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Abstract
Effects of pH and humic acid on the attachment of illite particles to sand, and
effects of surfactant and grain size of the porous media on the transport of nTiO2 in sand
columns were investigated. Results showed that illite colloids were stable in 1 mM NaCl
solutions at pH 5 and 9 at HA concentrations of 0-20 mg/L. The attachment of illite
colloids to quartz sand was not influenced by HA or pH, but illite attachment to Fe coated
sand at pH 5 decreased with increasing HA concentration. Stability of TiO2 particles were
influenced by pH, ionic strength and surfactant. Transport of nTiO2 was influenced by
pH, xanthan gum, and higher in coarse-grained sand columns compared to that in finegrained sand columns under certain conditions. Interaction energies between particles and
between particles and sand calculated based on Derjaguin-Landau-Verwey-Overbeek
theory agreed with the experimentally observed particle stability, attachment, and
transport.
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Chapter 1: Introduction and Overview
1.1 Illite colloidal particles and their role in the subsurface environment
Illite colloid is one of the major clay particles in the environment and it has
important implications to the fate and transport of contaminant (e.g., arsenic, nTiO2 and
various isotopes) in soil and groundwater (Polubesova and Nir, 1999). For example,
salicylic acid, ethanol, and humic substances are found to be absorbed by illite in the
subsurface environment (Kubicki et al, 1997). Adsorption of 60Co(II) to illite is strongly
affected by pH and dominated by ion exchange (Zhang et al., 2013). Clay minerals
especially illite scavenge arsenic (As) from groundwater in high pH and low redox
environments (Guo et al., 2003), but at low pH it was also found that illite, kaolinite,
montmorillonite and Fe oxyhydroxides promote the mobilization and transport of arsenic
in groundwater (Guo et al., 2003). Fe rich clays (such as illite and biotite) and Fe coated
grains adsorb arsenic and may cause groundwater contamination (Pal et al., 2002). The
presence of suspended clay colloids such as illite and kaolinite can facilitate the transport
of titanium dioxide nanoparticles (nTiO2) through quartz sand porous media (Cai et al.,
2014). Bayat et al. (2015) showed that illite particles are very effective in retaining nTiO2
in porous media. Arsenic adsorption to illite particles occurs up to pH 7 and larger surface
area of the illite particles leads to higher As sorption capacity. So it is very important to
know the factors that may influence illite particle transport in the subsurface environment.
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1.2 Engineered titanium dioxide nanoparticles (nTiO2) in the subsurface
environment
Nanoparticles are important components in the environment. Millions of tons of
titanium dioxide nanoparticles are produced per year globally and most of them are
produced in order to use as a pigment in paints, glazes, enamels, plastics, paper, fibers,
foods, pharmaceuticals, cosmetics, and toothpaste (Weir et al., 2012). Engineered
nanoparticles like titanium dioxide nanoparticles may be released to the environment
from point sources such as manufacturing, landfills and waste water effluent and nonpoint
sources such as wear or attrition of tires, sunscreen, brake pads, storm water runoff and
wet deposition (Wiesner et al., 2006). Many household and industrial commodities that
contains nanoparticles are disposed as waste into the wastewater treatment facilities (Brar
et al., 2010). Waste water treatment plants remove most of the nanoscale and larger-sized
TiO2 from the influent waste water but titanium dioxide nanoparticles size ranging
between 4 and 30 nm are still found in the treated water and these nanomaterials
remained in the surface water (Kiser et al., 2009).
Nanoparticles potentially pose a risk to aquatic ecosystems as well as human
health (Sharma, 2009). They have the potential to cause adverse effects to the immune
system, oxidative stress related disorders, lung disease, and inflammation etc. (Gottschalk
and Nowack, 2011). Among them titanium dioxide nanoparticles with a particle sizes
between 10 nm to 20 nm are found toxic to human cells, aquatic organisms, and mice
(Hund-Rinke and Simon, 2006; Wiesner et al., 2006; Grassian et al., 2007; Warheit et al.,
2008; Battin et al., 2009; Brunet et al., 2009). Nano-titanium dioxide particles can induce
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oxidative DNA damage to human bronchial epithelial cells. nTiO2 can also increase
hydrogen peroxide and nitric oxide production in human cells (Gurr et al., 2005).
In order to understand the fate and distribution of nanoparticles after they are
released to the environment, it is important to understand the factors that influence
nanoparticle stability, transport and mobilization in vadose zone and groundwater
(Jovanović et al., 2011). Titanium dioxide nanoparticles were found stable after 24 hour
in water with the presence of dissolve organic matter and clay particles extracted from the
soil, but the nTiO2was found to be unstable at low pH and high ionic strength (Fang et al.,
2009). Xanthan gum, which is produced from a kind of bacterium known as
Xanthomonas Campestris, can be used as a surfactant to suspend titanium dioxide in
subsurface environment (García et al., 2000). Xanthan gum and humic acid, commonly
found in nature, can stabilize suspended nanoparticles and facilitate their transport in
water saturated porous media (Dalla et al., 2009). It was found that, xanthan gum also
stabilizes highly concentrated suspensions of iron nanoparticles (Comba and Sethi, 2009).
In recent years, progress has been made in understanding the transport of
nanoparticles in groundwater (Chen et al., 2009). Most of the studies on nanoparticle
transport emphasized on water saturated media, and the major focus was the effects of
solution chemistry such as pH, ionic strength, and natural organic matter (NOM). It was
found that the mobility of nano-ZnO and iron nanoparticles changed with pH and ionic
strength (Wang et al., 2012). It was observed that the NOM enhanced the mobility of
nanoparticles in saturated porous media (Wang et al., 2012). It was also observed by
Chen et al. (2008) that the transport and retention of nanoparticles in saturated porous
media are very sensitive to ionic strength and ion valence. It was found that in the
3

absence of NOM, suspended nanoparticles remained stable when they migrated through
porous media (Chen et al., 2009). DLVO (Derjaguin-Landau-Verwey-Overbeek) theory
was used to calculate the nanoparticle-nanoparticle and nanoparticle-sand interaction
energies and it helped to understand the transport and retention of nano-sized particle
aggregates in saturated porous media (Chen et al., 2009).
Wang et al.(2012) observed that most of the nanoparticles have more negative
surface charge at higher pH, making nanoparticles suspension more stable. An
experiment was conducted to investigate the effects of pH on nanoparticle aggregation
and transport in porous media in two dimensional porous structures (Dunphy et al., 2006).
It was found that 80% of suspended nanoparticles and nanoparticle aggregates (crystalline
diameter of 5-12 nm) were mobile over the pH range of 1-12 (Dunphy et al., 2006). It was
found that the transport of nanoparticles was higher at higher pH (Godinez and Darnault,
2011).
He et al.(2008) found that aggregation rates are higher for smaller particles at the
same ionic strength. Cox (2012) studied the transport of nTiO2 nanoparticles through
sandy porous medium at a range of pore water velocities and different ionic strengths and
found that ionic strength was most influential at low pore water velocities but had
minimal effects at high pore water velocity. Cox (2012) reported that natural porous
media had higher retention capability of nanoparticles compared to quartz sand due to
heterogeneities.
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1.3 Gaps in knowledge
The attachment of colloidal and nano-scale particles to transport medium grains
removes the particles from groundwater and reduces particle transport. Wu and Cheng
(2016) reported that the effects of HA on nTiO2 attachment to sand depend on pH and HA
concentration. At pH 9, HA does not adsorb to nTiO2 and does not have a big impact on
nTiO2 attachment. At pH 5, however, HA adsorption to nTiO2 and Fe oxide can change
the surface charge of these metal oxides from positive to negative. As a result, nTiO2
adsorption to quartz sand or Fe oxide coated quartz sand (Quartz sand is a major
component in many natural aquifers, and quartz sands are often covered by Fe oxide
coating, therefore, quartz sand and Fe coated sand are frequently used to mimick natural
sediment grains in laboratory studies of contaminant transport.) can be either very low
(e.g., zero) or very high (e.g., 100%) or something in between, depending on HA
concentration. HA, phosphate, xanthan gum all of them could be present in the
groundwater, and can be worked as surfactant which may influence the attachment and
transport of nanoparticles. Freake (2016) examined the influence of phosphate on the
attachment of illite and nTiO2 colloidal particles to quartz sand and found that the
influence of phosphate on illite and nTiO2 are different. While the effects of phosphate on
nTiO2 attachment to quartz sand are similar to those of HA at pH 5 and 9 respectively, it
was shown that phosphate does not substantially influence illite attachment at either pH.
The distinct roles of phosphate on illite and nTiO2 was attributed to the difference in the
surface charge ofillite and nTiO2, i.e., at pH 5, the negatively charged phosphate adsorbs
to the positively charged nTiO2 and changes the surface charge of nTiO2. Yet, phosphate
adsorption to negatively-charged illite is weak and therefore does not influence the
surface charge of illite. Both illite colloidal particles and HA are commonly found in
5

