthrough curves of latex particles (average diameter 1 µm) through vertical and 
horizontal columns packed with intermediate sand (average diameter 340 µm). 

 
Prior to studying the transport of CMC-NZVI particles, the transport of the nitrate tracer 

was analyzed in both the vertical and horizontal columns (the results are shown in 4.Fig. 1). This 

was used as a control to examine whether moving from the vertical to the horizontal flow mode 

had any influence on dissolved ions or colloids with a density similar to that of background 
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electrolyte. The comparison between the breakthrough curves obtained from the horizontal and 

vertical columns showed that changing the orientation of the column did not affect the flow of 

the nitrate tracer or the latex beads, as expected from theoretical solute transport knowledge. This 

also confirms that there were no artefacts in the packing and the operation of the columns during 

the experiment. The transports of latex particles in the vertical and horizontal columns were also 

compared, as shown in Figure 4.2. The breakthrough curves of latex particles in the vertical and 

horizontal columns were also very identical, indicating that there was no inherent difference 

between the transport performance of latex particles in the vertical and horizontal column. 

4.3.3 Breakthrough curves of CMC-NZVI fron horizontal and vertical columns 

Results of the transport of CMC-NZVI particles at 0.3 g/L under both vertical and 

horizontal flow modes in coarse, intermediate and fine sands are shown in Figures 4.3a, 3b and 

3c, respectively. It can be observed (from Fig. 3a) that under the identical conditions, the steady-

state relative effluent concentration of CMC-NZVI particles in the horizontal column (0.68) was 

significantly lower than that obtained in the vertical column (0.92).  

The steady-state CMC-NZVI relative effluent concentration of CMC-NZVI particles in 

intermediate sand under the vertical and the horizontal flow mode were 0.85 and 0.77, 

respectively as shown in Fig. 3b. The difference of the transport efficiency of CMC-NZVI 

particles between the horizontal and the vertical flow mode was even smaller in the fine sand as 

shown in Fig. 3c. The CMC-NZVI relative effluent concentration was 0.52 at 7 PV.  

Breakthrough curves for both the vertical and horizontal columns showed a gradual increasing 

trend between 3 and 7 PV and did not reach a strict steady-state, and this can be attributed to 

detachment of deposited CMC NZVI particles under the high shear conditions in the fine sand 

[11].   
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Figure 4.3. Comparison of transport in vertical and horizontal columns at 0.3 g/ L CMC-NZVI. 
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Figure 4.4. Comparison of transport in vertical and horizontal columns at 1 g/ L CMC-NZVI. 
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Qualitatively, similar trends in CMC-NZVI elution patterns were observed at higher 

influent concentrations of 1 and 3 g/L CMC NZVI as shown in Figures 4.4 and 4.5. However, 

one noteworthy difference is that there was a greater difference in the steady-state elution 

concentration of horizontal and vertical columns with the intermediate and fine sand at 1 g/L and 

3 g/L influent concentrations. Furthermore, the relative elution concentrations in the fine sand 

columns operated either with vertical or horizontal flow, increased with the increase of influent 

concentration. The total deposited masses in the fine sand for 0.3, 1 and 3 g/L NZVI suspensions 

are 3.54 mg and 3.84 mg, 7.6 mg, respectively, for the vertical column and 8.99, 14.80 mg and 

23.34 mg in the horizontal column calculated by integrating of BTCs, respectively. These results 

are counter intuitive, as the classical colloid filtration theory states that elution concentrations 

should not change with influent concentration [39]. However, given that particle sizes increased 

with CMC-NZVI concentration, it is likely that there were higher drag forces on larger deposited 

particles[40].   

Overall, Figures 4.3, 4.4 and 4.5 indicate that CMC-NZVI transport is higher in the 

vertical and horizontal columns, particularly for the coarser sand grains.     
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Figure 4.5. Comparison of transport in vertical and horizontal columns at 3 g/ L CMC-NZVI. 
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Figure 4.6. The picture of the peculiar column with six sample ports in the both top and bottom 
sides. 
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Figure 4.7. The retention of NZVI particles in the vertical and horizontal columns packed with 
intermediate sand at the end of the NZVI injection and electrolyte flushing periods: (a) 0.3 g/L 
NZVI; (b) 1 g/L NZVI; (c) 3 g/L NZVI. 

At the end of the column experiments for vertical flow, i.e., after the NZVI injection 

phase and subsequent electrolyte flushing phase, the flow was terminated and sand from the 

vertical columns were carefully extruded and sectioned at 1 cm intervals. The sand was digested 

with 2 normal chloride acid solution and analyzed for total Fe by ICP-OES. For the horizontal 

flow experiment, sectioning of the sand was done differently, as extrusion of the sand with 

minimal disturbance to the deposited particles could not be achieved in the horizontal orientation. 

Thus, separate from the experiments used to obtain the BTCs, identical column experiments 

were conducted with specially made columns with 6 sampling ports along the length of the 

column to extract sand from top side and bottom side the horizontal column as shown in Figure 
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4.7. The top and bottom of the column was sampled because it was visibly evident that greater 

NZVI deposition was occurring in the bottom side of the column during horizontal flow. The 

sands were analyzed for total Fe as mentioned above.  

The retention of NZVI particles in the intermediate sand at different NZVI particle 

concentrations are shown in Figure 4.7. Comparing Figures 4.7a, b and c, it is obvious that with 

the increase of NZVI injection concentration, the retention concentration increased in both the 

vertical and horizontal columns. Additionally, with the increase of NZVI concentration, the 

difference of mass retained between the top side and bottom side increased, indicating that the 

settling of NZVI particles in the horizontal column increased particle concentration. The 

retention concentrations in the top side of the horizontal columns were lower than those in the 

vertical columns under the identical conditions. This result is attributable to the fact that during 

transport in the horizontal column, particles settled to the bottom side, leaving fewer particles in 

the top side and the resultant lower retention concentration. This is an anomalous deposition 

behavior, where deposition is non-uniform along the column cross section, and is attributable to 

the gravitational settling of the NZVI aggregates, and is discussed in more detail in the following 

section.   

The mass retained in the bottom of the column increased in the sections of the column 

closer to the injection end, and then approached a constant value. This is contrary to predictions 

from the CFT [41] where deposition is predicted to be the greatest near the inlet end, as observed 

for the vertical column and with the NZVI deposition at the top of the column.  This anomalous 

deposition pattern indicates that as the NZVI migrates through the horizontal column, the settled 

mass of NZVI increases due to the coupled effects of horizontal transport and vertical settling. 
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4.4 Analyses of deposition mechanisms in vertical and horizontal columns 

The results from the BTC experiments are summarized in Table 4.2. The classical colloid 

filtration theory (CFT) calculations are conducted for the vertical column experiments. 

According to this CFT, the first order particle deposition rate constant, k, is represented as 

function of the single collector contact efficiency (η0) and the attachment efficiency (α) as shown 

in equations 4.1 and 4.2 [22, 42]. 

k  3(1 f )u

2ds f










0                                                                                                    (4.1) 

where f is porosity of media and ds is the average diameter of the collector. The parameter η0 is 

the probability of collision of a particle with the collector surface during transport through 

porous media and can be theoretically determined by the Tufenkji and Elimelech equation 

correlation equation [31]. 

The attachment efficiency, α, represents the probability of sticking of a particle on the 

collector after collision. The attachment efficiency is usually determined from experimental 

breakthrough curves by solving for equation 4.2. 

   2dS ln(C / C0 )

3(1 f )L0

                                                                                                           (4.2) 

where C/C0 is the steady-state effluent concentration, and is taken as C/C0 at 7 PV. 

However, for the horizontal columns, as the flow direction differs from the commonly 

used vertical direction, the TE equation is no longer valid as the force and torque balance on 

which is equation is derived fundamentally changes. Therefore, the η0  and α calculations have 

not been conducted for the horizontal column results based on equations 4.1 and 4.2. Instead, the 

single collector contact efficiencies of NZVI particles in horizontal columns were calculated by 
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the trajectory analysis of colloids around a collector based on the analyses of Rajagopalan and 

Tien [43] but modified for particle flow around a three dimension collector, as described in detail 

in the SI. The results from the analyses are listed in Table 4.3. In addition, the profiles of the 

analyzed trajectories of NZVI particles and common colloid particles (usually latex particles 

with the density of 1.05 g/cm3) in 3-D are also listed in Table 4.3 to highlight the effects of 

gravity of particles on their transport through the porous media. 

Table 4.2. Deposition parameters for CMC NZVI transport in vertical and horizontal columns. 

Sample  Mean 
diameter 
(nm) 

Sand C/C0 η0 predicted from 
TE equation 

 (η0) calculated from 
3-D trajectory 
simulation 

Attachment 
efficiency (α) 

Deposition  
rate (k, s-1) 

0.3 g/L 
NZVI 
in 1 
g/L 
700K 
CMC  

 

1760  

Coarse Vertical 0.92 2.81*10-3 / 0.3592 1.91*10-4 

Horizontal 0.68 / 5.71*10-3 0.8148 8.80*10-4 

Intermediate Vertical 0.85 3.52*10-3 / 0.1613 5.58*10-4 

Horizontal 0.77 / 8.18*10-3 0.1099 8.84*10-4 

Fine Vertical 0.52 5.70*10-3 / 0.2039 1.73*10-3 

Horizontal 0.52 / 1.65*10-2 0.0705 1.73*10-3 

1 g/L 
NZVI 
in 1 
g/L 
700K 
CMC  

 

2220 

Coarse Vertical 0.82 4.43*10-3 / 0.5441 4.54*10-4 

Horizontal 0.51 / 1.62*10-2 0.5014 1.53*10-3 

Intermediate Vertical 0.77 5.02*10-3 / 0.1908 9.54*10-4 

Horizontal 0.42 / 1.78*10-2 0.1676 2.97*10-3 

Fine Vertical 0.72 8.04*10-3 / 0.073 8.56*10-4 

Horizontal 0.64 / 2.85*10-2 0.0278 1.16*10-3 

3 g/L 
NZVI 
in 1 
g/L 
700K 
CMC  

 

3130 

Coarse Vertical 0.96 8.41*10-3 / 0.0586 9.34*10-5 

Horizontal 0.57 / 3.47*10-2 0.1954 1.28*10-3 

Intermediate Vertical 0.93 8.89*10-3 / 0.0278 2.49*10-4 

Horizontal 0.55 / 3.43*10-2 0.0600 2.07*10-3 

Fine Vertical 0.81 1.36*10-2 / 0.0275 5.48*10-4 

Horizontal 0.69 / 5.08*10-2 0.0130 9.68*10-4 

From Table 4.2 it is evident that vertical columns packed with coarse sand or 

intermediate sand, C/C0 and k values of CMC-NZVI at 1 g/L are lower than those at 0.3 g/L and 
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3 g/L. The increase in deposition between 0.3 g/L and 1 g/L CMC-NZVI injection concentrations 

can be attributed in part to the increase in η0. At 3 g/L injection concentration the deposition of 

CMC-NZVI in the coarse and intermediate sands are significantly higher than with lower 

injection concentrations. 

Changes in the fluid flow from vertical to horizontal direction changes the influence of 

gravitational force on particle trajectories around the collector. The effects of gravitational forces 

on CMC-NZVI deposition are evident from the results in Tables 4.3 and 4.4. The single collector 

contact efficiencies in the horizontal flow model are always higher than those in the vertical flow 

model under the identical conditions, as shown in Table 4.3. This can partly explain the results 

that C/C0 values in the vertical columns were higher than those in the horizontal columns under 

the identical conditions. Further, the comparisons of the profiles of trajectories of NZVI particles 

and the latex particles in 3-D calculations reveal that CMC-NZVI particles are mainly impacted 

on the upper half collector, particularly in the coarse and intermediate sands, indicating the 

significant settling of NZVI particles during transport in the horizontal columns. The profiles of 

3-D trajectories of NZVI particles in the fine sand, however, show that particles impact almost 

equally in the upper half collector and the lower half collector in the fine sand case, unlike those 

in the coarse and intermediate sands. The more uniform deposition of NZVI particles on the fine 

sand was caused by the combined influence of the gravity of NZVI particle and hydraulic forces 

of flow around the sand. This can contribute to the smaller difference of C/C0 values in the fine 

sand between the vertical and horizontal columns than these in the coarse and intermediate sands. 

The impacts of NZVI particles on the fine sand tend to locate on the upper half collector with the 

increase of NZVI concentration, indicating the increased gravitational settling with the increase 

of NZVI concentration during transport in the fine sand. This finding can contribute to the results 
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that C/C0 values in the fine sand with the increase of NZVI concentration between the vertical 

and horizontal columns.  

The calculations of the mean of the closest distances encountered by each CMC-NZVI or 

latex particle and the collector surface, during their trajectory, under different conditions are 

listed in Table 4.4. The mean values of the distances of NZVI particles at 1 g/L are 25.21 µm and 

26.43 µm, 7.28 µm and 7.80 µm as well as 3.48 µm and 3.71 µm in the upper half and lower half 

of the coarse sand, intermediate sand and fine sand, respectively. When NZVI concentration 

increased to 3 g/L, the mean values of the distances are 21.00 µm and 22.36 µm, 6.12 µm and 

6.75 µm as well as 3.27 µm and 3.51 µm in the upper half and lower half of the coarse sand, 

intermediate sand and fine sand, respectively. Overall, in all cases, the mean of the closest 

distance between NZVI particle and the upper half collector surface is less than that between the 

particle and the lower half collector surface under the identical conditions. However, for the latex 

particles, the means of the closest distances from the collector in the upper half and the lower 

half collector are very similar under the identical collector and particle sizes, indicating no 

gravitational settling during latex particle transport in horizontal columns. This result verifies 

that NZVI particles experience very significant gravitational setting in the horizontal columns, 

which led to deviations in deposition behavior between the vertical and horizontal columns. 

Further, examining the mean distance values, one can find that, for NZVI particles, the 

difference of the mean of the minimum distances between the upper half and lower half collector 

increased with the increase of collector diameter for a given mean NZVI particle size 

(corresponding to the mean diameter for a specific suspension concentration). This explains the 

results of greater divergence in the C/C0 values in vertical and horizontal columns in the coarse 

and intermediate sand are higher than that in the fine sand at the same NZVI concentration. 
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Table 4.3. The calculations of the single collector contact efficiency ( 0 ) of the current modified trajectory analysis as well as the 

profiles of particles’ trajectories under different conditions. 

 
Sampl
e  

Sand 0  of NZVI calculated from current modified 
trajectory analysis in 2-D (vertical column) 

0  of NZVI calculated from current modified 
trajectory analysis in 3-D (horizontal column) 

 0 of latex particle calculated from current 
modified trajectory analysis in 3-D  

0.3 
g/L 
700K-
CMC 
NZVI 

Coarse 0.0049 0.0057 
34 particles impacted on the collector (30 on the 
upper half and 4 on the lower half). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0.0012 
7 particles impacted on the collector  (3 on the 
upper half and 4 on the lower half) 
 
 
 
 
 

Intermediate 0.0060 0.0082 
49 particles impacted on the collector (40 on the 
upper half and 9 on the lower half) 

0.0037 
22 particles impacted on the collector (10 on the 
upper half and 12 on the lower half) 



100 
 

Fine 0.0089 0.0165 
99 particles impacted on the collector (53 on the 
upper half and 46 on the lower half) 

 

0.0162 
97 particles impacted on the collector (49 on the 
upper half and 48 on the lower half) 
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1 g/L 
700K-
CMC 
NZVI 

Coarse 0.0115 0.0162 
97 particles impacted on the collector (93 on the 
upper half and 4 on the lower half) 
 

0.0017 
10 particles impacted on the collector  (5 on the 
upper and 5 on the bottom) 
 
 

Intermediate 0.0128 0.0178 
107 particles impacted on the collector (95 on the 
upper half and 12 on the lower half) 

0.0093 
56 particles impacted on the collector (27 on the 
upper half and 29 on the lower half) 
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Fine 0.0193 0.0285 
171 particles impacted on the collector (101 on 
the upper half and 70 on the lower half) 

0.0215 
129 particles impacted on the collector (62 on the 
upper half and 67 on the lower half) 

3 g/L 
700K-
CMC 
NZVI 

Coarse 0.0271 0.0347 
208 particles impacted on the collector (208 on 
the upper half and no particle on the lower half) 
 

0.0018 
11 particles impacted on the collector (6 on the 
upper half and 5 on the lower half) 
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Intermediate 0.265 0.0343 
206 particles impacted on the collector (185 on 
the upper half and 21 on the lower half) 

 

0.0132 
79 particles impacted on the collector (38 on the 
upper half and 41 on the lower half) 

 
 Fine 0.0378 0.0508 

305 particles impacted on the collector (227 on 
the upper half and 78 on the lower half) 

0.050 
300 particles impacted on the collector (146 on 
the upper half and 154 on the lower half) 
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Table 4.4. The comparisons of the mean of minimum distances between NZVI and latex particles’ trajectories and the upper/lower 
half collector surface under different conditions. 