groundwater. A hypothesis can be defined as, HA may strongly influence illite particle
attachment to sand, like it does for nTiO2. Or HA could besimilar to phosphate and does
not influence illite particle attachment to the sand. In order to answer these important
questions, detail experimental studies are needed to elucidate the effects of pH and HA on
illite particle adsorption to representing medium such as pure quartz sand and Fe coated
sand.
A number of studies have been carried out on the affects of surfactant in the
attachment and transport of nTiO2 in water-saturated porous media. In most of the studies
HA behaves as a surfactant, e.g., Wu and Cheng (2016) studied the influence of HA on
the stability of nTiO2 and the attachment of nTiO2 to sand. Xanthan gum is one of the
common surfactant which is very available in groundwater. Comba and Sethi (2009)
studied xanthan gum and iron nanoparticle and found that xanthan gum can stabilize iron
nanoparticle. So it would be interesting to identify the effects of xanthan gum in the
transport of nTiO2 in porous media.
Additionally, the transport of nanoparticles in porous media depends on the grain
size of the porous media and the size of the particles. Straining is one of the mechanism
of colloid retention in porous media, Xu et al. (2006) found that when the ratio of colloid
diameter tograin diameter exceeds 0.008 straining occured. Transport of Ag nanoparticle
was enhanced with increasing gain size of the porous media (Liang et al., 2013). Mattison
et al., (2011) and Kasel et al., (2013) showed that transport of multi-walled carbon
nanotubes depends on the grain size of the porous media. These studies suggested that
grain size of the porous media may play an important role in the transport of engineered
nanoparticles. As nTiO2 is one of the common nanoparticles that may found in the
6

groundwater, therefore, more experimental studies are needed to clarify the effects of
grain size of the porous media in the transport of titanium dioxide particles.
1.4 Thesis objectives
The main objectives of my research were to achieve a better understanding of: (1)
the effects of HA on the stability of the illite particles in water and on illite particle
attachment to pure quartz sand and Fe coated sand, and (2) the effects of surfactant
(xanthan gum) and grain size of the porous media on the transport of nTiO2 in watersaturated quartz sand columns.
Wu and Cheng (2016) and Freake (2015) showed that HA can substantially
influence nTiO2 stability and its attachment to sand. Illite, which is an important type of
particle in the subsurface environment, has very different properties compared to nTiO2.
Therefore, it would be interesting to observe how HA influence illite stability and
attachment. Additionally, Wu and Cheng (2016), Freake (2015) or other researchers did
not study nTiO2 transport with column experiments, therefore, it is important to
investigate how nTiO2 behaves in sand columns.
1.5 Approaches
A number of batch experiments were performed in order to determine: (1) the
stability of illite particles in water at different concentration of HA, (2) influence of HA
on illite particle attachment to quartz sand and Fe coated sand, and (3) the stability of
nTiO2 particles in water at different ionic strength, and in the absence and presence of a
surfactant (xanthan gum). Furthermore, several column experiments were performed to
investigate the effects of pH, xanthan gum, and grain size of the sand on nTiO2 transport
in water-saturated sand columns. Interaction energies between colloidal particles, and
7

between colloidal particle and sand were calculated based on Derjaguin-Landau-VerweyOverbeek (DLVO) theory in order to explain the stability of particle suspensions and the
degree of particle attachment to sand.
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Chapter 2: Materials and Methods
2.1 Attachment behavior of illite colloid particles to clean quartz sand and Fe coated
sand at different pH and the affects of humic acid
2.1.1 Porous media
2.1.1.1 Pure quartz sand
Clean quartz sand and Fe coated sand was used for the experiments. Clean quartz
sand (Ottawa 20/40, US sieve no. 16-50, US Silica) was purchased and sieved into
different fractions. Sieved fractions of 0.250-0.355 mm and 0.600-0.710 mm (referred as
“fine sand” and “coarse sand” respectively in this thesis) were used for my experiments.
The quartz sand was washed 15 times with nano-pure water to remove the turbidity until
the supernatant had an absorbance less than 0.004 at a wavelength of 368 nm.

2.1.1.2 Fe coated sand
For Fe coated sand, The procedure of Scheidegger et al.(1993) and Mills et al.,
(1994) was followed. FeCl3 (Iron (III) chloride hexahydrate, 99+%, extra pure) from
Fisher Scientific was used for coating the quartz sand. 1 M NaOH was used to control the
pH. This coated sand was prepared by mixing 200 g of quartz sand and 20 g FeCl3 in 400
ml nanopure water in high-density poly-ethylene (HDPE) bottle. FeCl3 is an acid salt
because Fe(OH)3 is weak base and HCl is a strong acid, therefore, the initial pH was
measured and found acidic (pH approximately 1.5). The mixture was shaken at 25°C and
gradually added 1 M NaOH to increase the pH to around 4.5-5.0. Approximately 225-250
ml 1 M NaOH was required to buffer the pH around 4.5-5.0. This mixture was shaken for
10

45-48 hours on a shaker table in order to coat the sand with Fe. This coated sand was
rinsed with nano pure water 20 times. Thereafter, in order to remove all the small
particles, this coated sand was soaked in 0.01 M NaOH solution for 24 hours. Eventually
this coated sand was rinsed multiple times again with nano pure water and oven dried at
120°C. Then the iron coated sand from each HDPE bottle was put together and mixed for
future experiments.
Scanning electron microscopy (SEM) was used to visualize the surface
morphology of the quartz sand and Fe coated sand. To quantify the percentage of Fe
coated surface area of the quartz sand, backscatter SEM images of the Fe coated sand and
energy dispersive X-ray (EDX) was used (Fig. 2.1).

Fig.2.1. Backscatter SEM image of sand grains
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2.1.2 Fe coating powder
Similar procedure was used to prepare Fe oxyhydroxide powder. I dissolved 2 g of
FeCl3 in 40 ml nano pure water. 1 M NaOH was used to control pH. Approximately 6-8
ml of 1 M NaOH was gradually added to the solution until the pH of the solution reached
5. Then this solution was shaken on a shaker table for 36 hours. After mixing, this
solution was centrifuged for 60 minutes at 5000 rpm. Then all of the supernatant from
different centrifuge tubes were decanted and suspended in nano pure water and then
centrifuged again. This procedure was followed three times before the residuals were
dried in the oven at 120°C.
In order to determine the Fe concentration in Fe coated sand and Fe oxyhydroxide
powder Citrate-Bicarbonate-Dithionate (CBD) extraction method (Mehra and Jackson,
1958) was used. One gram of Fe coated sand was mixed with 22.5 ml of 0.3 M sodium
citrate and 2.5 ml of 1 M sodium bicarbonate in a 50 ml HDPE falcon tube. Then the tube
was placed in a water bath at 80ºC. 0.5 g of sodium dithionite was added to the mixture
and vigorously shaken for 1 minute every 5 minutes. After 15 minutes of heating at 80ºC
in the water bath, another 0.5 g sodium dithionite was added to the mixture and the
mixture was shaken for 1 minute every 5 minutes. After 10 minutes, the tube was taken
off from the water bath and kept for cooling. After that the sample was centrifuged and
the supernatant was pipetted into another HDPE falcon tube and sent to be analyzed for
Fe concentration by ICP-OES. Experimental result showed that, 1.48 ± 0.005 g Fe was
present per kg of the Fe coated sand and 15.50 ± 0.03 mg of Fe was present per 100 mg of
Fe oxyhydroxide powder.
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2.1.3 Preparation of illite suspension
For my experiments I used ACS grade certified chemicals and nano pure water.
Illite (IMt-2) from the clay mineral society which contains SiO2 (49.3%), Al2O3 (24.25%),
Fe2O3 (7.32%), K2O (7.83%), LOI (8.02%), TiO2 (0.55%), FeO (0.55%), MnO
(0.03%), MgO (2.56%), CaO (0.43%), P2O5 (0.08%) (Van Olphena and Fripiat, 1979)
was used to prepare the illite suspension. Illite suspension was prepared according to the
method described by Saiers and Hornberger (1999). In a high-density-poly-ethylene
(HDPE) bottle, 4 grams of illite powder was mixed with 1000 mL of nano pure water and
suspended in a Branson Ultrasonic bath (Branson Ultrasonic) for 30 minutes. After that
the suspension was shaken on a shaker table and then transferred into an Erlenmeyer flask
and kept for 24 hours. Then the supernatant was transferred again into a clean HDPE
bottle. The illite concentration in the supernatant was measured gravimetrically using a
0.1 µm polyethersulfone membrane filter (Pall Life Sciences). 100 mL of the suspension
was filtered through a filter each time. Before and after the filtration the filter was dried in
the oven at 60 ºC and then weighed using an analytical balance. The mass of the illite
colloid was calculated as the difference between the two weights.
2.1.4 Humicacid (HA) stock solution
Humic acid stock solution was prepared using humic acid powder from Alfa
Aesar. 0.050 g of HA powder was dissolved in 500 mL of nano pure water. This solution
was then filtered repeatedly three times through a 0.1 µm polyethersulfone membrane
filter (Pall Life Sciences). Each time a new filter membrane was used. The HA
concentration of the HA stock solution was determined as by a Shimadzu TOC-V
analyzer. The stock solution was stored in a refrigerator at 4 ºC for subsequent use.
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2.1.5 Preparation of samples for Zeta potential (ZP) and hydrodynamic diameter
(HDD) measurement
To measure the zeta potential (ZP) and hydrodynamic diameter (HDD) of the
quartz sand, Fe coating, illite, and humic acid (HA), Zetasizer Nano ZS (Malvern) was
used. Quartz sand samples were prepared by sonicating quartz sand grains in 1 mM NaCl
solution using a Branson digital sonifier. After 60 minutes of sonication, suspensions with
small quartz particles were taken to measure the ZP at pH 5 and pH 9. HA stock solution
was used to measure the ZP of HA at pH 5 and pH 9. 50 mg/L of illite suspension was
prepared in 1mM NaCl solution at pH 5 and 9 for measuring the ZP and HDD of illite in
the absence of HA. For measuring the ZP of illite in the presence of HA, 50 mg/L of illite
suspensions were prepared in 1 mM of NaCl solution with appropriate amount of HA
stock solution being added. Fe oxyhydroxide suspensions were prepared by suspending
25 mg of Fe oxyhydroxide powder in 200 ml nano pure water with a Branson digital
sonifier for 80 minutes with a power level of 50 W. Concentration of HA in groundwater
is around 10 mg/L (Crittenden et al., 2012). Therefore, five different concentrations (0-20
mg/L) (17.14 mg DOC/L, 14.28 mg DOC/L, 11.42 mg DOC/L, 8.75 mg DOC/L, 5.7 mg
DOC/L) of HA were mixed with Fe oxyhydroxide suspension at pH 5 and 9 to measure
the ZP of Fe oxyhydroxide in the presence of HA.