Particle 
diameter [38] 

Particle The mean of minimum distances between particles’ 
trajectory and the coarse sand surface (um) 

The mean of minimum distances between particles’ 
trajectory and the intermediate sand surface  (um) 

The mean of minimum distances between particles’ 
trajectory and the fine sand surface (um) 

1760  NZVI 

25.03 (upper half collector) 
 
26.51 (lower half collector) 

7.25 (upper half collector) 
 
7.80 (lower half collector) 

3.79 (upper half collector) 
 
3.89 (lower half collector) 

Latex 

30.02 (upper half collector) 
 
30.03 (lower half collector) 

8.71 (upper half collector) 
 
8.72 (lower half collector) 

4.40 (upper half collector) 
 
4.41 (lower half collector) 
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2220  NZVI 

25.21 (upper half collector) 
 
26.43 (lower half collector) 

7.28 (upper half collector) 
 
7.80 (lower half collector) 

3.48 (upper half collector) 
 
3.71 (lower half collector) 

Latex 

30.72 (upper half collector) 
 
30.78 (lower half collector) 

8.88 (upper half collector) 
 
8.89 (lower half collector) 

 
4.37 (upper half collector) 
 
4.41 (lower half collector) 
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3130  NZVI 

21.00 (upper half collector) 
 
22.36 (lower half collector) 

 
6.12 (upper half collector) 
 
6.75 (lower half collector) 

3.27 (upper half collector) 
 
3.51 (lower half collector) 

Latex 

24.63 (upper half collector) 
 
24.65 (lower half collector) 

6.78 (upper half collector) 
 
6.79 (lower half collector) 

3.33 (upper half collector) 
 
3.33 (lower half collector) 
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4.5     Conclusions 

In this study, the transport of CMC-NZVI aggregates in vertical and the horizontal flow 

columns were compared. In the latter, gravitational settling of CMC-NZVI aggregate (due to its 

high density 6.58 g/cm3) exhibited deposition patterns very different from the vertical column. 

The effects of different sand mean grain sizes and NZVI concentrations on the transport 

efficiency of CMC-NZVI aggregate transport efficiency were also studied in both the vertical 

and the horizontal column. It was found that in the horizontal columns CMC-NZVI aggregate 

were prone to sediment in coarse sand caused by strong gravitational force, which resulted in 

them having very low transport efficiency in the horizontal column. In fine sand, on the other 

hand, CMC-NZVI particles were less prone to sediment in the horizontal column, especially at 

low CMC-NZVI concentrations. This is attributed to the different deposition patterns of NZVI 

particles on coarse and fine sands: only depositing on the top side of the coarse sand and more 

uniform deposition on the fine sand. The findings can help explain the possible challenges with 

efficient transport of NZVI which could arise during field applications of CMC-NZVI particles 

where the particles are injected horizontally from well screens. The findings in this study can be 

used to accurately assess the transport of NZVI particles in field applications. 
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Supporting information 

Section 4.S1. Equations for trajectories of NZVI particles in 2-D and 3-D 

 

Figure 4.S1. The gravity decomposition on the collector: a) 2-D collector; b) 3-D collector. 

This figure shows how to calculate the decomposition of graviy in the 2-D and 3-D 

collectors. 

 

1) Scenarios for forces calculations 

The basic forces balance as well as torque balance equations were similar as those used in 

developing RT model [30]. The main forces included gravity, London force and drag force. In 

the 2-D trajectory analysis, the forces are listed as following: 
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65 2332 pppw   

And bap s /)1( 3/1                                                                                                                            (4.S2)  

These equations are used to describe and simulate the flow stream around the collector. 

And based on the above flow stream function, the velocity of the flow around the collector can 

be described as:     
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Equation 4.S3 can be simplified as:  

eyDyBeyAV CCrC )( 22                                                                                         (4.S4) 

In terms of the equations 4.S2, 4.S3 and 4.S4, A, B and D can be expressed as: 
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Forces accounted into the calculations of the trajectory of particles:                  

I) Inertial force and torque 

Dt

Du
mf I                                                                                                                                  (4.S8) 
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Because the colloidal particle sizes are commonly very small, thus the inertial force is usually 

ignorable. 

II) Gravitational force and torque 

)sincos[)()3/4()()3/4( 33
 eegagaf rfppfpp

G                             (4.S9)  

)sincoscoscossin[)()3/4()()3/4( 33
  eeegagaf rfppfpp

G    (4.S10) 

 

 

Equations 4.S9 and 4.S10 were the description of gravities for 2-D and 3-D trajectories 

calculations, respectively. In 2-D collector mode, the gravity is only decomposed in radial (r ) 

and one angular ( ) directions, while, in 3-D collector model, the gravity is decomposed in 

radial (r ) and two angular (  and  ) directions 

III) Surface force and torque 

a) Molecular dispersion force and torque (London force and torque) 

  f2
Lo  [2Aa(, ap,e )ap

3 / 3 2 (2ap )2 ]er                                                                      (4.S11) 

where, is the retardation correction factor. 

 

This London force is representative of van deel Waa force. 

b) Double-layer interaction force and torque 

                        (4.S12) 

 

This double-layer interaction force is ignored in the calculations of this study. 

IV) Drag forces and torques 
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a) Due to the translation of the particles 

                                                                      (4.S13) 

                                                                                                    (4.S14) 

b) Due to the rotation of the particle 

                                                                                                  (4.S15)                          

                                                                                                                      (4.S16) 

c) Due to the fluid velocity in the presence of the stationary particle: 

                                         (4.S17) 

                                                                               (4.S18) 

The impacts of drag force on the trajectory mainly included three parts, as described in equations 

4.S16, 4.S17 and 4.S18. 

Based on these force and torque balances analysis, the dependences of velocities on 

forces were derived as followings: 
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Equations 4.S14 and 4.S15 were the dependences of velocities in radial directions on 

forces in 2-D and 3-D calculations. 
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Equations 4.S16 and 4.S17 were the dependences of velocities in radial directions on 

forces in 2-D and 3-D calculations. 
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                                                                                                              (4.S23) 

Equation 4.S18 was only for 3-D calculation. 

rtrrt ggfgfs  /)(1                                                                                                          (4.S24) 

rrmmt ggfygfs  /)( 112
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rrmmr ggfygfs  /)( 223
                                                                                                 (4.S26) 

Via the forth-order Runge-Kutta method, equations 4.S19, 4.S21 or equations 4.S20, 

4.S22 and 4.S23 were solved separately for 2-D and 3-D trajectory results, respectively. 

2) Scenarios for Brownian motion simulation 

The Brownian motion effects were considered by directly adding a term referred from an 

early study [44]. In the simulations, the fourth order Runge-Kutta method was used to compute 

the trajectory of a particle. np  was denoted the position of the particle at time nt , and t  was 

denoted the step size of time used in the RK process. We have the following iteration 




 
4

1
1

i
iinn kbpp                                                                                                                 (4.S27) 

ttt nn 1                                                                                                                           (4.S28) 

Brownian motion was not taken into the consideration in the above. After 1np  is 

computed, a small displacement (considered as the Brownian motion traces) was added to it to 
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simulate the traces of particles under all effects (Brownian motion, gravity, London force, and 

hydraulic forces). 

                                                                                                                      (4.S29) 

                                                                                                                   (4.S30) 

where,   is the ultimate displacement of the particle at time , is the three dimensional 

displacement vector generated by Brownian motion, which can be expressed in Cartesian 

coordinates : 

tDny y  2                                                                                                                 (4.S31) 

tDny y  2                                                                                                                 (4.S32) 

tDnz z  2                                                                                                                  (4.S33) 

where ,  and  are random variables of normal (0,1).  is the diffusion coefficient of the 

particle and the same as above bulk diffusion. It should be noted that the equation used to 

calculate the displacement of Brownian particles differs from those used in previous studies. This 

is due to the fact that the displacement of Brownian particles is dependent on the dimension 

number of Brownian motion. And the model developed in this study is expanded to 3-D, which 

varies from those models developed in the previous studies. Further, the time step  is 

adaptively controlled in the Runge-Kutta fourth order method (it ranges from 10-16 to 10-18 s). 

 

3) Scenarios for calculating the single collector contact efficiency 
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6000 particles were distributed in the across area of the collector by using the following 

method: the across area of the collector was symmetrically divided into 20 regions with equal 

area, and then 300 particles were assigned into each region (shown in Figure 4.S2). The 300 

particles in each region were randomly distributed. The trajectories of particles were simulated 

from the central regions moving towards the circumferential regions (the number of hits are 

simultaneously recorded). If there was no any impact of the trajectory on the collector surface in 

any one region, the calculation of the trajectory of particles was skipped in the outer layer of the 

region. The total times of the impact between the trajectory and the collector divided the total 

particle number (6000) to obtain the single collector contact efficiency. 

 

Figure 4.S2. The uniform partition of the cross-section area into 20 regions (equal area method). 

 

4) Scenarios for calculating the mean minimum distances between NZVI particles’ 

trajectories and collector surface 

Setting the lateral side of the collector sphere as the symmetrical plane, 100 particles 

were assumed symmetrically distributed on the collector surface. The trajectories of these 100 

particles were calculated. Then the minimum distances between trajectories and collector surface 
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were recorded. The means of these distances (50 values on the upper half collector and 50 values 

on the lower half collector) were calculated and compared in 3-D simulations to reveal the effect 

of gravity on particle transport in upper and lower half collector. 

Section 4.S2. The sedimentation experimental results 

 

Figure 4.S3. Sedimentation experimental results of CMC-NZVI at different concentrations. 

The sedimentation experiments were done at three different NZVI concentrations (0.3 g/L, 

1 g/L and 3 g/L) to examine the effect of NZVI concentration on particle aggregation (shown in 

Fig. 1). It could be observed that NZVI sedimentation was the slowest at the concentration of 0.3 

g/L (more than 63% of NZVI particles remained in suspension at the end of the experiment), 

considerably faster at 1 g/L NZVI (only around 30% of particles remained in the suspension at 

the end of the experiment), and the highest at 3 g/L (only around 20% of particles remained in 

the suspension after the experiment). These results indicated that NZVI aggregation proceeded 

much more rapidly at higher NZVI concentrations and much more slowly at lower NZVI 
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concentrations. Similar relationship between NZVI sedimentation and concentration was also 

obtained in previous studies [8]. And this was consistent with the theory mentioned in [45], 

which entailed that the aggregation rate had a second-order dependence on particle concentration. 

Section 4.S3. The section results of the retained NZVI particles on sand in 
columns 
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Figure 4.S4. Iron retention in the coarse sand: a) 0.3 g/L 700K CMC-NZVI; b) 1 g/L 700K 
CMC-NZVI; c) 3 g/L 700K CMC-NZVI. 
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Figure4. S5. Iron retention in the fine sand: a) 0.3 g/L 700K CMC-NZVI; b) 1 g/L 700K CMC-
NZVI; c) 3 g/L 700K CMC-NZVI. 

Section 4.S4. The abbreviation of parameters for the mathematical 
calculations 

A Hamaker constant 

CA  the coefficient in equation 4.S4 


CA  the dimensionless CA  defined by UaA pC /2  

SA  porosity-dependent parameter of Happel’s model; 

)2332/()1(2 655 ppppAS   

pa  radius of particle 

sa  radius of the spherical collector 

b  radius of the Happel cell 

CB  the coefficient in equation S4 


CB  the dimensionless CB  defined by UaB pC /  

0C  the number concentration of particles in the suspension 

CD  the coefficient in equation 4.S4 


CD  the dimensionless CD  defined by UaD pC /2  

D  diffusion coefficient in an infinite medium, 

)6/( pB aTkD   

sd  diameter of spherical collector, ss ad 2  

pd  diameter of particle, pp ad 2  

re , e , e  unit vectors in r ,   and   directions 

t
rf , tf , m

rf , mf 1
, mf 2

 and rf  Drag correction factors, functions of   

j
if  force vector on the particle, superscript specifies the 

source of the force 

g  magnitude of the gravity vector, g=9.81 g/s2 

rg , tg , mg 1  and mg 2
 torque correction factors, functions of   
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k  particle deposition rate constant 

Bk  Boltzmann constant, 1.3805×10-23 J/K 

1K , 
2K , 

3K  and 
4K  coefficients that appear in equations S1  

GN  gravity group, UgaN fppG  9/)(2 2   

LoN  London group,  UaAN pLo
29/   

PEN  Peclet number,  DUdN sPE /  

RN  relative size group, spR aaN /  

p  Defined in equation S2, bap s /  

r  radial coordinate 

r  dimensionless radial coordinate, sarr /  

1s  rtrrt ggfgfs  /)(1   

2s  rrmmr ggfygfs  /)( 112
  

3s  rrmmr ggfygfs  /)( 223
  

t  time variable 

T absolute temperature 

U approach velocity 

V  liquid flow field 

y  )( sary   

),,( epaa 
 retardation correction, a function of  , pa

 and e  

  surface-to-surface separation between the collector and 

the particle 

  dimensionless parameter, pa/ 

 

f  porosity of the porous media 

0  
the single collector contact efficiency 

D , I  and G  
collection efficiencies due to diffusion, sedimentation and 

interception, respectively 

  angular coordinate 
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  angular coordinate 

  Debye-Huckel reciprocal length 

e  wavelength of electron oscillation,  nme 100  

  viscosity of suspension 

  circular constant, 14.3  

f  
the density of the liquid 

p  
the density of the particle 

  stream function 

u  Darcy velocity 

ur , u , 
u  

the velocity vectors in different directions 
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5.1 Introduction 

Direct injection of nanoscale zero-valent iron (NZVI) particles into the subsurface to 

restore groundwater contamination is a promising in situ remediation technology. Zero-valent 

iron has a high redox potential, and combined with the high specific surface area for 

nanoparticles can yield very high rates of reduction reactions for many chlorinated solvents, 

nitrates, heavy metals, pesticides etc. [1-7]. The delivery and distribution of NZVI into the 

contaminated zone is challenging because these particles tend to exhibit a very high degree of 

deposition and filtration in subsurface porous media. Several field demonstrations have indicated 

that NZVI particles cannot be effectively or readily transport to DNAPLs zones [8-11]. NZVI 

particles are magnetic and thus tend to aggregate extensively, particularly at the g/L 

concentrations required for remediation [12]. These aggregates are retained extensively in the 

porous media due to physico-chemical deposition as well as by physical straining [13-18].  

Coating NZVI with polymers, polyelectrolytes or surfactants, for a higher degree of 

colloidal stabilization through repulsive steric or electrosteric contributions of the coating 

materials reduces the extent of aggregation as well as the extent of retention in porous media due 

to transport. Several different non-toxic polymers and macromolecules have been shown to 

colloidally stabilize NZVI to a significant extent, and these include carboxymethyl cellulose 

(CMC) [19], polyacrylic acid (PAA) [20], poly-styrene sulfonate (PSS) [13], guar gum [21] and 

polyaspartate (PAP) [14, 22]. Although polymers improve the colloidal stabilization of NZVI, 

there is still some aggregation of NZVI, particularly at g/L levels, which can contribute to its 

high retention in porous media [15, 18, 23, 24].  

The deposition of NZVI in subsurface porous media is also influenced by groundwater 

composition, the fluid velocity, porous media grain size, and the Fe(0) content of NZVI which is 
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related to its magnetic activity [13, 16]. Polymer-coated NZVI is retained to a lesser extent at 

higher pore water velocities and this is caused by the significant drag forces on deposited 

particles at higher velocities that can result in detachment of deposited particles [25-27].  At high 

ionic strengths and particularly in the presence of multivalent cations the colloidal stability and 

transport of coated-NZVI is diminished due to the charge-screening effect of the cations. 

Recently, Tosco et al have extensively studied the effects of the shear-thinning fluids 

(such as guar gum and xanthan gum) used to stabilize NZVI particles on the transport of NZVI 

[28]. They found that the fluid viscosity, flow velocity, and the changes in porous media 

permeability as important factors are influencing particle transport with shear-thinning fluids. It 

was reported that at high xanthan gum concentration (3 g/L) required for NZVI stabilization, 

very high pressure drops or flow velocities were required to achieve significant extent of NZVI 

transport [29].  

 The above studies on transport of NZVI have been conducted in 1-D column studies. 

Additional factors which might impact the fate and transport of polyelectrolyte stabilized 

particles are likely to be related to up-scaling. To address the challenges of interpreting the 

scaling–up effects in NZVI transport, several studies have used 2-dimensional tanks systems 

packed with homogenous or heterogeneous media to investigate the transport of NZVI particles. 

Kanel et al. used a tank of dimensions of 0.5 m (length) × 0.29 m (height) ×0.02 m (width) to 

visually observe the transport of a pulse of injected bare NZVI and PAA-stabilized NZVI [30]. The 

results showed that bare NZVI particles were not transported in the porous media, while, PAA-stabilized 

NZVI were transported in the tank, although the particles migrated downward within the process of 

moving forward, due to gravity effects. Phenrat et al employed a 2-D tank (0.30 m (length) × 0.18 m 

(height) × 0.025 m (width)) which was heterogeneously layered with sands of various grain diameters 

(coarse to fine) was used to assess the effects on transport caused by injection of various concentrations 
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(0.3 g/L, 3 g/L and 6 g/L) of polyelectrolyte-stabilized NZVI, as well as the effects of particle Fe0 content 

(24% and 10% reflecting particles at various states of oxidation) and the coating layer thickness (30 nm 

and 70 nm) on transport [23]. The results show that at low concentration (0.3 g/L), NZVI particles 

transported more extensively than those at high concentrations (3 g/L and 6 g/L). The high content of Fe0 

was unfavorable for NZVI transport as it promoted more aggregation during transport, and polystyrene 

sulfonate (PSS) coating of 70 nm improved the transport of NZVI compared to particles coated with 30 

nm of PSS. The total eluted NZVI mass at the end of the water flushing period that followed the injection 

period for 0.3 g/L, 3 g/L and 6 g/L NZVI suspensions injected were 80%, 70% and 40%, respectively. 

Further, the excess polymer in a concentrated MRNIP2 dispersion decreased its transport. For the 

oxidized NZVI particles the total mass fraction eluted was 65% of elution (at 6 g/L), while fresh NZVI 

particles showed 50% of elution at the identical concentration. For all of these cases much of the transport 

was attained by channeling through the coarse grained sand (higher conductivity) and by-passing of the 

lower conductivity (lower porosity sand) was evident. Darko-Kagya and Reddy [31] investigated the 

transport of bare and lactate modified NZVI particles in homogenous and heterogeneous (bilayered) 

porous media under typical pressurized groundwater flow conditions. Different injection pressure 

gradients (0.5, 0.8, 1 and 2 psi) were employed to injection NZVI particles. The 2-D tank had internal 

dimensions of 20 cm×20 cm×5 cm with 9 ports on the back side of the tank for sampling sand. During the 

experiment, 2-3 PV of 4 g/L NZVI suspension was injected. The results showed that higher pressure 

gradients enhanced the transport. Lactate modified NZVI could transport more uniformly than bare NZVI 

particles. In addition, the solid phase iron concentrations deposited in sand decreased with distance from 

the inlet to the outlet and increased from the top to the bottom of the test cell, indicating that the particles 

underwent aggregation and gravity sedimentation during transport. For heterogeneous (layered) porous 

media, NZVI particles transported through the high-porosity and high permeability soil layer. Overall, the 

study showed that the non-uniform distribution of NZVI particles and lactate modified NZVI particles 

occurred under two-dimensional transport conditions. 
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In this study, the spatial and temporal distribution of carboxymethyl cellulose (CMC) 

(which is demonstrated to be very efficient on stabilizing NZVI particles, see SI section 5.S1 

Table 5.S1 for the review of 22 pioneered papers on CMC stabilized NZVI) -stabilized NZVI 

suspensions injected into a Plexiglas 2D sand tank 2-D tank (0.70 m (length) × 0.35 m (height) × 

0.02 m (width)) was assessed. The concentrations of CMC-NZVI in the aqueous phase at various 

locations in the tank were assessed, along with changes in CMC-NZVI aggregate size during the 

transport. The spatial distribution of deposited CMC-NZVI, conductivity changes caused by 

injecting CMC-NZVI suspension and the changes in pressure drop during NZVI suspension 

injection at two-different polyelectrolyte and NZVI were assessed. The first set experiments 

were conducted by packing three sizes of sand (coarse sand, intermediate sand and fine sand) 

into the tank in each trial, respectively, to study the effects of sand size on particle transport and 

aggregation during injection of 1 g/L NZVI in 1 g/L CMC solution. The second set experiments 

were conducted with two different NZVI concentrations (1 g/L and 3 g/L) in 1 g/L or 2 g/L 700K 

CMC solution with the intermediate sand to determine the relationship between aggregation and 

CMC-NZVI concentrations in the suspension injected, as well as to investigate the effect of the 

suspension viscosity on transport. Additionally, two different injection velocities were also tested 

to display the effect of flow velocity on viscous 700K CMC medium of the suspension and its 

effect on NZVI transport performance. The extent of NZVI transport was characterized by 

sampling aqueous samples from 9 sample ports at 20 minutes interval and from 3 effluents ports 

at 10 minutes interval.  

The transient NZVI concentrations in porous media during injection and subsequent 

aqueous flushing evaluated in this study has not been reported to date and provides unique 

insight on NZVI transport.  Furthermore, this is the first tank study to report on the effectiveness 
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as of CMC as a stabilizing polymer. The high effectiveness of 700K CMC as a stabilizing 

polymer has been established in the previous chapters of this thesis. 

5.2 Materials and Methods 

CMC-coated NZVI Particles. The sodium salt of carboxymethyl cellulose with 700,000 Da 

(referred as 700K CMC) was obtained from Sigma Aldrich. NZVI particles were supplied by 

Golder Associates Ltd. A stock solution of bare NZVI at 190 g/L (as Fe) was stored under an 

inert N2 atmosphere in a glove box. CMC was dissolved in a 0.5 mM NaHCO3 electrolyte 

solution to obtain 1 g/L CMC solution or dissolved in DI water to obtain 2 g/L CMC solution. 

The ionic strength of these two solutions were identical given that Na is dissolved from the 

sodium salt of CMC. Thirty mL or 90 mL of the original stock NZVI slurry were dispersed into 

5.6 L above CMC solutions respectively to make 1 g/L and 3 g/L CMC-NZVI suspensions, 

respectively.  

Particle Characterization. The diameters of individual NZVI particles in different CMC 

solutions were characterized by nanoparticle tracking analysis (NTA) (Nanosight NTA2.2 

LM14C) at NZVI concentration of 40 mg/L. The electrophoretic mobility of NZVI particles was 

measured by laser doppler velocimetry (ZetaSizer Nano ZS, Malvern). The mean aggregate 

diameters of CMC-NZVI particles at different concentrations as well as of different samples 

from different sample ports during transport were determined by a microscopy (Olympus, BX51).  

Additional details are provided in SI, Section 5.S2.  

Homogenous Two Dimensional (2-D) Tank. A pilot scale 2-D tank (Plexiglass, length=0.7 m, 

height=0.35 m, width=0.02 m, as shown in Figure 5.1a), equipped with nine sampling ports in 

the front side of the tank (1/8 in. M-NPT Mininert valves), was used in this study to investigate 

the transport of CMC-NZVI particles. There were three inlet ports, connected to a narrow 
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percolated diffuser (ID, ¼ inch), installed in one end the tank for electrolyte flow with a rate of 

12 mL/min in each port. Three outlet ports were also fabricated on the other end of the tank. 

Another narrow diffusor made of PTFE (OD=3/16 inch, ID= 1/8 inch, length=30 cm, with 100 

holes of 0.3 mm diameter each along a line on one side of the diffuser) was installed.  A filter 

(Spectrum labs, Spectra/mesh macroporous filters, open area=100 µm), was positioned 3 cm 

from the inlet side of the tank. The hole line of the narrow diffuser was fixed pointing towards 

the flow direction and in the centre of the tank. This diffuser was connected to 3 injection ports 

in the inlet end of the tank, from which CMC-NZVI was injected into the diffuser by peristaltic 

pumps (Masterflex L/S, Compact pump) at 19.2 mL/min or 8.4 mL/min, resulting in the desired 

flow velocity of 0.96 and 0.40 cm/min. The ends of the tubes connected to the outlets were 

positioned higher than the top of the tank to ensure uniform injection along the height of the tank.  

Three types of sand with average diameters of 1140 μm (coarse sand), 340 μm 

(intermediate sand) and 180 μm (fine sand) (as described in Chapter 4) were used to yield 

different uniform sand tanks. 

A deoxygenated water supply system provides distilled water with constant flow rate 

from a water head, to the tank (shown in Figure 5.1b). 3 mM NaHCO3 (which is of equivalent 

IS of 1 g/L CMC-NZVI suspension with 0.5 mM NaHCO3, (because 1 g/L CMC solution 

contributed to 2.5 mM Na+ into the suspension), resulting in a total IS of 3 mM of the suspension, 

as described in Chapter 3 was pumped into a big water reservoir, followed by constantly flowing 

into the column from the top side (0.5 L/min). The concentration of dissolved oxygen in the 

water at the bottom of the column was measured to be in the range of 0.5-1.5 mg/L by an oxygen 

meter (YSI, 5000, YSI 5010BOD probe). This constant water level provided a constant flow rate 

(12 mL/min in each port) for the 3 inputs.  
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Tracer Test. After packing the tank with sand, the tank was saturated by flushing with the 

electrolyte for 5 hrs (around 6.3 pore volume). Then, 1 pore volume (around 1.72 L) of red dye 

(disodium 6-hydroxy-5-((2-methoxy-5-methyl-4-sulfophenyl)azo)-2-naphthalenesulfonate, food 

grade, The ADI group, USA ) (degassed) at the concentration of 10 mg/L was injected into the 

tank through the 3 injection ports at the flow rate of 12 mL/min in each port. The electrolyte flow 

was switched off during dye injection process, which would be switched on after dye injection to 

flush the tank for 5 hours at the rate of 12 mL/min in each outlet to complete uniform the surface 

charge of the packed sand. A series of images were taken during dye injection and electrolyte 

flushing process to verify the flow pattern in the tank. Then, the electrolyte flow was switched 

off again to proceed to inject NZVI suspension. 

CMC-NZVI Particle Transport. In all cases, 3 pore volumes (~5.3 L) of CMC-NZVI particles 

in 1 g/L CMC or in 3 mM NaHCO3 solution were injected into the tank through the 3 injection 

ports, followed by flushing of 3 PVs of degassed 3 mM NaHCO3 electrolyte.During the injection 

process, NZVI suspension was shaken on a shaker (InFors HT, Labotron, Switzerland) at 300 

rpm/min). A time series of images was taken to illustrate the transport of NZVI particles. 

Additionally, aqueous phase samples (1 mL) were spatially taken out from the 9 sampling ports 

at intervals of 20 minutes and effluent at each of 3 outlets was collected at the time intervals of 

10 minutes. The total effluent was also collected from the beginning of the injection process to 

analyze the total mass of NZVI particles, which could transport out the tank. Prior to injecting 

NZVI suspension, the water head was fixed in the tank system to provide constant flow and to 

determine to the conductivity of the tank. After NZVI suspension injection process, the effluent 

of the electrolyte was also collected to determine the conductivity of the tank. All these solution 

samples were digested in acid solution and then measured by AAS to determine the Fe 
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concentrations.At the end of experiment, 18 sand samples were collected at 18 different locations 

(see Supporting Information for the locations of these 18 points), followed by acid digestion and 

AAS measurement to determine the total Fe concentration. From the dry weight of the sand, 

solid phase concentrations were determined to describe the spatial distribution of deposited 

NZVI particles. 

Measurement of Pressure Drop in the Tank. The pressure drop measurement was conducted 

separately from the transport experiments. Eleven narrow piezometers were fixed vertically in 

the sample ports to measure water levels caused by injecting different solutions (see Figure 5.S1 

in SI). These eleven ports were located at four distances from the injection ports and these four 

distances were assigned as ports (I), ports (II), ports (III) and ports [32]. In ports (I), the water 

levels of the two tubes should be the same, due to the same distance to the injection ports, whose 

mean value represented the pressure drop in ports (I). Similarly, the mean of the three water 

levels of the three tubes in ports (II) represents the pressure drop there, and so on so forth for 

ports (III) and ports [32]. Six experiments were conducted with different solutions and injection 

flow velocity (pure water at 0.96 cm/min, 1 g/L 700K CMC solution at 0.96 cm/min, 1 g/L 700K 

CMC with 1 g/L NZVI at 0.96 cm/min, 2 g/L 700K CMC solution at 0.96 cm/min and 2 g/L 

700K CMC solution at 0.40 cm/min). All these 5 experiments were conducted in the tank packed 

with intermediate sand (D50=340 um). 

Colloid filtration theory (CFT) calculations. The classical clean-bed colloid filtration theory 

and T&E equation [25, 33, 34] were employed to predict the transport distance of NZVI particles 

under different conditions (see section 5.S4 in SI for the details). The scenarios for the 

calculations were as follows: The mean diameter of NZVI aggregates in T1, M1 and B1 at the 

time, when the mean maximum C/C0 value obtained, was determined by optical microscope. 
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Then, the mean diameter value was taken into T&E equation to predict the single collector 

contact efficiency followed by the attachment efficiency calculation (by using the classical 

colloid filtration theory). The determined attachment efficiency was combined with the mean 

maximum C/C0 values at T2, M2 and B2 at T3, M3 and B3 as well as at T4, M4 and B4 to 

predict the distance at which NZVI particles could transport. The predicted distances were 

compared with the experimental distances to reveal the deposition mechanics of NZVI particles 

under different conditions.  

 

Figure 5.1. (a) The image of the tank; (b) Schematic of 2-D tank system. 

5.3 Results and Discussion 

5.3.1 Particle Characterization 

The corresponding mean hydrodynamic diameters of CMC-NZVI particles (15 mg/L Fe 

in 1 g/L and 2 g/L CMC solutions) were 61 and 75 nm measured by NTA, respectively. The 

average electrophoretic mobility (EPM) of CMC-NZVI particles at 1 g/l was -5.65 cmVums 11  , 

corresponding to -48.6 mV of Zeta potential. The mean diameters of NZVI particles measured by 

microscopy were 1000 nm and 568 nm for 1 g/L NZVI in 1 g/L and 2 g/L CMC solutions, 

respectively. The smaller mean diameter of NZVI in 2 g/L CMC solution was attributable to the 
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much better stabilization effect of CMC solution with higher concentration. The mean diamters 

of NZVI particles measured by DLS were 334 nm and 218 nm for 50 mg/L NZVI in 1 g/L and 2 

g/L CMC solutions, respectively. 

5.3.2 Flow test by Dye Tracer 

The flow of tracer injected from the three injection ports shows in Figure 5.S2, which 

displays the uniform flow of tracer in the tank. This result shows that the flow path is 

horizontally uniform in the tank. Further, the transport of NZVI particles can also be roughly 

judged by the color change along the flow distance, as shown in Figure 5.S3. 

5.3.3 The Effect of Sand Size on NZVI Transport 

Previous studies have shown that the porous media size is one of factors controlling the 

transport of NZVI particles [25, 35]  as discussed in the previous Chapter. The values showed in 

Figures 5.2, 5.3 and 5.4 displays the effect of sand size on the transport of NZVI particles in 1 

g/L 700K CMC solution. The results of aqueous NZVI concentrations in these figures were 

obtained under identical conditions of particles suspension composition (1 g/L NZVI particles in 

1 g/L 700K CMC solution), and injection velocity of 0.96 cm/min. The mean of C/C0 values at 

15 cm, 32.5 cm and 50 cm from the injection point (as determined from the three sampling ports) 

and at the effluent ports were 0.90, 0.61 and 0.51 and 0.37, respectively, with the coarse sand 

(Figure 2.). The maximum of C/C0 values at the sampling points for the intermediate experiment 

were 0.82, 0.51, 0.38 and 0.29, and 0.73, 0.49, 0.32 and 0.11 with the the fine sand (shown in 

Figures 5.3 and 5.4, respectively). These results indicate that NZVI particles are more easily 

transported in coarser sands. This result is reasonable and consistent with previous studies [25, 
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35] and Chapter 3. Moreover, C/C0 values in the tank decrease more rapidly with distance from 

the injection point in the fine sand, than in the coarsest sand.  

Several mechanisms can contribute to the difference of C/C0 values with distance 

between these three sands―first, more attachment of NZVI particles occurred in the fine sand 

due to the larger surface area available for depositions; and secondly, there was likely more 

significant straining of NZVI in the fine sand. In order to clarify the effects of aggregation on 

NZVI deposition, the advection-dispersion equation is employed to calculate the deposition rate 

changes caused by NZVI aggregation. Additionally, C/C0 values at three ports at a fixed distance 

from the injection port do not show a very big difference in all three sands, indicating a very 

uniform transport of CMC-NZVI particles along the height of the tank.  

 

Figure 5.2. The iron concentration distribution in the aqueous phase (1 g/L NZVI in 1 g/L CMC 
solution), packed with coarse sand (d50=1140 μm), at injection velocity of 0.96 cm/min. 
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Figure 5.3. The iron concentration distribution in the aqueous phase (1 g/L NZVI in 1 g/L CMC 
solution); packed with intermediate sand (d50=340 μm), at injection velocity of 0.96 cm/min. 
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Figure 5.4. The iron concentration distribution in the aqueous phase (1 g/L NZVI in 1 g/L CMC 
solution), packed with fine sand (d50=180 μm), at injection velocity of 0.96 cm/min. 