2.1.6 Stability of the illite suspension
To investigate the stability of illite suspension at pH 5 and 9 (average pH of
groundwater is 6.5 to 8.5), illite suspensions were prepared (described in Section 2.1.3)
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with and without HA. For the HA mixed suspension, the concentrations of spiked HA
were 20 mg DOC/L, 1.25 mg DOC/L, and 0.625 mg DOC/L. 1 M NaOH and 1 M HCl
were used to adjust the pH. A small quantity of 1 M NaCl was added to adjust the ionic
strength of the solution to 1 mM. These suspensions were stirred using a magnetic stirring
plate. At pre-determined time intervals, light absorbance of the suspensions was measured
using a spectrophotometer at a wavelength of 368 nm.
2.1.7 Adsorption isotherms
2.1.7.1 HA attachment to illite
A number of batch experiments were done in order to investigate the attachment
of HA to the illite particles. Five different concentrations (17.14 mg DOC/L, 14.28 mg
DOC/L, 11.42 mg DOC/L, 8.75 mg DOC/L, 5.71 mg DOC/L) of HA were added to illite
suspension. The illite concentration in all the experiments was 100 mg/L. 15 mL of
HDPE falcon centrifuge tubes were used to perform these experiments. 1 M NaCl
solution was added to each prepared sample to adjust the ionic strength of 0.001 M. 1 M
HCl and 1 M NaOH solutions were added to adjust the pH. The experiments were at both
pH 5 and pH 9. After preparing the samples the tubes were capped and gently mixed with
a Fisher Scientific Nutating Mixer at 24 rpm. After mixing of HA with illite for 3 hours,
these suspensions were filtered through 0.1 µm polyethersulfone membrane filter. HA
free controls were also performed at both pH 5 and pH 9. It was found that all the illite
particles were retained by the filter in the HA free controls. On the other hand, all the HA
could pass through the filter. The light absorbance of the filtered samples was measured
using a spectrophotometer at a wavelength of 368 nm. The concentration of HA
remaining in water was calculated using the HA calibration curve (Appendix 1). The
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amount of HA adsorbed to illite was calculated as the difference between the initial HA
concentration and the concentration remaining in water after mixing.

2.1.7.2 Illite attachment to sand in the absence of HA
To determine the attachment of illite particles to quartz sand and Fe coated sand,
several batch experiments were performed at pH 5 and 9. These experiments were
performed by mixing 25 g quartz sand or Fe coated sand with different illite particle
concentrations (20 mg/L, 25 mg/L, 35 mg/L, 50 mg/L, 70 mg/L, and 100 mg/L) in 50 ml
HDPE falcon centrifuge tubes at room temperature (25 ºC). The total volume of the
solution in each tube was 35 mL. Ionic strength of the solution was adjusted to 1 mM by
adding NaCl and the pH of the solutions were controlled with 0.1 M HCl and 0.1M
NaOH solutions. Tubes were capped and gently mixed at 24 rpm on a Fisher Scientific
Nutating Mixer for 3 hours. After 3 hours of mixing the tubes were removed from the
mixer and uncapped and kept for 60 seconds to let the sand grains to settle down. The
light absorbance of the supernatant was measured with a spectrophotometer at a
wavelength of 368 nm. Concentrations of the suspended illite particles after mixing were
calculated using the illite calibration curves (Appendix 1). The quantities of the illite
particles attached to sand were calculated as the difference between initial illite
concentration and the concentration of illite particles remaining in water after mixing.
2.1.7.4 HA attachment to sand
Batch experiments were performed to understand the HA attachment to quartz
sand and Fe coated sand at both pH 5 and pH 9. 25g of quartz sand or Fe coated sand was
mixed with six different concentrations of HA (17.14 mg DOC/L, 14.28 mg DOC/L,
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11.42 mg DOC/L, 8.75 mg DOC/L, 5.71 mg DOC/L, and a HA free sample) in HDPE
falcon centrifuge tubes. The total volume of the solution was 35 ml. 35 µL of 1 M NaCl
solution was added to each of the tubes to adjust the ionic strength of the solution to 0.001
M. Very small volumes of 1 M NaOH and 1 M HCl solutions were used to adjust the pH
of the solution. The tubes were capped and gently mixed with a Fisher Scientific Nutating
Mixer at 24 rpm. After 3 hours of mixing the tubes were removed from the mixer table,
uncapped and kept for 60 seconds to let the sand grains settle down. Then a supernatant
sample was collected from the tubes using a pipette and the light absorbance was
measured using a spectrophotometer at a wavelength of 368 nm. Absorbance of the
solution of the HA free controls was also measured and found to be 0.015 Au at pH 5 and
0.018 Au at pH 9. The concentration of HA remaining in water was calculated using the
HA calibration curve (Appendix 1), and the amount of HA adsorbed to the sand was
calculated as the difference between the initial HA concentration and the concentration
remaining in water after mixing.
2.1.7.5 Influence of HA concentration on illite attachment to sand
To investigate the influence of HA concentration on illite attachment to quartz and
Fe coated sand, batch experiments were performed at pH 5 and pH 9. In each experiment,
25g of quartz sand or Fe coated sand was mixed in 100 mg/L illite suspension with six
different concentrations of HA (17.14 mg DOC/L, 14.28 mg DOC/L, 11.42 mg DOC/L,
8.75 mg DOC/L, 5.71 mg DOC/L, and a HA free sample) in HDPE falcon centrifuge
tubes. The total volume of the solution was 35 ml. 35 µL of 1 M NaCl solution was added
to each of the tubes to adjust the ionic strength of the solution to 0.001 M. Very small
volumes of 1 M NaOH and 1 M HCl solutions were used to adjust the pH of the solution.
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The tubes were capped and gently mixed with a Fisher Scientific Nutating Mixer at 24
rpm. After 3 hours of mixing the tubes were removed from the mixer table, uncapped and
kept for 60 seconds to settle down the sand grains. Supernatant was collected from the
tubes using a pipette and the light absorbance of the supernatant was measured using a
spectrophotometer at a wavelength of 368 nm. The concentration of illite particle in the
supernatant was calculated based on the measured light absorbance and the illite
calibration curves (Appendix 1). The amount of illite particles attached to sand was
calculatedas the difference between the spiked illite concentration and the illite
concentration in the supernatant after 3 hours mixing.

2.2 Effects of pH, surfactant (xanthan gum), and grain size of the porous media on
the transport of nTiO2 in water saturated sand column
2.2.1 Porous media
Sieved Ottawa sand (US Silica) with the grain size range of 0.250-0.355 mm (fine
sand) and 0.600-0.710 mm (coarse sand) were used as the porous media in my
experiments. Before used in column experiments, the quartz sand samples were washed
15 times with nano pure water to remove the turbidity (i.e., small particles) until the
supernatant has a light absorbance less than 0.01 Au (measured at a wavelength of 368
nm). The washed sand samples were oven dried at 120 ºC and stored in plastic buckets.
2.2.2 Preparation of nanoparticle suspension and xanthan gum
Titanium (IV) oxide nanoparticle (nTiO2) powder (Acros Organics BVBA,
Belgium) was used to prepare the suspensions for the column experiments. nTiO2 consists
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89.6% anatase and 10.4% rutaile, confirmed by X-ray Diffraction (Langford and Louër,
1999). nTiO2 powder (20mg/L) was added tonano pure water (Nanopure® Water
Purification Systems, Thermo Scientific) and suspended with an ultrasonic probe (Digital
sonifier, Branson Ultrasonics).For some of the nTiO2 suspension samples, 10 mg/L
xanthan gum was also added. 1 M NaOH and 1 M HClwere used to adjust the pHat 5 and
9 and NaCl was used to adjust the ionic strength (IS)of the suspensionsto 0.1 mM.
2.2.3 Preparation of samples for Zeta potential (ZP) and hydrodynamic diameter
(HDD) measurement
To measure the zeta potential (ZP) and hydrodynamic diameter (HDD) of nTiO2,
xanthan gum, nTiO2 with xanthan gum presence, Zetasizer Nano ZS (Malvern) was used.
For all the measurements, 20 mg/L of nTiO2 and 10 mg/L of xanthan gum were used. 0.1
mM of NaCl was used as background solution, and 1 M NaOH and 1 M HCl solutions
were used to adjust the pH of the samples to 5 and 9. Calibration curbes were prepared
with different concentration of nTiO2 for both pH 5 and pH 9 (Appendix 3).
2.2.4 Stability of the nTiO2 suspension
To investigate the stability of nTiO2 suspension at pH 5 and 9, 20 mg/L of nTiO2
suspensions were prepared (described in Section 2.2.2). 10 mg/L of xanthan gum was
added to the suspension to prepare the suspensions with xanthan gum. NaCl was added to
the suspension to adjust theionic strength to 1, 2, 10, 50, and 100 mM. 1 M NaOH and 1
M HCl were used to adjust the pH. Light absorbance of the suspension was monitored up
to 4 hours using a spectrophotometer at a wavelength of 368 nm.
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2.2.5 Column experiments
For the column experiments, KontesChromaFlex™ Chromatography Column (2.5
cm inner diameter, 15 cm length) was used. To pack my column, I followed the procedure
by Wang et al., (2014). That is, the glass column was pre-filled with background solution
at ~1 cm depth, and small amount of sand was slowly poured into the column. Then the
column was tapped to pack the column uniformly and to remove any air bubbles. The
above step was repeated until the column was fully filled with sand and water. A
peristaltic pump (Masterflex, Cole-Parmer Instruments) was used to inject the solution
through the column from bottom to top. I flushed the column overnight with the
background solution so that the column became saturated and no air bubble remained in
the column, then nTiO2 suspensions were injected into the column. Upon completion of
nTiO2 injection, the influent solution was switched back to nTiO2 free background
solution. I maintained 0.2cm3/min discharge rate for my column experiments all the time
and the effluent samples were collected using a fraction collector (CF-2, Spectrum
Chromatography) for analysis of nTiO2 concentration. A UV-visible spectrophotometer
was used to measure the light absorbance of the effluent samples and the concentration of
nTiO2 in the effluent was calculated based on the nTiO2 calibration curves (Appendix 3).
2.3 Analytical Methods
2.3.1 Measurements of zeta potential and hydrodynamic diameter
Zetasizer Nano ZS was used for measuring zeta potential and hydrodynamic
diameter of my samples (illite paricles, nTiO2, HA, xanthan gum, sand and Fe coating).
The analysis was done in the Biochemistry lab of Memorial University. Dynamic light
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scattering was used to measure particle and molecule size, and laser doppler microelectrophoresis was used to measure zeta potential. Sample analysis was performed
following the procedure by Clogston and Patri (2011). For both ZP and HDD, triplicate
measurements was performed on the same sample, and the mean and standard deviation
were calculated.
2.3.2 Measurements of absorbance
Genesys 10 S UV-visible spectrophotometer was used to measure absorbance of
my samples. Calibration curves were prepared using different concentration of the
samples, And using the calibration curve concentration of the unknown samples were
determined.
2.3.3 TOC measurements
Shimadzu TOC-V analyzer was used to measure TOC of my samples. Samples
were analysis in the Biogeochemistry laboratory of Memorial University.
2.4Interaction energy calculation using DLVO theory
DLVO theory was used to understand the transport and retention of titanium dioxide
nanoparticle in sand columns and the attachment of illite particles to the sands as well as
the stability of titanium dioxide nanoparticles and illite colloidal particles. Total
interaction energies ϕDLVO (h) between nTiO2 particles, between nTiO2 and sand,
between illite particles, and between illite particle and sand grain (quartz sand and Fe
coated sand) are the summation of the electrostatic energy ϕdl (h)(Equation 1) due to
electricstatic forces and the attractive interaction energy ϕvdw (h) due to van der Waals
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forces. The electrostatic energy ϕdl (h) and the attractive interaction energy ϕvdw (h)were
calculated using the following equations (Elimelech et al., 1995).

ϕDLVO (h) = ϕvdw (h) + ϕdl (h)(1)

The attractive interaction energy ϕvdw (h) due to van der Waals interaction for the
sphere-sphere geometry was calculated with Equation (2) (Ryan and Gschwend, 1994).

ϕvdw (h) = −

A123
y
y
r 2 + ry + r
{ 2
+ 2
+ 2 ln [ 2
]} (2)
12 r + ry + r r + ry + r + y
r + ry + r + y

Where A = Hamaker constant, 𝑦 = 𝑟2 /𝑟1and 𝑟 = ℎ/2𝑟1 . r1 is the radius of the smaller of
the two particles, r2 is the radius of the larger of the two particles (Hamaker, 1937).

The electrostatic interaction energy ϕdl (h) for the sphere-sphere geometry was
calculated with Equation (3) (Hogg et al., 1966).

r1 r2
1 + e−kh
ϕdl (h) = πεε0
[2Ψ1 Ψ2 ln (
) + (Ψ12 + Ψ22 )ln(1 − e−2kh )] (3)
(r1 + r2 )
1 − e−kh
Where ε = Di electric constant of water, ε0 = Permittivity of free space,
Ψ1 = Zeta potential of nanoparticle, Ψ2 = Zeta potential of the porous media,
k = Debye length,

h = Separation distance
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The attractive interaction energy ϕvdw (h) due to van der Waals interaction for the
sphere-plate geometry was calculated with Equation (4) ( Gregory, 1981).

ϕvdw (h) = −

A123 r1
14h −1
[1 + (
)] (4)
6h
λ

Where A = hamaker constant, λ = Characteristic wavelength, h = Separation distance
The electrostatic interaction energy ϕdl (h) for the sphere-plate geometry was
calculated with Equation (5) (Hogg et al., 1966).

1 + e−kh
(h)
ϕdl
= πεε0 r1 [2Ψ1 Ψ2 ln (
) + (Ψ12 + Ψ22 )ln(1 − e−2kh )] (5)
−kh
1−e
Where ε= Di electric constant of water,ε0 = Permittivity of free space, Ψ1 = Zeta potential
of nanoparticle,Ψ2 = Zeta potential of the porous media, k = Debye length, r1 and r2in
Equation 1 refer to the radii of two interacting illite particles/titanium dioxide
nanoparticles, his the distance between two interacting nanoparticles and A refers to the
Hamaker constant (Hamaker, 1937). In Equation 2, KB T, R, k refer to the Boltzman
constant, absolute temperature, radiusof illite particle/titanium dioxide nanoparticle,
surface potential, inverse Debye length respectively. In mycalculation, characteristics
wavelength λ of interaction was 10-7m, permittivity of free space (ϵ0) was 8.85x10-12C2J1

m-1, dielectric constant of water (ϵ) was 80, Debye length was 1.04×108 m-1and zeta

potential was used as approximate surface potential (Elimelech et al., 1995).
Hamaker constant of two dissimilar materials interaction in the presence of third
media can be calculated by the following equation(Hiemenz and Rajagopalan, 1997):
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𝐴123 = (√𝐴11 − √𝐴33 )(√𝐴22 − √𝐴33 )(6)
Hamaker constant of illite (Aillite-H2O-illite) was 2.50x10-20J (Novich and Ring,
1985), Fe coating (AFeOX-FeOX) was 68x10-20J (Faure et al., 2011), AH2O-H2O was 3.7x10-20J
(Israelachvili, 2011).
The surface of the Fecoated sand was not chemically homogenous because of the
incomplete coverage by Fe coating, therefore, a modified DLVO calculation was done to
calculate interaction energy between illite and Fe coated sand. A linear equation was used
by Bendersky and Davis (2011) and Bradford and Torkzaban (2013).

ФTotal =

N1
N2
Ф1 +
Ф (7)
Nt
Nt 2

Where, Ф1 and Ф1 are the total interaction energy between the two different type of
surface. For my experiments 1 and 2 are quartz sand and Fe oxyhydroxide respectively.
And Nt is the total surface area of the Fe coated sand where N1 and N2 are surface area
covered by quartz and Fe oxyhydroxide respectively.
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Chapter 3: Results and Discussions
3.1 Attachment behavior of illite colloid particles to clean quartz sand and Fe coated
sand at different pH and the effects of humic acid
3.1.1 Characterization of illite colloid with and without the presence of HA, Fe
coating
Hydrodynamic diameter (HDD) and zeta potential (ZP) of illite in the stock
suspension (described in the Section 2.1.5) without the presence of humic acid were
measured with Zetasizer at pH 5 and pH 9. At pH 5 and without the presence of HA,
HDD of illite was 1378 nm and ZP was -19.4 mV (Fig. 3.1). At pH 9 and without the
presence of HA, HDD and ZP of illite were 498 nm and -24.6 mV respectively (Fig. 3.1).
These results indicate that the aggregation of illite particles are influenced by pH.
Aggregations occurred when the repulsive electrostatic forces between illite particles
were low. At pH 5 the absolute value of ZP of illite was low (-19.4 mV) compared to the
absolute value of ZP of illite at pH 9 (24.6 mV). Therefore, larger HDD occurred at pH 5
compared to pH 9.