5.3.4 The Effect of CMC concentration on NZVI Particle Transport 

Several studies reported that NZVI particles in relative high polymer or polyelectrolyte 

solutions showed very high transport [21, 36, 37]. This is partly due to the reduction of single 

collector contact efficiency of NZVI particles with the increase of the viscosity of suspension (as 

demonstrated in Chapter 3), which in turn results in the reduction of deposition rate and an 

increase in transport. Additionally, a large amount of free polymer/polyelectrolyte molecules 

existed in the suspension can remain on the collector surface and then reduce the attachment of 

NZVI particles [10]. On the other hand, several studies pointed out that the high viscosity of 

NZVI suspension caused by adding polymer/polyelectrolyte would induce resistance for flow to 

move forward, due to the viscosity of the fluid [28, 29]. To assess how higher polymer 

concentrations impact transport of CMC-NZVI in the sand-tank, the transport experiment of 
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NZVI particles in 2 g/L CMC solution was also conducted and the results obtained in 2 g/L 

CMC solution were compared with those obtained in 1 g/L CMC solution under identical NZVI 

suspension injection conditions represented by 3 g/L NZVI at 0.96 cm/min injection velocity. 

The results are shown in Figures 5.5 and 5.6. C/C0 values shown in Figure 5.5 at all 12 ports are 

much higher than those in Figure 5.6. This indicates that the higher CMC concentration in NZVI 

suspension is favourable to the transport of NZVI particles. The result demonstrates that at the 

injection velocity of 0.96 cm/min, higher viscosity at a CMC dose of 2 g/L did not impede 

transport likely due to shear-thinning effects and increased stabilization of NZVI. 

 

 
Figure 5.5. The iron concentration distribution in the aqueous phase (3 g/L NZVI suspension in 2 
g/L CMC solution), packed with intermediate sand (d50=340 μm), at injection velocity of 0.96 
cm/min. 
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Figure 5.6. The iron concentration distribution in the aqueous phase (3 g/L NZVI suspension in 1 
g/L CMC solution), packed with intermediate sand (d50=340 μm), at injection velocity of 0.96 
cm/min. 

5.3.5 The Effect of Injection Velocity on NZVI Transport 

Although early studies have made considerable efforts in investigating the effect of flow 

velocity on NZVI particles [25, 33, 36], most of these studies were conducted under Newtonian 

fluid condition. Tosco et al. reported that the flow velocity influenced NZVI particles transport in 

a complex manner for non-Newtonian fluids [28]. The effects of flow velocity of suspension on 

NZVI particles transport are studied by comparing the transport results at two flow velocities 

(0.96 cm/min and 0.40 cm/min) in intermediate sand. The results are shown in Figure 5.3 and 

Figure 5.7, respectively. The maximum C/C0 values for 0.40 cm/min in Figure 5.7 are 0.81, 0.41, 

0.21 and 0.11 at flow distance of 15 cm, 32.5 cm and 55 cm from the injection port and at the 
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effluent ports, respectively. These values are lower than the corresponding values (0.96, 0.51, 

0.38 and 0.29) shown in Figure 5.3. This result indicates that the slow velocity is unfavourable to 

NZVI particles transport. It should be noted that after injecting NZVI suspension at low flow 

velocity, the electrolyte solution provided by water head cannot  flow through the tank (thus no 

reported C/C0 value in flush process). This is because the resistance caused by CMC solution 

(remained in the pores of the sand) at high concentration is very high, resulting in significant 

reduction of the conductivity (which will be discussed in the following section). 
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Figure 5.7. The iron concentration distribution in the aqueous phase (1 g/L NZVI suspension in 1 
g/L CMC solution), packed with intermediate sand (d50=340 μm), at injection velocity of 0.40 
cm/min. 
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5.3.6 Deposition of NZVI Particles 

Figures 5.S8-5.S13 shows the spatial retention concentration of Fe concentration. The 

values show that the retention concentrations of NZVI in the coarse sand are very low, compared 

with the results in the intermediate and in the fine sand under identical conditions (1 g/L NZVI in 

1 g/L CMC solution, injection velocity of 0.96 cm/min). These retention concentration results are 

consistent with the results shown in Figures 5.2, 5.3 and 5.4. Higher retention is observed for 

decreasing sand diameter, and corresponds to the lower C/C0 values observed as discussed above. 

Moreover, the retention concentration of NZVI reduces with the farther the distance from the 

injecting ports, which is consistent with the clean-bed colloid filtration theory.  

Using the mean deposition rate (obtained from the η0 and α estimated on the basis of C/C0 

obtained at the first sampling ports (T1, M1, B1) at 15 cm calculations shown in Table 5.S2), the 

distance should be 73.3 cm, 95.5 cm, and 131.6 cm for the C/C0 values to be 0.61, 0.51 and 0.40.  

In the experiment these values C/C0 were obtained at 32.5 cm, 55 cm and 67.5 cm distant from 

the injection ports in the tank in the coarse sand. These much farther distances from the 

calculations indicate that more deposition occurred in the experiment than expected.  

Figure 5.S4 also shows that the retention concentrations of NZVI particles in the coarse 

sand are practically higher than the calculation values, except for the value at the effluent ports. 

Particularly, the closer distance from the injection ports, much bigger difference between the 

experimental retention value and the calculated value is obtained in the coarse sand. Finally, the 

retention concentrations of NZVI particles at three layers with the same distance from the 

injection diffusor are more or less the same, confirming that the flow of NZVI suspension is 

uniform in the homogeneous sand.  
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5.3.7 The Aggregation of NZVI Particles during Transport 

Table 5.S3 shows the aggregation trend of NZVI particles during transport at various 

conditions. The results of aggregates sizes show that NZVI particles do not significantly 

aggregate during transport in this study. However, some aggregation was observed in two cases: 

the experiment in the intermediate sand with 1 g/L NZVI particles in 1 g/L CMC solution and 

the experiment in the fine sand with 1 g/L NZVI particles in 1 g/L CMC solution. Comparing the 

aggregate sizes in the transport experiments with coarse sand, intermediate sand and fine sand 

under identical conditions, one can observe that the initial aggregates sizes at all sampling ports 

in the coarse sand (ranging from 600 nm to 820 nm) are higher than those obtained at the 

corresponding ports in the intermediate sand and fine sand (ranging from 400 to 762 nm in the 

former case, from 415 nm to 631 nm in the latter case). This can be interpreted by the C/C0 

values rapidly reach to very high values in the coarse sand tank, representing that the 

concentrations of NZVI particles remained in the aqueous phase are pretty high. And the 

aggregation degree of NZVI particle depends on its concentration [12, 15] as discussed in 

Chapter 3. Taken together, the initial aggregate sizes of NZVI particles in the coarse sand reach 

to bigger sizes. With the continuous injection, the concentrations of NZVI particles in the 

intermediate and fine sands increase, leading to increases in the size of aggregate sizes. When 

CMC concentration increases from 1 g/L to 2 g/L, the mean aggregates sizes reduced 

significantly: in the latter case, the mean aggregates approximately remain at 400 nm (1 g/L 

NZVI) and at 520 nm (3 g/L NZVI). 
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5.3.8 The Conductivity and Pressure Drop Measurements 

Table 5.S4 displays the conductivity results in various cases. The results show that after 

injecting NZVI suspension, the conductivity values of the tank system reduce significantly in all 

cases: in the coarse, intermediate and fine sands (1 g/L NZVI particles in 1 g/L CMC  solution, at 

0.96 cm/min), the conductivity  values reduce from 21.44 cm/min, 3.47 cm/min and 1.54 cm/min 

(prior to conducting injection) to 4.06 cm/min, 0.56 cm/min and 0.32 cm/min (after injecting 

NZVI suspension), respectively.  When the flow velocity reduces from 0.96 cm/min (3 g/L 

NZVI particles in 2 g/L CMC solution, intermediate sand tank) to 0.40 cm/min (1 g/L NZVI 

particles in 2 g/L CMC solution, intermediate sand tank), the conductivity values (after injecting 

NZVI suspension) reduce from 0.148 cm/min to 0.104 cm/min. As CMC concentrations in NZVI 

suspension increase from 1 g/L (1 g NZVI in 1 g/L CMC solution, intermediate sand tank) to 2 

g/L (3 g/L NZVI in 2 g/L CMC, intermediation sand tank), the conductivity values (after the 

injection conducted) reduce from 0.56 cm/min to 0.148 cm/min.  

The result of conductivity reduction caused by injecting NZVI suspension proves the 

previous assumption that the injection of NZVI suspension with the high viscosity 700K CMC 

fluid would tend create a significant resistance for flow to move forward [28, 29]. Given the 

small amount of retained NZVI particles on sand in the whole tank (ranging from 4.5 g to 11.34 

g), the contribution of deposited NZVI particles in the tank to the reduction of conductivity of 

tank system is small. Thus, we believe that the significant reduction of conductivities of tank 

system mainly caused by the retained suspension (containing abundant CMC) in the tank after 

the transport experiments are completed. This viewpoint can also be proved by the much more 

significant reduction of conductivity in the case with higher CMC solution. Additionally, the 

conductivity of the tank system reduces with the decrease of the injection velocity, which is also 
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can be elucidated by the fact the suspension remained in the tank after injecting NZVI 

suspension shows higher dynamic viscosity at low velocity (0.40 cm/min) than that at rapid 

velocity (0.96 cm/min), yielding more resistance to flow at the former case. These conductivity 

results shed some light on understanding the conductivity changes associated with the injecting 

shear-thinning fluid of NZVI particles into the subsurface under different conditions. 

Tables 5.S5 and 5.S6 showed the pressure drop in the tank under various conditions. The 

data demonstrated that free CMC in NZVI suspension caused very higher pressure drop during 

injecting the suspension than those for pure water (data shown in Figure 5.S1). Further, as the 

increase of CMC concentration, the pressure drop increased. Particularly, after injecting 1 PV of 

suspension, the pressure drop significantly increased. The injecting velocity also influenced the 

pressure drop. Briefly, lower injecting velocity caused higher pressure drop, which can be 

attributed by the higher dynamic viscosity of the suspension at lower injecting velocity. These 

pressure drop results revealed the reasons for the observations that hydraulic conductivity 

decreased significantly after injecting CMC-NZVI suspension and in particular at lower injection 

velocity (very little water could pass through the tank in the case of 2 g/L CMC and 0.40 cm/min 

injection velocity).    

5.4 Implications	for	Assessment	of	NZVI	Injections	

The measurements of temporal and spatial distributions of of NZVI concentrations 

through the tank system presented above reflect a complex transport performance of CMC 

coated NZVI particles (in particular, with a large amount of free CMC in the suspension). The 

retained NZVI particles on sand were more than the calculated results based the classical colloid 

filtration theory. Injecting 3 PV NZVI suspension, the maximum transport efficiency was only 
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around 36% and the minimum efficiency was merely around 3%. The aggregation of the particle 

was not apparently observed, thus, cannot be used to explain the very limited transport of NZVI 

particles. The quite high viscosity of the suspension should take into account for the above 

transport results, in particular, for the cases of the low injection velocity and high CMC 

concentrations. The significant pressure drop was observed in the tank system when injecting 

CMC solution, which was consistent with the decrease of hydraulic conductivity of the tank 

system after injecting CMC-NZVI suspension.  

As this study was conducted in 2-D tank, unlike those small laboratory scale 1-D column, 

we found that when realizing the stabilization of NZVI particles by using polyelectrolyte, 

another the viscosity of the polyelectrolyte would cause other transport issues, such as, the 

resistance of the flow, the pressure drop, the decrease of the hydraulic conductivity of the porous 

media. Given the observations of this study, how to stabilize NZVI particles without a lot of free 

CMC in the suspension would need to be solved. The implication of this is that the thorough 

investigations on NZVI transport in large scale reactor rather than laboratory scale 1-D column 

are critical for extensive assessing the effectiveness of NZVI delivery and for exploring the other 

effects of other physical parameters (about flow) on NZVI transport. 
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Supporting information 

Section 5.S1. The summary of previous studies on CMC-NZVI 
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Table 5.S1. Review of the studies on the synthesis, stability and transport of CMC-NZVI particles 

Type of CMC Nanoparticle Characterization Grafting method Stability 
assessment 

Transport in 
lab-scale 
columns 

Transport in field 
demonstration 

Reactivity Conclusion References 

90K CMC and 
250K CMC 

NZVI NZVI particle 
diameter 

Pre-grafting n/a n/a n/a n/a CMC with a greater 
Mr is more effective 
in stabilizing ZVI 
nanoparticles. 

He and Zhao, 
2007 

90K CMC Fe-Pd nanoparticle Particle size (TEM 
and DLS) and the 
intensity of COO- on 
the particle (FTIR) 

Pre-grafting n/a Around 98% 
of Fe-Pd 
nanoparticle 
passed through 
the column 

n/a CMC stabilized Fe-
Pd nanoparticle 
showed a very high 
reactivity rate 

n/a He et al, 2007 

90K CMC and 
250K CMC 

Fe-Pd nanoparticle TEM Pre-grafting n/a n/a n/a CMC coated Fe-Pd 
nanoparticle showed 
a very improved 
reactivity 

CMC at high 
concentration would 
inhibit the reactivity of 
nanoparticle 

He and Zhao, 
2008 

90K CMC NZVI TEM, DLS, Zeta 
potential,  

Pre-grafting n/a CMC-Fe 
nanoparticle 
can be readily 
delivered 
through porous 
media. 

n/a n/a The attachment 
efficiency for CMC-
Fe was found to be 
1–2 orders of 
magnitude lower 
than reported for ZVI 
nanoparticles 
stabilized 
 

He et al, 2009 

90K CMC Fe-Pd nanoparticle n/a Pre-grafting n/a n/a In some area, Fe-
Pd nanoparticle 
can significantly 
transport through 
porous media. 

Fe-Pd nanoparticle is 
reactive to TCE, 
PCE. The reactivity 
reduced with time. 

CMC coated Fe-Pd 
nanoparticle can 
transport effectively 
to down gradient to 
deduce chlorinated 
contaminants. 

He et al, 2010 

90K CMC Fe-Pd nanoparticle n/a Pre-grafting n/a n/a n/a After injecting the 
particles, the 
chlorinated 
contaminants 
significantly reduced 

The mobility of CMC 
Fe-Pd nanoparticle 
reduced with time 

Bennett, 2010 

90K CMC and 
700K CMC 

NZVI TEM, DLS, Zeta 
potential 

Post-grafting CMC stabilized 
NZVI particles 
is more stable 
than bare NZVI 
particle 

n/a n/a n/a The layer thicknesses 
of 90K CMC- and 
700K CMC-NZVI 
particles are 7 nm 
and 40 nm, 
respectively 

Phenrat et al, 
2008 

90K CMC and 
700K CMC 

NZVI TEM, DLS, Zeta 
potential 

Post-grafting CMC stabilized 
NZVI particles 

About 80% of 
injected NZVI 

n/a n/a After aging, CMC 
stabilized NZVI 

Kim et al, 2009 
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are slightly more 
stable than bare 
NZVI particles 

particles can 
transport 
through the 
column 

particles remain 
mobile in porous 
media 

90K CMC and 
700K CMC 

NZVI  n/a Post-grafting n/a n/a n/a Reactivity was 
reduced due to the 
adsorbed CMC 

n/a Phenrat et al, 
2009 

90K CMC NZVI TEM, NTA, Zeta 
potential 

Pre-grafting CMC stabilized 
NZVI particles 
are very stable 

CMC 
stabilized 
NZVI particles 
are very 
mobile, even at 
very slow flow 
velocity 

n/a n/a The transport of 
CMC-NZVI particles 
are increased with 
time, due to the 
aggregation  

Raychoudhury et 
al, 2010 

90K CMC NZVI TEM, NTA, DLS, 
Zeta potential, 
QCM-D, DLVO 
prediction 

Pre-grafting n/a n/a n/a n/a n/a Fatisson 

90K CMC, 
250K CMC and 
700 K CMC 

Fe-Pd nanoparticle TEM,  Pre-grafting The stability of 
NZVI particles 
increases with 
the increase of 
the molecular 
weight of CMC 

n/a n/a The reactivity of 
NZVI particle 
decreases with the 
increase of the 
molecular weight of 
CMC 

CMC yielded very 
stable NZVI 
suspensions. 