25

40

a

pH 5
pH 9

Zeta potential (mV)

20
0
-20
-40
-60

-80
Illite

Humic acid

Quartz sand

Fe coating

1600

b

Hydrodynamic diameter (nm)

1400
1200

pH 5

1000
pH 9

800
600
400
200
0
Illite

Fig.3.1. Zeta potential of illite, humic acid, quartz sand and Fe coating (Fe oxyhydroxide)
(a), and hydrodynamic diameter of illite (b) at pH 5 and 9. Only HDD of the illite particle
is needed for further calculations, therefore HDD of the HA and the sand were not
measured. In all measurements the background solution was 1 mM NaCl solution.
Hydrodynamic diameter was intensity weighted. Data is expressed as mean  standard
deviation of three measurements.
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3.1.2 Stability of illite in water
At pH 5, light absorbance of the illite suspension was almost unchanged (A/A0=1)
when 0.625 to 20 mg DOC/L of humic acid was present in the suspension. When no
humic acid was present, the light absorbance of the illite suspension decreased slightly
(A/A0=0.98) with time (Fig. 3.2). At pH 9, the light absorbance of illite suspensions was
unchanged in presence of 0.625 to 1.25 mg DOC/L HA, and slightly decreased
(A/A0=0.98) in the absence of HA and in the presence of 20 mg DOC/L (Fig. 3.2). The
decrease in light absorbance, if any, in all the experiments is negligibly small, indicating
that illite suspensions were stable (A/A0=1) under all these experimental conditions.
Stability of illite particles in water solution is controlled by DLVO forces between
illite particles. I calculated the illite-illite interaction energy based on the classic DLVO
theory by considering van der waals force and electrostatic force (described in the Section
2.3) for my experimental conditions. The calculated energy profile showed high energy
barrier between particles for all the experiments (Fig. 3.2), indicating stable suspension,
consistent with the results of the stability test. Illite particles were negatively charged
under these conditions (Fig. 3.1), therefore, the high energy barrier was attributable to the
repulsive electrostatic forces between negatively charged particles.
The results in the Fig. 3.3 are for the interactions between illite particles that were
controlled by DLVO forces between illite particles. This interaction energy between illite
particles were calculated by the Equation 1 (described in Section 1.4). This total
interaction energies ϕDLVO (h) between illite particles are the summation of the repulsive
interaction energy ϕdl (h) due to electric repulsion and the attractive interaction energy
ϕvdw (h) due to van der Waals interaction. At pH 5, when there is 20 mg DOC/L HA
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present in the suspension, a high energy barrier (described in the Section 2.3) ϕmax =
+38.9 KBT exist between illite particles (Fig. 3.3). Even, when there is no HA present in
the illite suspension the energy barrier between the illite particles is ϕmax = +38.5 KBT
(Fig. 3.3). This indicated the repulsive electrostatic forces between two negaively charged
illite particles (ψ= - 19.4 mV, ψ= - 31.6 mV presence and absence of HA respectively)
(Fig. 3.1). Suspension of the illite particles was stable at pH 5 due to this repulsive
electrostatic forces between illite particles.
At pH 9, when there is 20 mg DOC/L HA presence in the suspension, a high
energy barrier exists ( ϕmax =+66.2 KBT ) between the illite particles (Fig. 3.3). When
there is no HA added to the suspension the energy barrier was ϕmax =+22.4 KBT (Fig.
3.3). This result indicated the repulsive electrostatic forces between two negatively
charged illite particles (ψ= - 38.6 mV, ψ= - 24.6 mV presence and absence of HA
respectively) (Fig. 3.1), therefore, suspension of the illite particle was stable at pH 9 due
to this repulsive electrostatic forces between illite particles.
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Fig.3.2. Stability tests for illite suspensions in 1 mM NaCl solutions with the presence of
different concentrations of HA (no DOC added, 0.625 mg DOC/L, 1.25 mg DOC/L, 20
mg DOC/L) at pH 5 (a) and pH 9 (b). DOC was measured by Shimadzu TOC-V analyzer.
A: light absorbance at time t. A0:light absorbance at time t = 0. Error bars represent
analytical errors.
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Fig.3.3. Illite-illite interaction energy (KBT) profiles for illite particles with different
concentration (no DOC, 0.625 mg DOC/L, 1.25 mg DOC/L and 20 mg DOC/L) of humic
acid (HA) a (pH 9), b (pH 5).
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3.1.3 HA attachment to illite at different concentration of HA and its influence on
ZP and HDD of illite
Attachment of HA to illite is higher at pH 5 than at pH 9 (Fig. 3.4). Adsorption of
HA to illite particles occurs due to hydrophobic interaction, surface complexation, and
other nonelectrostatic mechanisms. Therefore, illite particles could adsorb HA even if
both HA and illite are both negatively charged.Wu and Cheng (2016) conducted similar
type of experiments with nTiO2 and they found nTiO2 adsorbed HA at pH 9, where both
nTiO2 and HA carried negative charge. Absolute value of ZP of HA and illite particles are
lower at pH 5 than that at pH 9 (Fig. 3.1). Therefore, HA attachment to illite particles is
lower at pH 9 due to lower repulsive forces between HA and illite particle. Attachment
capacity of illite particles of HA was determined and modeled using Langmuir adsorption
isotherm. My experiments showed that the attachment of HA to illite was qmax= 83.33 mg
organic carbon/g illite at pH 5 and qmax= 38.0 mg organic carbon/g illite at pH 9 (Table
1). A very small quantity of HA was adsorbed by the illite particles. Therefore, the results
of the calculations fluctuated. As result, a poor linear regression was found at pH 5. This
suggests that Langmuir adsorption model may not be applicable under this condition and
the qmax thus calculated may be inaccurate. For other similar experiments, the reason for
the poor linear regression was the same.
At pH 5, ZP of the illite particles was -19.4 mV when there was no HA presence
in the illite suspension (Fig. 3.5a). ZPs of the illite particles were approximately -43 mV
when 5.7 mg DOC/L to 17.1 mg DOC/L of HA were present in the suspension (Fig. 3.5a
and Fig. 3.5c). At pH 9, ZP of the illite particles is -24.6 mV when there is no HA
presence (Fig. 3.5b). ZPs of illite particles were around -50 mV when 5.7 mg DOC/L to
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17.1 mg DOC/L of HA were present (Fig. 3.5b and Fig. 3.5d). Both the HDD and ZP of
the illite particles were influenced by the concentration of HA.
HDD of illite particles were maximum when there is no HA present in the
suspension at both pH 5 and 9 (Fig. 3.6a and Fig. 3.6b). At pH 5, the range of HDD of the
illite particles was 368.7 nm to 390.3 nm when 5.7 mg DOC/L to 17.1 mg DOC/L of HA
were present in the suspension (Fig.3.6c). At pH 9, the range of HDD of the illite particles
was 348.4 nm to 371.4 nm when 5.7 mg DOC/L to 17.1 mg DOC/L of HA were present
in the suspension (Fig.3.6d).
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Fig.3.4. Panel (a) represents attachment of HA to 100 mg/L illitesuspension in 1 mM
NaCl solution at pH 5 and pH 9. Symbols: experimental measurements; lines: simulated
Langmuir adsorption isotherms. q= concentration of HA attached to illite; Caq=
concentration of aqueous HA. Panel (b) represents Langmuir adsorption isotherm (q =
qmax KCaq
1+KCaq

) parameters for HA attachment to illite at pH 5 and pH 9. K and qmax were

determined from the slope and intercept of a linear plot of Caq/q against Caq. Dotted lines
represent the linear regression. A very small quantity of HA was adsorbed by the illite
particles. Therefore, the results of the calculations was fluctuated for a very small
difference. As result, a poor linear regression was found at pH 5.
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Fig.3.5. ZP of illite(100 mg/L)at different concentration of HA was measured by a
Zetasizer at pH 5 and pH 9. Measured zeta potentials are expressed as mean of triplicate
measurements. Trend lines are added to guide visual inspection. Panel (a) and (b)
represent zeta potential of illite as a function of total HA concentration (Ctotal), Panel (c)
and (d) represent zeta potential of illite as a function of adsorbed HA concentration on
illite (q). q was calculated using Langmuir adsorption isotherm and mass balance
equation (Wu and Cheng, 2016). Data is expressed as mean  standard deviation of three
measurements.
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5 and pH 9. Measured HDD are expressed as mean of triplicate measurements. Trend
lines are added to guide visual inspection.Panel (a) and (b) represent HDD of illite as a
function of total HA concentration (Ctotal), Panel (c) and (d) represent HDD of illite as a
function of adsorbed HA concentration on illite (q). q was calculated using Langmuir
adsorption isotherm and mass balance equation (Wu and Cheng, 2016). Data is expressed
as mean  standard deviation of three measurements.
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3.1.4Attachment of illite to the quartz sand in the absence HA
In the absence of HA, attachment of illite particles to the clean quartz sand
strongly depends on pH. At pH 5, the amount of illite attached was higher than that at pH
9 (Fig. 3.7a). Langmuir adsorption isotherm was used to model the data and found the
maximum attachment for illite to pure quartz sand were 5.25x10-3 mg/g at pH 5 and
5.09x10-4 mg/g at pH 9 respectively (Table 1).
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Fig. 3.7. Panel (a) represents attachment behavior of illite to 25 g of clean quartz sand in
35 ml 1 mM NaCl solution at pH 5 and 9. Symbols: experimental measurements; lines:
simulated Langmuir adsorption isotherms. q = concentration of illite attached to sand;
Caq= concentration of suspended illite. Panel (b) represents Langmuir adsorption isotherm
(q =

qmax KCaq
1+KCaq

) parameters for illite attachment to quartz sand at pH 5 and pH 9. K and

qmax were determined from the slope and intercept of a linear plot of Caq/q against Caq.
Dotted lines represent the linear regression.
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Illite attachment to quartz sand can be explained by DLVO theory. ZP of both
illite particles and sand are negative at both pH 5 and pH 9 (Fig. 3.1). Therefore, an
energy barrier exists between illite particles and sand at both pH 5 and pH 9 (Table 1). At
pH 5, absolute value of ZP of illite particles and sand are less than the absolute value of
ZP of illite particles and sand at pH 9. DLVO interaction energy is +290.2 KBT at pH 5
and +465.3 KBT at pH 9 (Table 1). But a very limited amount of illite particles were
attached to the sand due to hydrophobic interaction, surface complexation and other nonelectrostatic mechanisms. Hence, at pH 5 attachment of illite particles is higher than pH 9
and the quantity of illite clay particles adsorbed by the sand is higher (Fig. 3.7).
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Table 1. Langmuir adsorption isotherm (q =

qmax KCaq
1+KCaq

) parameters for HA absorption to

illite, illite absorption to quartz sand, illite absorption to Fe coated sand, HA absorption to
quartz sand and HA absorption to Fe coated sand. DLVO interaction energies between
illite particles and quartz sand with and without presence of HA, illite particles and Fe
coated sand with and without presence of HA. All the experiments were done at both pH
5 and pH 9. K and qmaxwere determined from the slope and intercept of a linear plot of 1/q
against Caq (Wu and Cheng, 2016). R2is the coefficient of linear regression.
pH qmax(mg/g)