Sakulchaicharoen 
et al, 2010 

90K CMC NZVI TEM, SEM, XRD, 
FTIR, high-
resolution ESCA 

Pre-grafting n/a CMC 
stabilized 
NZVI particles 
are very 
mobile 

n/a n/a n/a Lin et al, 2010 

90K CMC TiO2 nanoparticle TEM, XRD, EDX Post-grafting n/a CMC 
stabilized TiO2 
particles are 
very mobile 

n/a n/a n/a Joo et al, 2009 

90K CMC NZVI TEM, NTA Pre-grafting n/a The transport 
of CMC-NZVI 
particles 
decreases with 
the increase of 
NZVI 
concentration 

n/a n/a The aggregation of 
the NZVI particles 
during transport 
influences the 
transport of NZVI 
particles 

Raychoudhury et 
al, 2012 

90K CMC NZVI TEM, NTA, XPS Pre-grafting and 
Post-grafting 

The stability of 
pre-grafted 
CMC-NZVI 
particles is 
slightly higher 
than that of post-
grafted CMC-
NZVI particles 

n/a n/a n/a n/a Cirtiu et al, 
2011 

250K CMC NZVI TEM, DLS, Zeta 
potential 

Post-grafting CMC stabilized 
NZVI particles 

More than 
90% of CMC-

n/a n/a n/a Kocur et al, 2013 
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can be stable for 
several hours 

NZVI particles 
can transport 
through the 
column 

N Micron ZVI 
particle 

n/a Post-grafting n/a CMC formed 
shear thinning 
fluid 
significantly 
improved the 
mobility of 
micron ZVI 
particles 

n/a n/a Shear thinning fluid 
inhibited the settling 
of ZVI particles  

Cantrell, et al, 
1997 

90K CMC NZVI TEM,  Post-grafting n/a n/a In very high CMC 
solution, NZVI 
particles cannot 
transport easily to 
a very far distance

The reactivity of 
CMC stabilized 
NZVI particles 
reduced during 
transport 

The shear thinning 
property of CMC-
NZVI suspension 
would bring 
resistance for NZVI 
particles to transport 
forward  

Johnson et al, 
2013 

90K CMC NZVI impregnated 
on hard 
hydrophobic carb 
particle 

SEM, TEM Pre-grafting CMC stabilized 
NZVI/C 
particles are very 
stable in the 
suspension 

97-99% of 
particles 
transported 
through the 
column 

n/a CMC stabilized 
particles showed an 
improved reactivity 
rate for TCE 

n/a Zhan et al, 2009 
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Section 5.S2. The details on DLS and microscopy measurements 

5) DLS measurement 

20 mL 50 mg/L samples were stored in 30 mL vials and fixed on an end-over-end rotator 

for 24 minutes with a slow rotation rate. And then 2 mL of this sample was taken into the cubic 

vial and sealed for DLS measurement.  

6) Microscopy measurement 

Optical microscopy measurements were conducted as follows: A latex particle sample 

with mean diameter of 200 nm (the diameter of 96% of particles ranged from 190 nm to 210 nm) 

was used as standard particles for method validation. The standard particles were imaged in a 

microscope (Olympus BX51) with bright field filter under the 100x objective as well as by phase 

contrast technique. Images were analyzed by ImageJ (totally around 2000 particles were 

analyzed) to provide the Fetet’s diameter of 200 nm particle. Following the same process, NZVI 

suspensions with original concentrations (1 g/L in 1 g/L and 2 g/L CMC solutions, respectively, 

in this study) were directly imaged in the microscope to obtain the actual aggregates sizes at 

these concentrations. 

Section 5.S3. The design for pressure drop measurement  
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Figure 5.S1. The pressure drop at different places in the tank (electrolyte flow) 

Section 5.S4. The CFT theory calculations  

Nanoparticle deposition in porous media has been described by the colloid filtration 

theory in several studies [20, 38]. According to this theory, the particle deposition rate 

coefficient is represented as function of the single collector contact efficiency (η0) and the 

attachment efficiency (α) as shown in equations 5.S1 and 5.S2.  
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In the above equation ε is porosity of media and dc is the average diameter of collector. 

The parameter η0 is the probability of collision of a particle flowing through the porous media 

and can be theoretically determined by the Tufenkji and Elimelech equation [39]: 

053.011.124.0125.0675.1052.0715.0081.03/1
0 22.055.04.2 vdWGRARSvdWPeRS NNNNNANNNA                             (5.S2) 

The parameter α represents the probability of sticking of a particle on the collector after 

collision, or in other words the probability of a collision that leads to deposition. The attachment 

efficiency is usually determined from experimental data of C versus t (or breakthrough curves) 

by solving for equations 5.S1 and 5.S2 with the assumption of steady state transport (or ∂C/∂t=0) 

and negligible dispersion [25, 40]. 

   2ds ln(C / C0 )

3(1 f )L0

                                                                                                     (5.S3) 

The single collector contact efficiency ( 0 ) is extensively determined by T&E equation 

(equation 5.S2). 

Section 5.S5. Dye test of the tank system and NZVI transport in the tank 
system 
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Figure 5.S2. Representative images illustrating the transport of the red tracer. 
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Figure 5.S3. Representative images illustrating the transport of  NZVI particles. 

 

Section 5.S6. The summary of the parameters for the tank experiments and 
CFT calculation results 
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Table 5.S2. The parameters for the tank experiments and the CFT calculation results. 

Sample Sand Injection 
velocity 

(cm/minute) 

Viscosity 
(c.P) 

Mean C/C0 
value of T1, 
M1 and B1 

ports 

Mean diameter of 
iron NPs at T1, M1 
and B1 ports (nm) 

The single collector contact 

efficiency ( 0 ) at T1, M1 

and B1 ports 

The attachment 
efficiency ( ) at T1, 

M1 and B1 ports 

Mean 
C/C0  

Actual distance 
from injection 
ports along the 
flow direction 

(cm) 

Predicted distance based on 

0 and   values obtained 

at T1, M1 and B1 ports (cm) 

1 g/L NZVI in 1 
g/L 700K CMC 

with 0.5 mM 
NaHCO3 

Coarse 0.96 26.3 ±1.2 0.90±0.02 880±123 6.13±*10-4  1.38 0.61±0.03 32.5 73.3  
0.51±0.02 50 95.9 
0.37±0.02 67.5 131.6 

1 g/L NZVI in 1 
g/L 700K CMC 

with 0.5 mM 
NaHCO3 

Intermediate 0.96 26.3 ±1.2 0.86±0.02 962±143 1.20*10-3 0.31 0.51±0.04 32.5 64.0 
0.33±0.04 50 94.3 
0.29±0.01 67.5 111.1 

1 g/L NZVI in 1 
g/L 700K CMC 

with 0.5 mM 
NaHCO3 

Fine 0.96 26.3 ±1.2 0.74±0.02 1000±158 3.02*10-3 0.13 0.46±0.03 32.5 33.5 
0.32±0.01 50 53.5 
0.13±0.01 67.5 75.8 

3 g/L NZVI in 2 
g/L 700K CMC 

with 0.5 mM 
NaHCO3 

Intermediate 0.96 36.2±2.3 0.95±0.02 620±104 8.44*10-4 8.42*10-2 082±0.03 32.5 91.8 
0.72±0.01 50 135.2 
0.67±0.01 67.5 219.8 
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Figure 5.S4. The comparison of the experimental retention of iron NPs (with flow distance) and 
the calculated retention of iron NPs (with flow distance) in the coarse sand tank (under the 
conditions: 1 g/L NZVI in 1 g/L 700K CMC with 0.5 mM NaHCO3 at 0.96 cm/minute). 

 

Figure 5.S5. The comparison of the experimental retention of iron NPs (with flow distance) and 
the calculated retention of iron NPs (with flow distance) in the intermediate sand tank (under the 
conditions: 1 g/L NZVI in 1 g/L 700K CMC with 0.5 mM NaHCO3 at 0.96 cm/minute). 
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Figure 5.S6. The comparison of the experimental retention of iron NPs (with flow distance) and 
the calculated retention of iron NPs (with flow distance) in the fine sand tank (under the 
conditions: 1 g/L NZVI in 1 g/L 700K CMC with 0.5 mM NaHCO3 at 0.96 cm/minute). 

 

Figure 5.S7. The comparison of the experimental retention of iron NPs (with flow distance) and 
the calculated retention of iron NPs (with flow distance) in the intermediate sand tank (under the 
conditions: 3 g/L NZVI in 2 g/L 700K CMC at 0.96 cm/min. 

 

Section 5.S7. The spatial retention concentrations of NZVI particles 
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Figure 5.S8. The retention of iron NPs on sand (coarse sand packed tank) under the conditions: 1 
g/L NZVI in 1 g/L 700K CMC (with 0.5 mM NaHCO3) and 0.96 cm/minute of injection velocity. 

 

Figure 5.S9. The retention of iron NPs on sand (intermediate sand packed tank) under the 
conditions: 1 g/L NZVI in 1 g/L 700K CMC (with 0.5 mM NaHCO3) and 0.96 cm/minute of 
injection velocity. 
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Figure 5.S10. The retention of iron NPs on sand (fine sand packed tank) under the conditions: 1 
g/L NZVI in 1 g/L 700K CMC (with 0.5 mM NaHCO3) and 0.96 cm/minute of injection velocity. 

 

 

Figure 5.S11. The retention of iron NPs on sand (intermediate sand packed tank) under the 
conditions: 3 g/L NZVI in 2 g/L 700K CMC (with 0.5 mM NaHCO3) and 0.96 cm/minute of 
injection velocity. 
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Figure 5.S12. The retention of iron NPs on sand (intermediate sand packed tank) under the 
conditions: 1 g/L NZVI in 1 g/L 700K CMC (with 0.5 mM NaHCO3) and 0.40 cm/minute of 
injection velocity. 
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Figure 5.S13. The retention of iron NPs on sand (intermediate sand packed tank) under the 
conditions: 3 g/L NZVI in 1 g/L 700K CMC (with 0.5 mM NaHCO3) and 0.96 cm/minute of 
injection velocity. 

 

Section S8. The mean diameters of CMC-NZVI particles results
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Table 5.S3. Mean diameters of iron NPs measured by microscopy. 

 

Time 

(minute)

Coarse sand tank (1 g/L NZVI, 1 g/L CMC, 

0.96 cm/minute) 

Intermediate sand tank (1 g/L NZVI, 1 g/L 

CMC, 0.96 cm/minute) 

Fine sand tank (1 g/L NZVI, 1 g/L CMC, 

0.96 cm/minute) 

Intermediate sand tank (3 g/L NZVI, 2 

g/L CMC, 0.96 cm/minute) 

T1 T2 T3 B1 B2 B3 T1 T2 T3 B1 B2 B3 T1 T2 T3 B1 B2 B3 T1 T2 T3 B1 B2 B3 

20 868 786  621 908  799 645 729 529 468 766 538 409 689 559 509 703 584 501 529 ― ― 529 ― ― 

40 898 804  639 956  812 651 862 711 539 883 735 512 831 710 633 854 738 651 554 409 302 561 413 301

60 875 843  651 944  834 649 932 784 635 945 792 683 1038 899 605 1056 906 644 602 418 318 593 439 329

80 856 838  705 923  896 745 1130 908 811 1109 901 797 1269 987 765 1287 956 759 623 436 333 618 470 345

100 1160 842  709 1193  1022 857 1289 901 837 1255 869 712 1235 1068 798 1238 1011 756 633 462 354 643 487 386

120 ―a ―  ― ―  ― ― ― ― ― ― ― ― ― ― ― ― ― ― 666 494 380 669 501 400
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Section 5.S9. The conductivity results of different tank experiments 

Table 5.S4. Conductivity changes of different tank experiments 

Sample Sand Injection velocity 

(cm/minute) 

Total transport 

efficiency (%) 

Conductivity (before 

injection) (cm/min) 

Conductivity (after 

injection) (cm/min) 

1 g/L NZVI in 1 g/L 700K 

CMC (with 0.5 mM NaHCO3) 

Coarse 0.96 36.21 21.44 4.06 

1 g/L NZVI in 1 g/L 700K 

CMC (with 0.5 mM NaHCO3) 

Intermediate 0.96 25.16 3.47 0.56 

1 g/L NZVI in 1 g/L 700K 

CMC (with 0.5 mM NaHCO3) 

Fine 0.96 15.75 1.54 0.32 

3 g/L NZVI in 2 g/L 700K 

CMC (no NaHCO3) 

Intermediate 0.96 37.89 3.45 0.148 

3 g/L NZVI in 1 g/L 700K 

CMC (no NaHCO3) 

Intermediate 0.96 11.21 3.45 0.355 

1 g/L NZVI in 1 g/L 700K 

CMC (no NaHCO3) 

Intermediate 0.40 2.33 3.46 0.201 

Section 5.S10. Pressure drop measurements 

Table 5.S5. The pressure drop of 1 g/L CMC in 0.5 mM NaHCO3 in the tank  

Time 
(minute) 

Height at 
ports (I) 
(cm) 

Height at ports (II) (cm) Height at ports (III) (cm) Height at ports (IV) (cm) 

 0.96 
cm/min 

0.96 
cm/min 

0.40 
cm/min 

With 1 
g/L NZVI 
(0.40 
cm/min) 

0.96 
cm/min 

0.40 
cm/min 

With 1 
g/L NZVI 
(0.40 
cm/min) 

0.96 
cm/min 

0.40 
cm/min 

With 1 
g/L NZVI 
(0.40 
cm/min) 

10 44.5 43.9 19.9 21.4 25.9 16.4 17.1 16.1 10.9 8 
15 52.4 49.8   31.9   18.9   
20 59.9 56.9 20.4 34.1 35.9 16.9 28.9 21.7 11.2 12.5 
25 64.4 61.3   39.5   23   
30 68.9 65.1 29.1  42.9 20.9 42.4 24.1 12.1 26.1 
35 72.9 69   46.9   26   
40 76 72.8 41.4 56.9 51.3 31.9 52.2 30.9 14.2 29.7 
45 79.1 76.2   57.4   34.7   
50 82 79.4 53.5  61.7 42.9 63.9 38.7 19.9 32 
60   69 69.7  55.2 71.2  26.9 34.1 
70   72.8 77.7  65.5 75.2  35.9 36.9 
80    80.2      39.6 
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Table 5.S6. The pressure drop of 2 g/L CMC in the tank 

Time 
(minute) 

Height at ports 
(II) (cm) 

Height at ports 
(III) (cm) 

Height at ports 
(IV) (cm) 

 0.96 
cm/min 

0.40 
cm/min 

0.96 
cm/min 

0.40 
cm/min 

0.96 
cm/min 

0.40 
cm/min 

10 42.4 7 33.9 5.7 15.9 4.4 
20 62.7 7 50.7 5.7 32.9 4.4 
30 82.9 15.4 68.9 5.7 Over 

41.9 
4.4 

40 Over 
102.7 

26.5 88.8 5.7  4.4 

50  40.1  14.4  4.4 
60  52.9  37.8  12.3 
70  77.2  47.5  27.2 
80  93.9  57.8  38.3 
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6.1    Introduction 

Advancing the understanding of the transport and deposition of engineered nanoparticles 

in saturated porous media is essential for the assessment of their fate and transport in subsurface 

media, their removal in sand filters, and their mobility from injection wells during remediation 

operations.[1-5] The colloid filtration theory (CFT) is widely used in modeling the fate and 

transport of nano as well as submicron particles and biocolloids.[6-11]  

In the CFT, the probability of contact of colloids to a collector is quantified by the single 

collector contact efficiency ( 0 ), and the probability of successful attachment of the colloids that 

contacted the collector is quantified by the attachment efficiency or sticking efficiency ( ). The 

value of 0  is calculated from correlation equations.[12-16] The value of   is usually obtained 

from the experimental transport data and the known 0  value. With the CFT equation the rate of 

deposition for transport of colloids in saturated porous media is given by: 

      ݇ ൌ ሾଷ
ሺଵିሻ௨

ଶௗೞ
                                                                                                                      （6.1）ߟሿߙ

Considerable efforts have been made in analyzing the impact of various forces acting on 

colloids during its transport around collectors, including hydraulic and gravity forces, Brownian 

diffusion, van der Waals and electrostatics double-layer interaction forces for calculation of the 

the single collector contact efficiency ( 0 ), as an estimate of the rate of colloid deposition.[12-26] 

Brownian motion is considered as the main cause for contact with the collector for particles with 

diameter less than 1000 nm[15, 22] and the contribution of Brownian motion to the single 

collector contact efficiency is dominant. There are two common approaches used for the 

estimation of 0 : (1) Lagrangian trajectory analysis of the colloid that predicts the path of colloid 
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around model collectors such as the Happel’s sphere-in-cell,[12, 13, 16, 22, 26] Happel’s-

hemisphere-in-cell,[23, 25] spheres in series, unit bed porous media geometries or a constricted 

tube;[17, 18, 20, 26] (2) The numerical solution of the convective-diffusion equation describing 

the concentration of colloids around similar collectors (Eulerian approach).[14, 15, 21, 27]   

Several studies have provided correlation equations to facilitate calculation of 0 .[12, 13, 

15, 16, 23] Two popular correlation equations for 0  prediction are the equations developed by 

Rajagopalan and Tien[13] (referred henceforth as RT equation) and the equation developed by 

Tufenkji and Elimelech (referred henceforth as TE equation).[14] The RT equation was 

developed based on the trajectory analysis of colloids around a Happel’s sphere-in-cell collector 

model for downward flow, and force and torque balance equations for gravity, surface force as 

well as hydraulic drag on the colloid were solved. The RT equation does not account for 

Brownian diffusion in their colloid trajectory simulation, but rather a Brownian diffusion term 

was directly superimposed with terms describing interception and sendimentation. A recent study 

done by Nelson and Ginn [22] suggested that the simple superimposition of the Brownian 

diffusion term to the 0  correlation equation could lead to overestimation. Several subsequent 

studies have incorporated Brownian diffusion directly into equations for colloid transport around 

the collector for calculation of 0 , [15, 20, 22, 23, 28] generally by considering Brownian 

diffusion as a Brownian force. This approach, however, ignored the sensitivity of Brownian 

diffusion to time step and to particle size.[22] The TE equation, was also developed based on 

Happel’s sphere-in-cell but the deposition rate was calculated based on the numerical simulation 

of the convective-diffusion equation (Eulerian approach). This equation is improved on the RT 

equation by considering the effects of van der Waals forces and hydrodynamic interactions on 
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particles as well as including the diffusion effect into the simulation. However, the TE equation 

may overestimate the Brownian diffusion for calculating 0 .[15, 16] 

The RT and TE correlation equations have been derived for two dimensional analyses of 

colloid transport around collectors in two dimensions for vertical flow. In this study, we show 

that the equations need to be modified for horizontal flow conditions, particularly when the 

colloids have high density. These conditions are relevant for the transport of nanoscale zero 

valent iron (NZVI) particles in subsurface porous media. The direct injection of NZVI for 

remediation of sites contaminated by chlorinated organic compounds and heavy metals has been 

suggested.[29-32] In such scenarios, NZVI particles with densities in the range of 6-7 g/cm3 

would travel horizontally following injection from wells.  