K (L/mg)

R2

𝛟𝐦𝐚𝐱 (KBT)

HA to illite

5

83.33

0.24

0.36

not calculated

HA to illite

9

38.00

0.34

0.79

not calculated

Illite to quartz sand

5

5.25x10-3

0.23

0.99

+290.2

Illite to quartz sand

9

5.09x10-4

0.68

0.76

+465.3

Illite to Fe coated sand

5

0.13

0.19

0.81

+9.4

Illite to Fe coated sand

9

-2.47x10-4

-0.06

0.63

+292.4

HA to quartz sand

5

3.87x10-5

0.31

0.78

not calculated

HA to quartz sand

9

-1.39x10-6

-0.18

0.16

not calculated

HA to Fe coated sand

5

3.52x10-3

1.04

0.98

not calculated

HA to Fe coated sand

9

3.12x10-5

-0.67

0.96

not calculated
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3.1.5 Attachment of illite to the Fe coated sand in the absence of HA
At pH 5, experimental data showed that the maximum adsorption of illite to Fe
coated sand was 0.114 mg/g (Fig. 3.8a). Light absorbance of illite free control was 0.004
Au which was negligible. Langmuir adsorption isotherm was used to model the data and
found the adsorption capacity of Fe coated sand was qmax= 0.13 mg/g at pH 5 (Table 1).
At pH 5, illite particles were negatively charged but Fe coating carried positive charge
(Fig. 3.1). As a result, illite particles were strongly attracted by the Fe coated sand.
Therefore, quantity of illite clay particles adsorbed by the Fe coated sand is almost 80% at
pH 5 (Fig. 3.13).
At pH 5, ZP of the illite particles was 29 mV when there was no HA presence in
the illite suspension (Fig. 3.9a). ZPs of the illite particles were approximately -55 mV
when 5.7 mg DOC/L to 17.1 mg DOC/L of HA were present in the suspension (Fig. 3.9a
and Fig. 3.9c). At pH 9, ZP of the illite particles is -46 mV when there is no HA presence
(Fig. 3.9b). ZPs of illite particles were around -59 mV when 5.7 mg DOC/L to 17.1 mg
DOC/L of HA were present (Fig. 3.9b and Fig. 3.9d). ZP of the illite particles were
influenced by the concentration of HA.
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Fig.3.8. Panel (a) represents attachment behavior of illite to 25 g of Fe coated sand in 35
ml 1 mM NaCl solution at pH 5 and 9. Symbols: experimental measurements; lines:
simulated Langmuir adsorption isotherms.q= concentration of illite attached to Fe coated
sand; Caq= concentration of suspended illite. Panel (b) represents Langmuir adsorption
isotherm (q =

qmax KCaq
1+KCaq

) parameters for HA attachment to Fe coatedsand at pH 5 and pH

9. K and qmax were determined from the slope and intercept of a linear plot of Caq/q
against Caq. Dotted lines represent the linear regression.
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Fig.3.9. ZP of Fe oxyhydroxide (125 mg/L) at different concentration of HA was
measured by a Zetasizer. Panel (a) and (b) represents the zeta potential of Fe
oxyhydroxide at different concentration of HA. Panel (c) and (d) represent zeta potential
of Fe oxyhydroxide as a function of adsorbed HA concentration on Fe oxyhydroxide
where dotted lines were added to guide visual inspection. q was calculated using
Langmuir adsorption isotherm and mass balance equation (Wu and Cheng, 2016).
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At pH 5, ZPs of both illite and pure quartz sand were negative and ZP of the Fe
coating was positive (Fig. 3.1). The surface of the Fe coated sand was not chemically
homogenous because of incomplete coverage by Fe coating, therefore, a modified DLVO
calculation was done to calculate interaction energy between illite and Fe coated sand.
The total interaction energy was calculated using a linear equation (described in the
section 2.3). DLVO interaction energy profile calculations were done based on the
assumption of sand surface covered by Fe coating. Backscatter SEM images of the Fe
coated sand (Fig.3.15) and the EDX profile analysis report (Table 2) showed that the
quartz sand was coated with Fe oxyhydroxide by 34% and 66% of the sand surface was
uncovered. DLVO interaction energy were calculated for both covered and uncovered
quartz surface. Calculated DLVO interaction energy between illite and quartz surface was
positive where Fe coating surface showed negative. However, the energy profile for illite
to Fe coated sand was less positive (ϕmax =+9.5 KBT) (Fig. 3.10a), attributable to partial
coverage of the sand surface by positively charged Fe coating, which increased
adsorption of negatively charged illite particles.
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Fig.3.10. DLVO interaction energy profile between illite and Fe Coated sand in 1 mM of
NaCl solution in the absence of humic acid (HA) at pH 5 (a) and pH 9 (b).
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At pH 9, experimental data shows us that the adsorption of illite particles to Fe
coated sand was not detectable (Fig. 3.8a). It was found that the light absorbance of illite
free control was 0.008 Au at pH 9 for that reason the final absorbance of the suspension
in the equilibrium was higher than the initial absorbance. Langmuir adsorption isotherm
was used to model the data and found the maximum attachment for illite to pure quartz
sand was -2.47x10-4 mg/g (Table 1), which indicated that no adsorption occurred at pH 9.
Illite particles, Fe coating and quartz sand were negatively charged at pH 9 (Fig.
3.1). DLVO interaction energy profile was calculated based on the assumption of sand
surface covered by Fe coating. Backscatter SEM images of the Fe coated sand and the
EDX profile analysis report showed that the quartz sand was coated with Fe
oxyhydroxide by 34% and 66% of the sand surface was uncovered. DLVO interaction
energy profiles were calculated for both covered and uncovered surface of the sand and a
linear equation (described in the Section 2.3) was used to sum up the total interaction
energy between illite particles and Fe coated sand that was positive and ϕmax =+292.4
KBT (Fig. 3.10b). This result indicated that a large energy barrier existed between the
illite particles and Fe coated sand, suggesting illite particles should not attach to the Fe
coated sand at pH 9.

3.1.6 Attachment of HA to quartz sand and Fe coated sand
My experiments showed that there was negligible amount of HA absorbed by the
quartz sand at both pH 5 and pH 9 (Fig. 3.11a). Quartz sands were negatively charged at
both pH 5 and pH 9 (Fig. 3.1), and HA were also negatively charged at these pH (Fig.
3.1). Therefore, HA was repelled by the quartz sand and there was no HA adsorbed.
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Experimental data showed us that the maximum adsorption (3.64x10-5 mg/g) occurred
when 11.42 mg DOC/L HA present in the suspension. Langmuir adsorption isotherm was
used to model the data and found the maximum attachment for HA to pure quartz sand
was 3.87x10-5 mg/g (Table 1).
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Fig. 3.11. Panel (a) represents adsorption of humic acid (HA) to 25 g of clean quartz sand
at both pH 5 and pH 9 in 35 mL of 1 mM NaCl solution. Symbols: experimental
measurements; Lines: simulated Langmuir adsorption isotherms. q: adsorbed HA
concentration after 3 hours of mixing; Caq: aqueous-phase HA concentration of after 3
hours of mixing. Panel (b) represents Langmuir adsorption isotherm (q =

qmax KCaq
1+KCaq

)

parameters for HA attachment to quartz sand at pH 5 and pH 9. K andqmax were
determined from the slope and intercept of a linear plot of Caq/q against Caq. Dotted lines
represent the linear regression. A very small quantity of HA was adsorbed by the clean
quartz sand. Therefore, the results of the calculations was fluctuated for a very small
difference. As result, a poor linear regression was found at pH 9. Therefore, there could
be large and uncertainities in the calculated qmax and the K.
47

Conversely, experimental data showed that, at pH 5 maximum adsorption
(3.36x10-3 mg/g) occurred when 14.28 mg DOC/L HA present in the suspension (Fig.
3.12). Langmuir adsorption isotherm was used to model the data and found the maximum
attachment for HA to Fe coated sand was 3.52x10-3 mg/g (Table 1). At pH 9, maximum
adsorption (3.64x10-5 mg/g) occurred when 11.42 mg DOC/L HA present in the
suspension (Fig. 3.12). Langmuir adsorption isotherm was used to model the data and
found the maximum attachment for HA to Fe coated sand was 3.12x10-5 mg/g (Table 1).