We demonstrate that a modified corelation equation based on the flow of colloids around 

a three-dimensional collector provides better estimates of the single collector contact efficiency. 

Unlike the case of the vertical flow, in the horizontal flow, the trajectory of particle needs to be 

extended to three-dimensions, due to the changes of the actions of the gravity force: in the 

vertical flow, the gravity force is concordant with the flow direction, while, in the horizontal 

flow, the gravity force is perpendicular with the flow direction. In the former case, the trajectory 

of particle is commonly simulated in two dimensions and the gravity is decomposed in radius 

and tangent directions (as shown in Figure 6.1a). In the later case, the directions of varisous 

forces are more complicated. Thus, the trajectory of particle determined by complicated actions 

of forces needs to be simulated in three dimensions and the gravity needs to be decomposed in 

three directions (as shown in Figure 6.1b). 
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Figure 6.1. The gravity decomposition on the collector: a) 2-D collector; b) 3-D collector. 

In addition to accounting for horizontal flow and the effects of density for metal 

nanoparticles, we also consider the effects of solution viscosity. The presence of polymers or 

polyelectrolytes, commonly used to coat engineered nanoparticles or added to achieve shear 

thinning of the aqueous medium to promote the colloidal stability and transport of particles, in 

the electrolyte solution as excess dissolved polymers leads to high viscosity. [33-36] The 

changes in viscosity can directly influence the rate of deposition of colloids. 

Herein, we develop a modified equations based on the RT model for predicting 0  for 

particle transport in 3-D around a collector. The correlation equations developed here are based 

on the RT model, except that Brownian diffusion was explicitly incorporated in trajectory 

simulations in this study. The RT model was used as it was easier to implement for 3-D particle 

transport around the collectors and account for changes in force and torque in 3-D versus 2-D. 

The model was used to assess the changes in 0  for a wide range of parameter values for the 

particle density (1 to 7 g/cm3), viscosity of the suspension (1 to 26.3 cP), flow velocity (4*10-7-

2*10-3 m/s) and collector diameter (0.05-1.2 mm). 
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6.2      Numerical simulation for 0  

A. Geometry of the collector and forces acting on the particle. 0  is calculated in the RT 

model[13] as  :  

0
20 UCb

I


 

                                                                                                                             (6.2)             

where I is the rate at which particle collides onto the collector, b is the summation of the 

collector radius and the thickness of the liquid shell, which is dependent on the radius and 

porosity of the collector (as described in the equation 6.S1 in SI), U is the approach velocity of 

fluid, and C0 is the number concentration of colloid particles in fluid. In the RT model, the 

trajectories of the suspended particles across the collector were accordant with the direction of 

the fluid flow and symmetrical. Thus, the trajectory can be expressed in polar coordinates 

(r,θ).[13] The trajectory path (r(t),θ(t)) of the suspended particle in the RT model was derived by 

solving the force and torque balances on the particle using the fourth-order Runge-Kutta 

numerical integration method. Finally, the calculation was simplified to search the critical value 

of θs, below which all trajectories can contact the collector. The value of 0  can be determined 

from θs as: 

s 2
0 sin                                                                                                                                 (6.3) 

In contrast, for the 3-D collector, in addition to r and θ coordinates used in the 2-D 

collector, a third polar coordinate   is employed. Because randomized Brownian motion was 

included in the trajectory simulations which can result in deviations from the trajectory path 

calculated on the basis of flow, gravity, surface forces and hydrodynamic drag, we did not 
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compute the limiting   (similar to the aforementioned θs) to determine the initial area in which 

all trajectories would contact the collector. Instead, in our analyses, a sufficiently large number 

of particles are considered to be uniformly distributed in the flow cross-section (shown in Figure 

6.2). This is systematically performed by dividing the cross-section into 20 equal and concentric 

areas as well as the trajectories are calculated starting from the central section moving towards 

the circumferential regions, and the number of particle contacts with the collector is 

simultaneously recorded. Once a concentric area with no trajectory contacting on the collector is 

encountered, the calculations were skipped for the regions in the outer layers. The trajectories 

were calculated for 6000 particles, as several conditions showed that there was minimal change 

in the number of contacts of particle and collector by increasing the particle number to 10,000. 

The total calculated contact events divided by the total particles number (6000) yielded 0 . 

 

Figure 6.2. Happel’s sphere-in-cell porous media model in horizontal flow origination. (a) The symmetrical 
deposition of colloids on top and bottom of the collector under small gravity forces (small particle size and/or 
particle density); (b) The unsymmetrical trajectory of colloids around the collector under significant gravity forces. 
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Table 6.1. Summary of the dimensionless parameters 

s

p
R d

d
N   

aspect ratio 




D

Ud
N s

PE  
Peclet number 

Ua

A
N

p
Lo 29
  

London attraction 

NG 
2

9

ap
2 (p   f )g

U
 

gravity number, ratio of Stokes particle settling velocity to 
approach velocity of the fluid 

pd  is the diameter of the collector (nm), sd  is the diameter of the collector (nm), pa  is the radius of the particle (nm), U  is 

the approach flow velocity (nm/s), A  is Hamaker constant (J), g is gravity constant, T is fluid absolute temperature (here it was 

set to be 298 K), D  is bulk diffusion coefficient,   is viscosity of the suspension (kg/m/s), p  is the density of the particle 

(kg/m3), f  is the density of the dispersant. 

 
Particle Velocity. Even though the particle trajectory is considered in three dimensions in this 

study, the fluid velocity was considered in two dimensions, as described by the RT model. This 

is because the stream function is not altered due to the volume flux through the surface bounded 

by a constant value ψ of the Stokes stream function.[37] Thus, the stream function can still be 

depicted in plane coordinate system (r,  ).   

The stream function in the liquid shell is referred from Rajagopalan and Tien’s study[13] 

and depicted in SI section II in detail. As a result, the velocity field of the flow in the liquid shell 

is:  








e

rr
e

rr
V r )

sin

1
()

sin

1
(









                                                                                 (6.4)        

where  is the stream function (additional details are presented in SI).   

The force and torque, corresponding to gravity, surface, and hydraulic drag are described 

and listed in detail in Table 6.2. 
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Table 6.2. Forces and torques acting on the suspended particles through 2-D and 3-D collectors. 

1) Gravitational force and torque 

I: In 2-D collector 

)sincos[)()3/4()()3/4( 33
2  eegagaf rfppfpp
G                                      

02 Gt  

II: In 3-D collector 

)sincoscoscossin[)()3/4()()3/4( 33
3   eeegagaf rfppfpp
G          

03 Gt  

gg   

2) Surface force and torque 

a) Landon force and torque  

I: In 2-D collector 

f2
Lo  [2Aa(, ap,e )ap

3 / 3 2 (2ap )2 ]er                                                                               

where, ),,( epaa  is the retardation correction factor, whose values can be referred from 

Rajagopalan’ thesis. [38] 

02 Lot  

b) Double-layer interaction force and torque 

f DL  {[ap (c
2  p

2 ) / 2][(2c p / (c
2  p

2 )) e ][e / (1 e2 )]}er  

0DLt  

II: In 3-D collector 

In 3-D collector, all surface force and torque worked on particle are the same as those in 

2-D collector. 

3) Drag forces and torques 



174 
 

I: In 2-D collector 

a) Due to the translation of the particles 

( f D )t  6vap[ur fr
t ( )er u f

t ( )e ]                                                                              

(tD )t  8vap
2ug

t ( )e                                                                                                             

b) Due to the rotation of the particle 

( f D )r  6vapw1 f
r ( )e                                                                                                                                            

(tD )r  8vap
3w1g

r ( )e                                                                                                                              

c) Due to the fluid velocity in the presence of the stationary particle: 

( f D )m  6vap{AC y2 fr
m ( )er [BC yf m

1 ( )DC y2 f m
2 ( )]e}                                                

(tD )m  8vap
3{[BCgm

1 ( )DC ygm
2 ( )]e}                                                                                      

II: In 3-D collector 

Each drag force and each torque in 3-D collector are the same as the corresponding force and 
torque in 2-D collector.      

From the balances of forces and torques, we obtain the velocity of particles in the liquid 

shell around the 3-D collector in r,  ,   directions: 

m(
u

t
)r  6vapur fr

t  6vapAC y2 fr
m  4

3
ap

3 (p   f )gcos sin {2Aap
3 / [3 2 (2ap )2 ]}

{[ap (c
2  p

2 ) / 2][(2c p / (c
2  p

2 )) e ][e / (1 e2 )]}

                            (6.5) 

m(
u

t
)  6vapu f

t  6vap
2w1 f

r 6vap[BC yf1
m DC y2 f2

m ] 4

3
vap

3 (p   f )gcos cos                      (6.6) 

m(
u

t
)  6vapu f

t  4

3
vap

3 (p   f )gsin                                                                                (6.7) 

Equations 6.5, 6.6 and 6.7, which present the determinations of particle’s velocities in three 

coordinates on the forces in the corresponding coordinate, can be simplified as: 
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In the above equations, RN , GN  and LoN  are dimensionless numbers that characterize 

the various forces acting on the particle. The wall-effect correction factors ( 1s , 2s  and 3s ) are 

incorporated in the calculations.  

Brownian Diffusion. In the simulations, we use the fourth order Runge-Kutta method to 

compute the trajectory of a particle. Brownian motion is simulated by the method used in Nelson 

and Ginn’s study.[22] Briefly, the method can be described as followings. 

np  is the three dimensional displacement vector at time nt , and t  is the time step. The 

displacement with time is calculated by [22]: 

pn1  pn  bi

i1

4

 ki                                                                                                                    (6.11) 

ttt nn 1                                                                                                                            (6.12)               

where,  pn1 is the provisional three dimensional displacement vector, which is derived from the 

forces (London van der Waals force, gravity, hydrodynamic forces) at time 1nt . Brownian 

motion is not taken into the calculations in the above steps. After pn1  is computed, the 

displacement rendered by Brownian motion is added to the above calculations:  
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pn1  pn1 p                                                                                                                         (6.13) 

Tzyxp ],,[                                                                                                                      (6.14) 

where,  1np  is the ultimate displacement of the particle at time 1nt , p is the three dimensional 

displacement vector generated by Brownian motion, which can be expressed in Cartesian 

coordinates : 

tDnx x  2                                                                                                                      (6.15) 

tDny y  2                                                                                                                       (6.16) 

tDnz z  2                                                                                                                       (6.17) 

where xn , yn  and zn  are random variables of normal (0,1). D  is the diffusion coefficient of the 

particle, whose value is the same as the bulk diffusion coefficient referred in Table 6.1. It should 

be noted that the equation used to calculate the displacement of Brownian particles differs from 

those used in previous studies.[22] This is due to the fact that the displacement of Brownian 

particles is dependent on the number of dimensions of Brownian motion. And the model 

developed in this study is expanded to 3-D, which varies from those models developed in the 

previous studies. Further, the time step t  is adaptively controlled in the Runge-Kutta fourth 

order method with values ranging from 10-16 to 10-18 s.  

C. Regression Analysis to Obtain the Correlation Equation. The superposition of  the 

three deposition mechanisms of diffusion, interception and sedimentation to yield the correlation 

equation of 0 , as in the RT equation and TE equations, is assumed in this study: 
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GID  0                                                                                                                   (18) 

where D is the contribution of Brownian motion to the impact, I is the contribution of 

interception to the impact and G  is the contribution of gravitational sedimentation to the impact. 

Although previous studies[13, 14, 39] have suggested that all of these three terms were power 

function of multiple dimensionless parameters, Nelson	 and	 Ginn	 have	 suggested	 that	 the	

gravitational	sedimentation	term	is	not	a	power	function	of	 GN .[16]	Each	correlation	of	these	three	

terms	 is	determined	by	 	using	the	methodology	developed	by	Tufenkji	and	Elimelech.[14]	Briefly,	

D is assigned firstly by “turning off” the other two mechanics by the setting particle density to 

be the same as dispersant density (no gravitational sedimentation) and assuming particle size to 

be infinite small (no interception effect). The single collector contact efficiencies, numerically 

calculated for 1500 times by randomly selecting 300 integers of each of the five parameters, pd , 

sd ,  , A and U (particle density which was kept fixed) over the entire range of  parameter 

values listed in Table 6.3, are taken into account for the regression calculation of the diffusion 

term. Then the dimensionless parameters ( RN , PEN  and LoN ) are calculated based on the above 

1500 times calculation, followed by forming the correlation equation of D  with these three 

dimensionless parameters. Subsequently, using the same scenario to conduct another 1500 times 

of numerical calculations of the single collector contact efficiency with the same five parameters 

( p  is still set to be equal to f ) used in D  term establishment, but the particle size are not 

treated as an infinite small point. Then the dimensionless parameters ( RN , LoN ) are calculated 

based on the above 1500 times calculations. The numerical results of the single collector contact 

efficiency would be subtracted by the impact contributed by diffusion motion (subtracting D  
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formula obtained above) and the consequent results of single collector contact efficiencies, 

which would be correlated with two dimensionless parameters ( RN , LoN ) to render I  formula. 

Finally, the single collector contact efficiency would be numerically calculated 1200 times over 

the six parameters ( pd , sd ,  , A, U and p ) over the entire ranges listed in Table 6.3―each 

parameter is run 200 times. The dimensionless parameters ( RN , GN ) are calculated based on the 

above six parameters, whose values are randomly assigned from the corresponding range. The 

single collector contact efficiency values would be subtracted by the values of D  and I , and 

the yielded values of the single collector contact efficiency would be correlated with RN  and 

GN  to form G  formula.	

Table 6.3. Summary of Parameter Values Used in Numerical Calculations 

Parameters Range 

Particle diameter, pd  0.01-10 um  

Collector (grain) diameter, sd  0.05-1.2 mm 

Particle density, p  1.00-7.00 g/cm3 

Dispersant viscosity, v  1.0-26.3 cP 

Approach velocity, U 4*10-7-2*10-3 m/s 

Hamaker constant, A 1*10-20-4*10-20 J 

Temperature, T 298 K 

Porosity, f  0.37 
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6.3      Results 

6.3.1 Comparison of the Numerical Results with the RT Equation and TE Equation  

The validation of our model is conducted by comparing several simulations for various 

parameter values with those predicted by RT and TE equations. The results from the RT and TE 

equations here, use the reported correlation equations derived based on conditions of vertical 

flow in 2-D for a Happel’s sphere collector.[13, 40] The results are shown in the seventeen 

figures (listed as Figures 6.S1-6.S2, and Figures 6.S4-6.S8 in SI). The changes of the predictions 

of 0 for the RT, TE and our model for various parameters are presented in a series of figures: 

particle diameter (Figures 6.S1-6.S2), particle density (Figures 6.S4-6.S6), viscosity of the 

suspension (Figures 6.S7-6.S10), approach velocity (Figures 6.S11-6.S13) and collector diameter 

(Figures 6.S14-6.S18).  

In Figure 6.S1, there is a significant difference displayed between our 3-D model 

simulation or the TE equation and the RT results as the particle diameter increased, the 3-D 

model and the TE equation predict higher values of 0  than those predicted by the RT equation, 

for a particle density of 1.05 g/cm3 (similar to density of latex particles, commonly used as a 

model environmental biocolloid). This can be interpreted by the difference of G  expressions in 

the RT equation and TE equation. The coefficient value of G  expression in RT equation is 

2.4*10-3, while in TE equation it is 0.22, indicating underestimation of G  in the RT equation. 