At pH 5, ZP of Fe coating is positive, quartz sand and HA are negative (Fig. 3.1).
The surface of the Fe coated sand is not chemically homogenous because of incomplete
coverage by Fe coating. Therefore, partial coverage of the sand surface by positively
charged Fe coating increased adsorption of negatively charged HA. At pH 9, Fe coating
and the quartz sand surface was negatively charged, HA was negatively charged as well.
Therefore, a negligible amount of HA was adsorbed by the Fe coated sand. Although
other mechanisms may also influence HA adsorption, electrostatic force between HA and
sorbent surface is sufficient to explain the observed results, indicating that electrostatic
forces play a major role in the adsorption of HA to illite, quartz sand and Fe coated sand.
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Fig.3.12. Panel (a) represents adsorption of humic acid (HA) to 25 g of Fe coated sand at
both pH 5 and pH 9 in 35 mL of 1 mM NaCl solution. Symbols: experimental
measurements; Lines: simulated Langmuir adsorption isotherms. q: adsorbed HA
concentration after 3 hours of mixing; Caq: aqueous-phase HA concentration of after 3
hours of mixing. Panel (b) represents Langmuir adsorption isotherm (q =

qmax KCaq
1+KCaq

)

parameters for HA attachment to Fe coated sand at pH 5 and pH 9. K and qmax were
determined from the slope and intercept of a linear plot of Caq/q against Caq. Dotted lines
represent the linear regression.
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3.1.7 HA influence on illite attachment to quartz sand and Fe coated sand
Experimental data showed that little to no illite particles were adsorbed to the
quartz sand at pH 5 or pH 9 either in the absence of presence of HA (Fig. 3.13a).While
more than 80% of illite particles were attached to the Fe coated sand at pH 5 in the
absence of HA, the presence of HA at pH 5 substantially decreased the percentage of illite
attached to the Fe coated sand to less than 10% (Fig. 3.13b). At pH 9, less than 1 percent
of illite particles were attached to the Fe coated sand either in the absence or presence of
HA.
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Fig. 3.13. Attachment of illite (100 mg/L) particles to quartz sand and Fe coated sand.
Figure represents the percentage of illite particles to 25 g of quartz sand and 25 g of Fe
coated sand with five different concentration of HA at pH 5 and pH 9. Dotted lines
represent the trend lines added to guide visual inspection. Error bars represent analytical
errors.
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HA, illite particles, and quartz sand surface were all negatively charged at both pH 5 and
pH 9 (Fig. 3.1). The calculated DLVO energy profile showed strong repulsion between
the illite particle and the quartz sand at both pH for different concentrations of HA (Fig.
3.14). At pH 5, the energy barriers between the quartz sand and illite particle ranged from
+240.9 KBT to +465.3 KBT (Fig. 3.14a). At pH 9, the DLVO energy barriers between the
quartz sand illite particle were even higher, ranging from +290.2 KBT to +580.2 KBT (Fig.
3.18b). The high energy barriers explained the experimentally observed low illite
attachment to the quartz sand.
Wu and Cheng (2016) conducted a study of nTiO2 attachment to quartz sand and
they showed that at pH 5, 100% nTiO2 were attached to quartz sand in the absence of HA,
and the attachment of nTiO2was practically zero in the presence of HA. Freake (2016)
studied the effects of phosphate on the attachment of nTiO2 and illite colloids to quartz
sand and showed that at pH 5 (i) attachment of illite to quartz sand was very low both in
the absence and presence of phosphate, and (ii) >95% of nTiO2 were adsorbed by the
quartz in the absence of phosphate, and nTiO2 adsorption decreased with increasing
phosphate concentration and became practically zero at phosphate concentrations >4
mg/L. At pH 5, nTiO2 was positively charged in the absence of HA or phosphate, but
quartz sand and illite were negatively charged. Therefore, in the absence of HA or
phosphate, positively charged nTiO2 particles were adsorbed by the negatively charged
quartz sand. In the presence of HA or phosphate, nTiO2 particles adsorbed HA or
phosphate and became negatively charged.As a result, thenegativelycharged nTiO2 were
repelled by the negatively charged quartz sand, resulting in low nTiO2 attachment. Those
previous studies showed that nTiO2 attachment is mainly controlled by the ZP of nTiO2
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and the collector surface, and HA and phosphate influence nTiO2 attachment by
adsorbing to nTiO2 and changing the ZP of nTiO2. Conversely, adsorption of HA or
phosphate to illite was low and did not change the ZP of illite, and therefore illite
attachment to quartz sand was low either in the absence or presence of HA and phosphate.
At pH 9, Wu and Cheng (2016) showed that no nTiO2 were attached to quartz
sand either in the presence and absence of HA. Freake (2016) also showed that
attachment of illite and nTiO2 colloidal particles were low both in the absence and
presence of phosphate. All the above results are similar to my experimental results, which
illustrated that at pH 9, attachment of illite particles was low (<1%) both in the presence
and absence of HA. At pH 9, nTiO2, illite, quartz sand, HA, phosphate all were negatively
charged, and the presence of HA or phosphate did not influence the ZP of nTiO2 and
illite. Therefore, HA and phosphate did not change the extent of nTiO2 and illite
attachment to the quartz sand.
The high illite attachment to the Fe coated sand at pH 5 (Fig. 3.13b) in the absence
of HA was due to illite attachment to the Fe coating on the sand. From the SEM
backscatter image analysis (Fig. 3.15) it was found that on average 34% of the quartz
sand surface area were covered by the Fe coating (Table 2). At pH 5, in the absence of
HA, the negatively charged illite particles were repelled by the like-charged quartz
surface. However, the positive Fe coating (Fig. 3.1) on the sand attracted the illite
particles, and the overall result was high illite attachment to the sand. At pH 5, when HA
was added to the illite-Fe coated sand systems, ZP of the illite particles were still negative
(Fig. 3.5) and ZP of the quartz surface remained negative (i.e., unchanged) due to very
low HA adsorption to quartz sand (Fig. 3.11). However, due to the strong adsorption of
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HA to the Fe coating (Fig. 3.12), ZP of the Fe coating changed from positively to
negative (Fig. 3.9). As a result, the negatively charged illite particles were repelled by the
like-charged quartz surface, as well as the Fe coating, causing low illite attachment (Fig.
3.13b). The percentage of illite attached, although low (~8%), was still substantial, which
cannot be explained only by the electrostatic forces. Wu and Cheng (2016) showed that a
small fraction of nTiO2 colloidal particles attached to the quartz sand and Fe coated sand
under unfavorable conditions due to the surface roughness of the sand and Fe coating. It
is likely that the small fraction of illite particles attached to the sand observed in my
experiments was also due to the surface roughness of the sand and Fe coating.
Wu and Cheng (2016) observed that in the absence of HA, 100% of nTiO2
particles were attached to Fe coated sand at pH 5, and nTiO2 particle attachment
decreased to ~5% with increasing HA concentration, similar to what my experimental
results with illite, i.e., >80% of illite were attached to the Fe coated sand in the absence of
HA, but very low percentage (~8%) of illite attached in the presence of HA. At pH 5, in
the absence of HA, nTiO2 and Fe coating were positively charged, but illite and quartz
sand surface were negatively charged. As a result, positively charged nTiO2 particles
were adsorbed by the negatively charged quartz surface, and negatively charged illite
particles were adsorbed by the positively charged Fe coating surface. Therefore,
attachment of both nTiO2 and illite particles to Fe coated sand were high in the absence of
HA. In the presence of HA, due to HA adsorption to nTiO2 and Fe coating, both nTiO2
and Fe coating became negative. As a result, the negatively-charged nTiO2 and illite were
repelled by the like-charged Fe coating (and the quartz), resulting in lownTiO2 and illite
attachment.
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At pH 5, in the presence of HA, due to the repulsive electrostatic forces between
nTiO2/illite and Fe coated sand, no nTiO2/illite particles are expected to attach to the
sand. However, both Wu and Cheng (2016) and my results showed a small fraction of
colloidal particles attached. This is likely caused by surface roughness of the Fe coating.
Backscatter SEM images of Fe coated sand showed significant depressions and roughness
on Fe coated surface (Fig. 3.15). Microscale even nanoscale surface roughness may favor
particle retention (Benderskyand Davis, 2011). Sharp asperities on sand surfaces may
facilitate colloid deposition (Shen et al., 2011), resulting low attachment of both TiO2 and
illite particles to the Fe coated sand.
Wu and Cheng (2016) found that at pH 9 attachment of nTiO2 to Fe coated sand
was low, both in the absence and presence of HA. My experiments with illite showed that
attachment of illite to Fe coated sand was also low both in the absence and presence of
HA. At pH 9, nTiO2, illite particles, Fe coated surface, quartz surface and HA all were
negatively charged, and no HA were adsorbed by nTiO2 and Fe coated surface.Therefore,
nTiO2 and illite particles were repelled by the negatively-charged Fe coated sand,
resulting in low attachment of nTiO2 and illite particles.
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Fig. 3.14. DLVO interaction energy profiles for illite to quartz sand at pH 5 (a) and pH 9
(b).
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Fig. 3.15. Backscatter SEM image of Fe coated sand (left) and the EDX profile analysis
(right) obtained for the surface shown in the image.
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Table 2.EDX profile analysis report of Backscatter SEM image of Fe coated sand
Quantitative Results for: Fe coated sand sample #1
ElementLine
OK
Si K
Si L
Cl K
Cl L
Fe K
Fe L
Total

NetCounts
36484
162371
0
1053
0
29089
0

Weight %
24.30
41.29
--0.38
--34.03
--100.00

Atom%
42.08
40.74
--0.30
--16.88
--100.00

Quantitative Results for: Fe coated sand sample #2
ElementLine
OK
Si K
Si L
Fe K
Fe L
Total