No apparent difference (except in the 0.01-0.1 µm particle diameter range) of size values exists 

between the TE prediction and our 3-D simulation, suggesting that our 3-D model methodologies 

are reliable for the range of parameter values used for developing the of the RT and TE 

correlation equations. However, when particle density is increased to 6.58 g/cm3, a significant 
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difference is observed between the TE equation and our 3-D simulations, as shown in Figure 

6.S2. The predicted 0 values from the 3-D simulation matches closely with the RT and TE 

equations upto a particle diameter of 3000 nm, but the 0  values remain constant at around 0.3 

for larger particles in the 3-D simulation, whereas the 0  values increase with the increase of 

particle diameter for the TE and RT equations.   

The 3-D model simulates a very different particle contact pattern for particles with 

density of 6.58 g/cm3 compared to those for density with of 1.05 g/cm3. As shown in Figure 

6.S3a: the particle with density of 1.05 g/cm3 and diameter of 4000 nm is deposited uniformly on 

the top and botton of the collector, however, when the density increased to 6.58 g/cm3, the 

particle is deposited only on the top part of the collector as shown in Figure 6.S3b. No particle 

can contact with the collector from the bottom side, as a result of the significant settling of 

particles out of the liquid shell trajectory space around the collector caused by their considerable 

gravity (as drawing in Figure 6.2b), verifying the result shown in Figure 6.S2 that the 0  values 

obtained from 3-D simulation is lower than those predicted by the TE and RT equations. Further, 

the result that 0  values remain constant in 4000-10000 nm particle (with density of 6.58 g/cm3) 

diameter range can ascribe to the likelihood that with the increase of particle size in this range, 

the population of particles which can be transported onto the top side of the collector would 

decrease. On the other hand, with the increase of particle size (with density of 6.58 g/cm3), the 

contact possibility of particles onto the top side of collector would increased. These two effects 

finally maybe balance to yield a constant 0 . 

The influence of particle density and diameter on 0  as predicted by the RT, TE and 3-D 

simulation are discussed in the SI (Figures 6.S4-6.S6). Overall there was a good agreement 
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between the 3-D numerical simulations with the RT model, except at big particle diameters of 

4000 nm and highdensitites than 4000 kg/m3 as highlighted in Figure 6.S3.  

Metal colloids such as NZVI used in remediation are often dispersed in polymers or 

polyelectrolytes to improve their colloidal stability. The polymers and polyelectrolyte solutions 

are generally more viscous than water. Thus the effect of viscosity of the suspension on the 

single collector contact efficiency was extensively investigated in this study and the results are 

shown in Figures 6.S7-6.S10. It can be observed from Figures 6.S7 and 6.S8 that for large 

particle diameter (such as 2000 nm), the dependence of the single collector contact efficiency on 

the suspension viscosity differs under different particle densities in our current 3-D simulations 

from the TE equation.  For a particle density of 6.58 g/cm3, the single collector contact efficiency 

values of our numerical simulation are less than those predicted from TE and RT equations in the 

range of 1-26.3 cP viscosity values as shown in Figure 6.S7. On the contrary, with a particle 

density of 1.05 g/cm3, the single collector contact efficiency values obtained from our 3-D 

simulations are larger than those predicted from TE and RT equations in the same viscosity 

range as shown in Figure 6.S8). These results can be interpreted by the influence of gravity. For 

the range of viscosity values, the gravity force on a high density particle settles it it away from 

the liquid shell on the bottom of the collector, yeiding a small value of the single collector 

contact effiency with the 3-D simulations, while, with the increase of the suspension viscosity, 

the resistence to settling from the visous solution counteracts the gravity settling, leading to little 

difference in the single collector contact efficiency between the 3-D simulation and TE and RT 

equations. When particle density is only 1.05 g/cm3, the gravity force would not be sufficient to 

drag the particle away from the bottom part of collector. For a smaller particle diameter such as 

400 nm, no noticable difference in 0  between the 3-D simulation and the RT and TE equations 



182 
 

is observed for the range of viscosity of 1 cP to 26.3 cP, at particle densities of either 1.05 g/cm3 

or 6.58 g/cm3 as shown in Figures 6.S9 and 6.S10. For a smaller particle, the gravity force would 

not influence the trajectory of particles even at a density such as 6.58 g/cm3. 

The effect of the approach velocity on the single collector contact efficiency are 

presented in Figures 6.S11-6.S13. The simulated 0  values in the current 3-D model do not 

display any difference from those predicted from the RT and TE equations at particle diameter of 

400 nm (shown in Figure 6.S11). When the particle diameter increases to 4000 nm, the single 

collector contact efficiency simulated from our 3-D model shows a distinct difference from those 

predicted in TE and RT equations in low approach velocity range (shown in Figure 6.S12): the 3-

D model yield is lower than those predicted in the TE and RT equations. This is attributable to 

the significant settling of particles in our 3-D model at this low flow velocity range, yielding less 

particle contact possibility. An earlier study[16] has already illustrated that the single collector 

contact efficiency values predicted from the TE and RE equations commonly exceed unity in 

very low approach velocity range. But our 3-D numerical simulations do not ever show the 

excess of unity under the identical conditions, indicating that the prediction of our 3-D model 

would be more rational than the previous correlations. The reasonable single collector contact 

efficiency values obtained from our 3-D numerical simulations can be attributed to the 3-D 

analysis of the gravity force during horizontal flow used in this study to simulate the particle 

motion with fluid. It should be noted that at very low velocity range, 0  values increased then 

decreased with the increase of the approach velocity from our numerical calculations (shown in 

Figure 6.S12). It can be ascribed to the possibility that particles could not be transported onto the 

top side of the collector at very low velocity, but with the increase of velocity, the proportion of 

particles transported on the top side increased, leading to the increase of the contact efficiency. 
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The single collector contact efficiency, however, reduces to less than unity in all three 

methods (our 3-D numerical simulation, TE equation and RT equation) at the particle density of 

1.05 g/cm3 (shown in Figure 6.S13) under the identical conditions as in Figure 6.S12  

The effect of collector diameter on the single collector contact efficiency is extensively 

explored and the results are shown in Figures 6.S14-6.S18. The dependence of the single 

collector contact effficiency of smaller particles (with diameter of 200 nm and density of 6.58 

g/cm3) from our 3-D numerical simulations differs slightly from those predicted from TE and RT 

equations, as shown in Figure 6.S14. In the range of small collector diameter (50-260 μm), the 3-

D simulations data are higher than those from the existing correlations; while, the results are 

reversed, in the range of big collector diameter (260-1200 μm). This result could be caused by 

the different methodologies used in this 3-D simulations and in TE and RT equations to consider 

Brownian diffusion effect on the single collector contact efficiency. As particle diameter is 

increased to 2000 nm, the dependence of the single collector contact efficiency on the collector 

diameter overall remains constant in our 3-D simulation, unlike the trends of the increase of 

single collector contact efficiency with the increase of the single collector contact efficiency in 

the predictions from TE and RT equations as shown in Figure 6.S15. When the particle density 

reduces from 6.58 g/cm3 to 1.05 g/cm3, the single collector contact efficiency decreases with the 

increase of the collector diameter in our 3-D simulation and in the RT and TE equations (shown 

in Figure 6.S16), all other conditions being identical to the conditions shown for the case shown 

in Figure 6.S15. The interception and gravity sedimentation mainly determine the single 

collector contact efficiency (due to the high particle density). Further, as disscussed above, the 

particles would mainly remain in the top part of the collector at this big particle size and density 

( pd =2000 nm, p =6.58 g/cm3) in our 3-D simulation, leading to an overall constant of single 
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collector contact efficiency with the increase of the collector diameter. Nevertheless, more 

particles would deposit on the collector with the increase of the collector diameter in the RT and 

TE models, leading to the trends of the increase of the single collector contact efficiency with the 

incease of the collector diameter in these two models. Similar trends are also obtained when 

particle diameter rises to 4000 nm under identical conditions (shown in Figures 6.S17 and 6.S18). 

6.3.2 New Correlation Equation for Colloid Transport 

From the regression analysis, the final correlation equation for predicting single collector 

contact efficiency in 3-D model can be expressed as: 

)]78.038.2/()][796.66683.2exp(1/[0399.0621.016.14 2.181.075.0105.06548.18538.004434.03/1
0 GGGRLoRSPERS NNNNNNANNA     (22) 

Scrutinizing the correlation equation (eq 6.22), we can observe the major difference 

between our 3-D correlation to the other two commonly used RT and TE equations: (1) The 

gravitational sedimentation term ( G ) derived on the basis of the 3-D particle transport for 

horizontal flow is not a simple power function of the dimensionless parameters: 

)]78.038.2/()][796.66683.2exp(1/[0399.0 2.181.075.0
GGGRG NNNN    as in the G  expressed in TE and RT 

equations. A similar expression for G  was also derived by Nelson and Ginn[16] based on RT 

equation development method with the modification of Brownian motion impact. (2) The 

diffusion term in this current new equation differs from the 
D  expressions in the RT and TE 

equations: 
D ~ 04434.0

RN in this study as compared to 
D ~ 081.0

RN in TE equation and RN  is not 

contained in 
D  expression for the RT equation. This difference indicates the dependence of the 

single collector contact efficiency on the ratio of particle radius to collector radius is more 

significant in the TE equation (might due to the hydrodynamic retardation effect considered in 
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the model). (3)  The expression of 
I  ( 105.06548.1621.0 LoRS NNA ) in the current correlation equation 

also differs from those in the TE equation ( 125.0675.155.0 ARsI NNA ) and RT equation 

( 8/18/1572.0 LoRsI NNA ). Due to ALo NN
4

3
 , 

I  expressions in TE and RE equations are very 

close to each other. Overall, the key distinction of our new correlation equation is the G  

expression, which can be used to more precisely predict the single collector contact efficiency of 

particles with big gravity in horizontal flow mode. 

 

Figure 6.3. The comparison of predictions of single collector contact efficiency ( 0 ) based on 

rigorous numerical simulations of trajectories of particles (closed circle) , the new correlation 
(red line), the predictions from TE equation (blue line) and the predictions from the RT equation  

under the conditions: p =1.05 g/cm3,  =1 cP, U=0.508 cm/min, sd =340 μm. 

The comparison of the numerical data, the correlation equation, TE equation and RT 

equation data of single collector contact efficiency with the particle diameter under the low 

particle density condition ( p =1.05 g/cm3) is shown in Figure 6.3. It can be observed that our 

correlation equation fits the numerical data very closely. Even though there is a slight difference 
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between the correlation equation proposed here and the TE equation, the overall trends of the 

single collector contact efficiency with the particle diameter are very similar. The differences of 

the prediction of 0  between the current new correlation equation and the TE as well as RT 

equations can be interrepted by the explaination, which was used to expound the difference of 

the numberical simulated  0  and the TE as well as RT equations shown in Figures 6.S1-6.S2. 

 

Figure 6.4. The comparison of predictions of single collector contact efficiency ( 0 ) based on 

rigorous numerical simulations of trajectories of particles (closed circyle) , the new correlation 
(red line), the predictions from TE equation (blue line) and the predictions from the RT equation  

under the conditions: p =6.58 g/cm3,  =1 cP, U=0.508 cm/min, sd =340 μm. 

Unlike the results shown in Figure 6.3, the dependence of single collector contact 

efficiency on particle diameter (at high particle density, p =6.58 g/cm3) in the current new 

equation significantly diverged from those obtained from TE and RE equations. Similarly, the 

reason for this divergence is discussed in the above section (the explanation to the results shown 
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in Figure 6.S2). The gravity settling term in our correlation 

( )]78.038.2/()][796.66683.2exp(1/[0399.0 2.181.075.0
GGGRG NNNN   ) does not remain power law 

dependence on GN . The discrepancy of 0  predictions between the TE or RT equation and the 

current correlation equation, shown in Figure 6.4, is mainly caused by the different dependence 

of the single collector contact efficiency on GN  in the new correlation equation. 

 

Figure 6.5. The comparison of predictions of single collector contact efficiency ( 0 ) based on 

rigorous numerical simulations of trajectories of particles (closed circyle) , the new correlation 
(red line), the predictions from TE equation (blue line) and the predictions from the RT equation  

under the conditions: pd =4000 nm,  =1 cP, U=0.508 cm/min, sd =340 μm. 
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Figure 6.6. The comparison of predictions of single collector contact efficiency ( 0 ) based on 

rigorous numerical simulations of trajectories of particles (closed circyle) , the new correlation 
(red line), the predictions from TE equation (blue line) and the predictions from the RT equation  

under the conditions: pd =4000 nm,  =1 cP, p =6.58 g/cm3, sd =340 μm. 
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Figure 6.7. The comparison of predictions of single collector contact efficiency based on 
rigorous numerical simulations of trajectories of particles (closed circle) , the new correlation 
(red line), the predictions from TE equation (blue line) and the predictions from the RT equation  

under the conditions:  pd =4000 nm,  =1 cP, U=0.508 cm/min, p =6.58 g/cm3. 

The comparison of 0  values with the particle density, approach velocity and the 

collector diameter predicted by current correlation equation, numerical calculations, the TE and 

RT equations are shown in Figures 6.5, 6.6 and 6.7, respectively. The results predicted by the 

current correlation equation macth well with the numerical simulation results in these three 

figures. The reasons for the difference between the numerical simulation results and the TE and 

RT equations are given in Section 6.3.1. 

6.4      Conclusions  

The correlation equation and the framework for trajectory analyses suggested here is 

application for high density particles, such as metal nanoparticles, such as NZVI.  Flow of metal 
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colloids in the subsurface may often by in the horizontal direction, and this study shows that 

accounting for the effects of gravity force becomes very important. The effects of gravity forces 

are not captured effectively by commonly used single collector contact efficiency correlation 

equations such as the RT and TE equations, and this can cause erroneous predictions of 0  

during horizontal flow as demonstrated in this study. 
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Nomenclature 

Symbols 

A  Hamaker constant 

CA  the coefficient in equation 6.S4 


CA  the dimensionless CA  defined by UaA pC /2  

SA  porosity-dependent parameter of Happel’s model; 

)2332/()1(2 655 ppppAS   

pa  radius of particle 

sa  radius of the spherical collector 

b  radius of the Happel cell 

CB  the coefficient in equation 6.S4 


CB  the dimensionless CB  defined by UaB pC /  

0C  the number concentration of particles in the suspension 
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CD  the coefficient in equation 6.S4 


CD  the dimensionless CD  defined by UaD pC /2  

D  diffusion coefficient in an infinite medium, 

)6/( pB aTkD   

dS  diameter of spherical collector, cc ad 2  

pd  diameter of particle, pp ad 2  

re , e , e  unit vectors in r ,   and   directions 

t
rf , tf , m

rf , mf 1
, mf 2

 and rf  Drag correction factors in Table 6.2, functions of   

fi
j  force vector on the particle, superscript specifies the 

source of the force 

g  magnitude of the gravity vector, g=9.81 g/s2 

rg , tg , mg 1  and mg 2
 torque correction factors in Table 6.2, functions of   

k  particle deposition rate constant 

Bk  Boltzmann constant, 1.3805×10-23 J/K 

1K , 
2K , 

3K  and 
4K  coefficients that appear in equations 6.S1  

GN  gravity group, UgaN fppG  9/)(2 2   

LoN  London group,  UaAN pLo
29/   

PEN  Peclet number,  DUdN sPE /  

RN  relative size group, spR aaN /  

p  Defined in equation 6.S2, bap s /  

r  radial coordinate 

r  dimensionless radial coordinate, sarr /  

1s  rtrrt ggfgfs  /)(1   

2s  rrmmr ggfygfs  /)( 112
  

3s  rrmmr ggfygfs  /)( 223
  

t  time variable 
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T absolute temperature 

U approach velocity 

V  liquid flow field 

y  )( sary   

 

Greek letters 

),,( epaa   retardation correction, a function of  , pa  and e  

  surface-to-surface separation between the collector and the particle

  dimensionless parameter, pa/   

f  porosity of the porous media 

0  the single collector contact efficiency 

D , I  and G  collection efficiencies due to diffusion, sedimentation and 

interception, respectively 

  angular coordinate 

  angular coordinate 

  Debye-Huckel reciprocal length 

e  wavelength of electron oscillation,  nme 100  

  viscosity of suspension 

  circular constant, 14.3  

f  the density of the liquid 

p  the density of the particle 

  stream function 

u  Darcy velocity 

ur, u , u  the velocity vectors in different directions 
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Supporting information 

Section S1. Review of the existing papers on peer-reviewed journals about the 
single collector contact efficiency simulations and modeling 

Table 6.S1. Summary of the studies on the simulation and modeling of single collector contact 

contact efficiencya 

Modelling 
approach 

Model 
collector 

Dimensions of the 
model 

Method on dealing 
with Brownian 
motion 

Correlation equation Particle density 
(g/cm3) 

Particle 
diameter 
range (nm) 

References 

Lagrangian 
trajectory 
analysis 

Happel’ 
sphere-in-cell 

Two dimensional 
model and 
downward flow 

No Brownian 
motion in 
trajectory analysis. 
Brownian motion 
term was super 

3/23/14.02.13

8/158/1

4104.2

72.0
 



peSRGS

RLoS

NANNA

NNA  n/a n/a Rajagopalan 
and Tien, 
1976 

Lagrangian 
trajectory 
analysis 

Constricted 
tube 

Three dimensional 
model 

Brownian motion 
was not considered 
(particle size 
bigger than 0.3 

m  

n/a 1.5 3000-5000  Paraskeva 
and 
Burganos, 
1991 

Trajectory 
analysis 

Dense/loose 
cubic packing 
method 

Three dimensional 
model 

Brownian motion 
was not considered 38.08.1

023.0012.0

48.0

029.0




RG

RLos

NN

NN  2.45 Several 
micron 

Cushing, 
1998 

Eulerian 
simulation 
results of 
convective-
diffusion 
equation of 
colloid transport 

Happel’s 
sphere 

Two dimensional 
model 

Brownian motion 
was included in 
solving the 
convective-
diffusion equation 

053.011.124.0

125.0675.1

052.0715.0081.03/1
0

22.0

55.0

4.2

vdWGR

ARS

vdWPeRS

NNN

NNA

NNNA








 

1.0-1.8 10-10000 Tufenkji and 
Elimelech, 
2004 

Lagrangian 
trajectory 
analysis 

Happel’ 
sphere-in-cell 

Two dimensional 
model 

Brownian motion 
was included in the 
trajectory 
calculations 

n/a n/a Bacterial 
colloids 

Nelson and 
Ginn, 2005 

Trajectory 
analysis 

Dense/loose 
packing 
structure 

Three dimensional 
model 

Brownian motion 
was considered as 
Brownian force 

n/a n/a n/a Johnson et al, 
2007 

Trajectory 
analysis 

Happel’ 
hemisphere-in-
cell 

Two dimensional 
model 

Brownian motion 
was considered as 
Brownian force 

]2.0

55.0

3.2[

053.0053.01.11.0

15.08.1

052.065.008.03/12

PEAGR

ARS

APERs

NNNN

NNA

NNNA







 
 

1.055 10-10000 Ma et al, 
2009 

Lattice-
Boltzmann 
Method 

n/a Three dimensional 
model 

Brownian motion 
was considered in 
the simulation 
process 053.011.124.0

125.0675.1

03.019.0023.065.0
2

3

0

22.0

55.0

)1(
)21.056.15(

vdWGR

ARS

PeR

NNN

NNA

NN













 

1.05 100-1000 Long and 
Hilpert, 2009 

Trajectory 
analysis 

constricted-
tube model 

Two dimensional 
model 

Brownian motion 
was considered as 
Brownian force 

n/a 1.07 10-10000 Wei and 
Wu, 2010 

Lattice-
Boltzmann 
Method 

n/a Three dimensional 
model 

Brownian motion 
was considered in 
the simulation 
process 

n/a  500-12000 Li et al, 
2010 
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Lagrangian 
trajectory 
analysis 

Happel’ 
sphere-in-cell 

Two dimensional 
model 

Brownian motion 
was included in the 
trajectory 
calculations ])

9.0
(7.0

)
16

(4.2[

05.08/158/1

015.068.075.03/12
0











RG
Gi

Gi
RLOS

LOPE
PE

PE
S

NN
N

N
NNA

NNN
N

N
A

 

0.995-1.00 5-5000 Nelson and 
Ginn, 2011 

a n/a indicates that the parameters (or the correlation equation) were not reported in the original 
reference. 
                                           

Section S2. The stream function 

The stream function in the liquid shell (see Figure 6.1) is referred from Rajagopalan and 

Tien’s study [13], and is depicted as: 

The stream function for the region bras  is given by 

])/[(*sin)2/( 4
4

2
321

22   rKrKrKrKaU s  

 

wK /11   

wpK /)32( 5
2   

wppK /)23( 5
3                                                                                                                                           (6.S1) 

wpK /5
4   

65 2332 pppw   

And bap s /)1( 3/1                                                                                                                                 (6.S2)         

wpAS /)1(2 5                                                                                                                                              (6.S3) 

The stream function described in equation (6.S1) can be specified in the following form 

to describe the following hydrodynamic forces and torques calculations: 

eyDyBeyAV CCrC )( 22                                                                                                 (6.S4) 

sarr /
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where y  is the distance from the collector surface to the centre of the particle. Combining the 

stream function and equation S3, the coefficients of CA , CB , and CD  can be obtained and 

expressed as: 

224
4

2
321

2 )/(/)***/(*cos* ssC arrrKrKrKrKUaA   (6.S5)                   

)](2/[]8)42([sin 2
443

2
22

4
1

ssss
s

C arrarKraKKaK
r

aK
UB                                  (6.S6) 

2
4 sin2

s
C a

UK
D


                                                                                                                       (6.S7)                      

where, sa is the radius of the collector,   is the porosity of the porous media,  r is the position 

vector, r  is the dimensionless position vector, b is the radius of the Happel cell, w  is the 

function of bas / , 1K , 2K , 3K  and 4K  are coefficients, )( sar   equals the above y . 

Section S3. The comparisons of the numerical data of the single collector 
contact efficiency with the RT and TE equations data under various 
conditions 

 

Figure 6.S1. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with particle diameter under the conditions: p =1.05 g/cm3, sd =340 μm, f =0.37, 

U=0.508 cm/min, =1 cP. 
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Figure 6.S2. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with particle diameter under the conditions: p =6.58 g/cm3, sd =340 μm, f =0.37, 

U=0.508 cm/min, =1 cP. 

 

Figure 6.S3. The demonstrations of the deposition locations of particles. a) the particles with the 
density of 1.05 g/cm3 and 4000 nm diameter; b) the particles with the density of 6.58 g/cm3 and 

4000 nm, (other conditions: U=0.508 cm/min, sd =340 μm, =1 cP). 
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Figure 6.S4. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with particle density under the conditions:  pd =200 nm, sd =340 μm,  f =0.37, 

U=0.508 cm/min, =26.3 cP. 

For the particle with the diameter of 200 nm, no obvious differerence of the dependence of 0  

values on particle density between our current 3-D numerical calculations and TE equation 

predictions (Figure S4): 0  values approximately remain at a constant value (0.018) with particle 

density in both our current 3-D numerical calculations and the predictions from TE equation. The 

single collector contact efficiency of a colloidal particle is mainly constributed by the Brownian 

diffusion mechanic, when the particle diameter is less than 1000 nm. Thus, the very approximate 

0  values of our 3-D numerical simulation to those predicted by TE equation under the identical 

conditions indicate that the methodology used in this study to simulate the effect of Brownian 

diffusion on 0  is appropriate. Additionally, as pointed out by Nelson and Ginn [22] the RT 

equation overestimated the impact of Brownian diffusion on 0  prediction, can account for the 

bigger 0  values predicted from RT equation than those predicted from TE equation in the whole 

range of particle density (Figure S4). When particle diameter increases to 2000 nm, the increase 

trend of the simulated 0  values with particle density in 3-D is very similar with that obtained in 

TE equation (shown in Figure S5). As particle diameter rises to 4000 nm (shown in Figure S6), 
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the increasing trend of 0  with particle density is retarted in our 3-D simulations, compared to 

the TE equation, beyond 4000 kg/m3. This result proves our hypothesis that when the particle’s 

density grows to a certain value, gravity forces would result in a very significant gravitational 

settling of particles in the horizontal flow mode. 

 

Figure 6.S5. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with particle density under the conditions:  pd =2000nm, sd =340 μm,  f =0.37, 

U=0.508 cm/min,  =1 cP. 
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Figure 6.S6. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with particle density under the conditions:  pd =4000 nm, sd =340 μm,  f =0.37, 

U=0.508 cm/min, =1 cP. 

 

Figure 6.S7. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with the viscosity of the suspension under the conditions:  pd =2000 nm, sd =340 

μm,  f =0.37, U=0.508 cm/min, p =6.58 g/cm3. 

 

0 1000 2000 3000 4000 5000 6000 7000

 

0.0

0.1

0.2

0.3

0.4 Current 3D calculation
TE model
RT model

Particle density (kg/m3)

Viscosity of the suspension (cP)

0 5 10 15 20 25

 

0.00

0.02

0.04

0.06

0.08

0.10

3D model calculation
TE model
RT model



200 
 

 

Figure 6.S8. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with the viscosity of the suspension under the conditions: pd =2000 nm, sd =340 

μm,  f =0.37, U=0.508 cm/min, p =1.05 g/cm3. 

 

Figure 6.S9. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with the viscosity of the suspension under the conditions:  pd =400 nm, sd =340 

μm,  f =0.37, U=0.508 cm/min, p =1.05 g/cm3. 
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Figure 6.S10. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with the viscosity of the suspension under the conditions:  pd =400 nm, sd =340 

μm,  f =0.37, U=0.508 cm/min, p =6.58 g/cm3. 

 

Figure 6.S11. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with approach velocity under the conditions:  pd =400 nm,  sd =340 μm,  f =0.37, 

=1 cP, p =6.58 g/cm3. 
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Figure 6.S12. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with approach velocity under the conditions:  pd =4000 nm,  sd =340 μm,  f =0.37, 

=1 cP, p =6.58 g/cm3. 

 

Figure 6.S13. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with approach velocity under the conditions:  pd =4000 nm,  sd =340 μm,  f =0.37, 

=1 cP, p =1.05 g/cm3. 
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Figure 6.S14. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with the diameter of collector under the conditions: pd =200 nm, U=0.508 cm/min, 

f =0.37, =1 cP, p =6.58 g/cm3. 

 

Figure 6.S15. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with the diameter of collector under the conditions:  pd =2000 nm, U=0.508 

cm/min, f =0.37, =1 cP, p =6.58 g/cm3. 
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Figure 6.S16. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with the diameter of collector under the conditions:  pd =2000 nm, U=0.508 

cm/min, f =0.37, =1 cP, p =1.05 g/cm3. 

 

Figure 6.S17. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with the diameter of collector under the conditions:  pd =4000 nm, U=0.508 

cm/min, f =0.37, =1 cP, p =6.58 g/cm3. 
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Figure 6.S18. The predictions of 0  from the TE and RT equations as well as the 3-D numerical 

simulated 0  with the diameter of collector under the conditions:  pd =4000 nm, U=0.508 

cm/min, f =0.37, =1 cP, p =1.05 g/cm3. 
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Chapter 7 

Intellectual contributions 

 

Direct injection of NZVI particles into contaminated aquifers to restore chlorinated 

solvent-contaminated groundwater is considered to be a promising cleanup approach as NZVI 

can reductively degrade such chemicals rapidly. The success in applying this method in field will 

mainly depend on the feasibility of transport of NZVI from injection wells to chlorinated 

organics DNAPLs contaminated zones. The transport of NZVI in aquifers is limited due to the 

significant aggregation of particles at g/L concentration levels, which is required for field 

remediation applications. 

Coating NZVI particles with polymer or polyelectrolyte is considered to be an effective 

method to stabilize NZVI particles and thereby promote their transport in porous media. CMC 

was found to be very effective in stabilizing NZVI particles. Homologous CMCs with various 

molecular weights were evaluated in this research to investigate the effects of molecular weights 

of CMCs on stabilizing NZVI particles and on enhancing their transport.  

The research demonstrated that groundwater flow directions can significantly influence 

NZVI particle transport through porous media. The transport experiments were conducted in 

vertically-placed column and in horizontally-placed column under different porous media sizes 

and NZVI concentrations. The simulations of the trajectories of NZVI particles in these two flow 

modes were also performed to explain the mechanics on particles transport in these flow modes. 

The transport of CMC-coated NZVI particles was also investigated in scaled up 2-D tank 

to systemically study the transport and depositions of NZVI particles under different 

concentrations and injection velocities. The effects of properties of NZVI suspensions on particle 

transport were also examined. The particles sizes were also measured in the transport process to 

verify the aggregation extent. 

The mathematical simulation of NZVI particle transport around a collector were 

performed by using Lagrangian trajectory analysis method to thoroughly estimate the effects of 
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flow modes, the density of particle, the flow velocity, the size of the collector, the viscosity of 

particle suspension on the transport of particles the single collector contact efficiency and thus on 

the subsequent deposition and transport of particles. 

The specific intellectual contributions of this research are: 

7.1   Determining the role of stabilizing polymer molecular weights on 

enhancing colloidal stabilization and transport of  NZVI. 

Overall, the stability and transport of CMC-stabilized NZVI increased with the molecular 

weight of CMC. To date no other studies have systematically investigated the effects of a set of 

homologous polymer or polyelectrolyte on stabilizing and on enhancing NZVI transport as well 

as no any other studies has thoroughly seek the reasons for the above results.  

700K CMC stabilized NZVI particles are more stable and mobile than those of 90K CMC 

and 250K CMC stabilized NZVI particles. The viscosities of these CMC-NZVI suspensions 

(prepared in 1 g/L CMC solutions) increase with the increase of CMC molecular weight, which 

is partly attributable to the above stability and transport results. Further, the mass of adsorbed 

NZVI particle surface does not differ significantly for different CMCs, but the new Ohshima 

theory as well as DLVO theory calculations revealed that 700K CMC coatings on NZVI surface 

provided more surface charge on particle and yielded much stronger particle-particle repulsion 

than 250K- or 90K-CMC. The contributions of polymer viscosity to NZVI stabilization and 

transport and are original contributions of this research. 

 

7.2   Demonstrating the role of horizontal and vertical flow direction 

on CMC-NZVI transport behavior.  

The transport of NZVI particles was investigated in horizontal flow mode, which is more 

likely to occur for natural groundwater. The comparison of transport results obtained in 

horizontal and vertical flow modes demonstrated that NZVI transport efficiencies in horizontal 
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flow mode were lower than those in the vertical mode, in particular, in coarse sand and high 

NZVI concentrations. 

The retention profiles of NZVI particles in top and bottom sides of the horizontally-

placed column showed a very big difference, because a significant mass of particles collected at 

the bottom side of the horizontally-placed columns packed with coarser sands. This result 

indicates that particles settled under gravity to the bottom side during transport, but only in the 

coarser sands. In the fine sand, the retention profiles of NZVI particles in the top and bottom 

sides of the horizontally-placed column did not differ significantly at 0.3 and 1 g/L. The obvious 

difference occurred at 3 g/L.  

The mathematical simulations of the trajectory of NZVI particles around sand collectors 

verified the considerable setting of NZVI particles in the coarse and intermediate sands in the 

horizontal flow mode. The effects of flow direction on NZVI transport in porous media have not 

be clearly demonstrated to date. 

7.3 The changes in temporal and spatial distribution of NZVI particles 

during NZVI injection and transport in a scaled-up 2-D tank was 

demonstrated for a range of porous media size and particle 

suspension characteristics.  

The transport of 700K CMC-NZVI NZVI particles was systematically studied under 

different NZVI concentrations and injection velocity in a pilot scale 2-D tank. High injection 

velocity were very favorable for NZVI particle transport, while high NZVI concentration showed 

less transport, being consistent with the results obtained in 1-D columns. 

The hydraulic conductivity of the tank system reduced significantly after injecting 700K 

CMC-NZVI particles, in particular, for the NZVI particles at 2 g/L in 700K CMC solutions. 

Further, the hydraulic conductivity of the tank system also reduced when the injection velocity 

reduced. At high CMC concentration (2 g/L), the pressure drop during injection was much higher 

than those at low CMC solution (1 g/L). These hydraulic conductivity and pressure drop results 

are attributed to the higher viscosity of with higher CMC concentrations.  
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The research presents new data how NZVI concentrations in aqueous solutions change 

with time and distance from the injection source, and improves our understanding of NZVI 

transport under injection conditions. 

 

7.4 This study is the first to mathematically simulate the trajectory of 

colloidal particles around a collector under horizontal flow mode by 

using Lagrangian trajectory analysis combined with Brownian motion. 

A new correlation equation for horizontal flow of colloids around a 

collector was presented. The study demonstrates that the density of 

engineered metal nanoparticles result in different trajectories in 

horizontal flow mode from those in vertical flow mode.  

A new methodology is developed in three dimensions (3-D) to more precisely predict the 

single collector efficiency of NZVI particles in wider ranges of particle density, viscosity of the 

suspension and flow velocity. The trajectory analysis of particles in 3-D simulations revealed 

that particles with high density and large size showed different collision pattern on collector 

surface from those predicted from 2-D simulations.  

A new correlation equation overcomes the limitations of the current approaches in 

predicting η0 of colloids with high density in horizontal flow modes and shows exceptional 

agreement with numerical simulations of η0 over a wide range of conditions. Furthermore, the 

new equation presented in this study shows reasonable predictions of η0 of emerging engineered 

metal nanoparticles transported in saturated porous media. The experimental transport data of 

nanoscale zero valent iron particles in horizontal column (shown in Chapter 4) can be 

satisfactorily explained by the findings of different deposition pattern of NZVI particles on 

collector in horizontal flow mode.
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