NetCounts
52909
181250
0
28507
0

Weight %
30.05
40.31
--29.63
--100.00

Atom%
48.86
37.34
--13.80
--100.00

Quantitative Results for: Fe coated sand sample #3
ElementLine
OK
Si K
Si L
Cl K
Cl L
Fe K
Fe L
Total

NetCounts
50017
160325
0
2659
0
37341
0

Weight %
26.66
35.52
--0.80
--37.02
--100.00

Atom%
46.07
34.97
--0.63
--18.33
--100.00
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3.2 Effect of pH, surfactant (xanthan gum), and grain size of the porous media on
the transport of nTiO2 in water saturated sand column
3.2.1 Zeta potential and hydrodynamic diameter
At pH 5, zeta potential (ZP) of nTiO2 was positive, and ZPs of xanthan gum,
nTiO2 with suspended xanthan gum, fine sand and coarse sand were negative (Fig. 3.16).
At pH 9, ZPs of nTiO2, xanthan gum, nTiO2 with suspended xanthan gum, fine sand,
coarse sand all of them were negative (Fig. 3.16).At pH 5, hydrodynamic diameter
(HDD) of nTiO2 and xanthan gum were found smaller compare to pH 9 (Fig. 3.16).
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Fig. 3.16. Zeta potential of nTiO2, xanthan gum, suspended nTiO2 with xanthan gum,
coarse sand and fine sand measured both at pH 5 and 9 (a). Hydrodynamic diameter of
nTiO2, xanthan gum and suspended nTiO2 with xanthan gum measured both at pH 5 and
9 (b). For all the measurements, 20 mg/L of nTiO2 and 10 mg/L of xanthan gum were
used. 0.1 mM of NaCl was used as background solution. Hydrodynamic diameter was
intensity weighted. Data are expressed as mean  standard deviation of multiple
measurements.
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3.2.2 Stability test
Light absorbance of particle suspensions was used as an indicator of suspension
stability. While constant light absorbance shows that the suspension is stable, decrease in
light absorbance indicates unstable suspension caused by particle aggregation and/or
sedimentation. My results showed that at pH 5, light absorbance of nTiO2suspensions was
stable at low ionic strength (1 and 2 mM), but not stable at higher ionic strength (10, 50,
and 100 mM) (Fig. 3.17a). At pH 9, light absorbance of nTiO2 was not stable at high
ionic strength (50 and 100 mM) (Fig. 3.17b). Fig. 3.18 represents the effects of xanthan
gum. At pH 5, without xanthan gum, light absorbance of nTiO2 was not stable at high
ionic strength (100 mM), yet light absorbance of nTiO2 suspension only slightly
decreased in the presence of xanthan gum.
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Fig. 3.17. Panel (a) represents, at pH 5, nTiO2 suspension was stable in lower ionic
strength (≤ 2 mM) and nTiO2 becomes unstable in higher ionic strength. Panel (b)
represents, at pH 9 nTiO2 was unstable in high ionic strength. For all the measurements,
20 mg/L of nTiO2 was used. Error bars represent analytical errors.
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Fig. 3.18. At pH = 5, nTiO2 suspension was stable at high ionic strength (IS) (100 mM)
with the presence of surfactant (xanthan gum), but not stable without xanthan gum. For
all the measurements, 20 mg/L of nTiO2 and 10 mg/L of xanthan gum were used. 100
mM of NaCl was used as background solution. Error bars represent analytical errors.
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Stability of nTiO2 suspension depends on the repulsive forces against van der
waals attractive forces, which derived from the electrostatic double layer repulsion and
the steric repulsion forces, generated from the surface charge of the particle (Hirtzel and
Rajagopalan, 1985). Electrostatic and steric repulsion forces suppress aggregation and
attachment of particles to grain surfaces (Kretzschmarand Sticher, 1997). At low ionic
strength electrostatic and steric repulsion forces were high, resulting stable nTiO2
suspension. On the other hand, at high ionic strength, electrostatic and steric repulsion
forces were low, resulting unstable nTiO2 suspension. Compère et al (2001) also showed
that aggregation and deposition increases when ionic strength increases.
Surfactants can contribute to the steric repulsion forces and inhibited the
aggregation of nTiO2 (Godinez and Darnault, 2011). In my experiments, xanthan gum
served as a surfactant that could contribute to the electrostatic and/or steric repulsion
forces and inhibited the aggregation of nTiO2 suspension.
3.2.3 Column experiments
3.2.3.1 pH effect
The affects of pH on titanium dioxide transport through coarse sand (0.600 –
0.710 mm) column sand fine sand (0.250 - 0.355 mm) columns are shown in Fig. 3.19
(open symbols). The concentration of titanium dioxide found in the effluent is not
detectable at pH 5 in both coarse and fine grained sand columns. On the other hand, the
concentration of titanium dioxide found in the effluent is almost 95% at pH 9 in both
coarse and fine grained sand columns.
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Fig. 3.19. At pH 5 and with XG (xanthan gum), concentration of titanium dioxide in the
effluent is 100%; on the other hand, it is not detectable without xanthan gum both in
coarse and fine sand (Panel 3.19a and 3.19b). At pH 9 and without xanthan gum
concentration of nTiO2 in the effluent increased gradually and with xanthan gum it
increased sharply both in coarse and fine sand (Panel 3.19c and 3.19d). For all the
measurements, 20 mg/L of nTiO2 was used. For the experiments with surfactant, 10 mg/L
of xanthan gum was used. 0.1 mM of NaCl was used as background solution. Error bars
represent analytical errors.
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At pH 5, zeta potential of nTiO2 and quartz sand were found positive and negative
respectively (Fig.3.16). For this reason, the retention of titanium dioxide nano-particles
on sand was high, which prevents nTiO2 transport through the column. On the other hand,
at pH 9, zeta potential of titanium dioxide and quartz sand were found negative
(Fig.3.16). Therefore, titanium dioxide and sand repelled each other and the retention of
nTiO2 on sand surface was zero, resulting in full breakthrough of nTiO2.
To further understand the interactions between nTiO2 and the porous media,
interaction energy profiles between nTiO2 and the sand was calculated using the DLVO
theory. The ZP and HDD used for the calculations are given in Fig.3.16. At pH 5, nTiO2
is positively charged and quartz sand is negatively charged (Fig. 3.16), and the calculated
DLVO interaction energy between nTiO2 and the coarse sand and between nTiO2 and fine
sand were negative, which means no energy barriers exist that prevent nTiO2 attachment
to the sand (Fig. 3.20a, b). At pH 9, nTiO2, coarse sand, and fine sand are all negatively
charged, and the calculated interaction energy profiles showed high energy barriers
(ϕmax = +42 KBT) between nTiO2 and coarse sand, and between nTiO2 and fine sand (Fig.
3.20c, d). This indicated that the adhesion of nTiO2 to sand was unfavorable and therefore
the transport of nTiO2 through the sand columns at pH 9 were predictable to behigh.
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Fig. 3.20. nTiO2 - sand grain interaction energy profiles in the absence of xanthan gum
calculated using DLVO theory.
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3.2.3.2 Surfactant (xanthan gum) effect
At pH 5, without the presence of the surfactant, effluent concentration of nTiO2
was not detected in both coarse and fine sand column experiments (Fig. 3.19a, b).
Conversely, effluent concentration of nTiO2 approached 100% when 10 mg/L surfactant
(xanthan gum) was present in the suspension (Fig. 3.19a, b). At pH 9, the concentration of
nTiO2 in the effluent was high even in the absence of xanthan gum, and the presence of
xanthan gum in the suspension slightly increased effluent nTiO2 concentration (Fig.
3.19c, d). Godinez and Darnault (2011) showed that xanthan gum in the titanium dioxide
nanoparticle suspension reduced the attachment of titanium dioxide nanoparticles and
increased their transport, consistent with my experimental results.
When 10 mg/L xanthan gum was present in the suspension, ZP of nTiO2 became
negative at pH 5 (Fig.3.16), but the ZP of the sand were unchanged (i.e., still negative).
The calculated interaction energy between TiO2 and the sand showed high energy
barriers, i.e., ϕmax = +88.4 KBT for the coarse sand (Fig. 3.21a) and ϕmax =+82.8 KBT for
the fine sand (Fig. 3.21b). This indicated that the adhesion of nTiO2 to sand was
unfavorable and therefore the transport of titanium dioxide nanoparticles through the sand
column should be high. Similarly, at pH 9, with the presence of 10 mg/L xanthan gum,
the interaction energy profiles for TiO2 for both coarse sand and fine sand showed high
energy barriers (i.e.,ϕmax are 116 KBT for both coarse and fine sand (Fig. 3.21c, d),
indicating the existence of high energy barriers that prevent nTiO2 attachment to the sand.
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Fig. 3.21. nTiO2 - sand grain interaction energy profiles in the presence of xanthan gum
calculated using DLVO theory.
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3.2.3.3 Grain size effect
At pH5, nTiO2 breakthrough curves were not influenced by the grain size of the
media, i.e., for both the coarse sand and the fine sand columns, nTiO2 effluent
concentration was not detected in the absence of xanthan gum, and was 100% in the
presence of xanthan gum (Fig. 3.19a, b). At pH 9, in the presence of xanthan gum, nTiO2
breakthrough was almost 100% and was not influenced by the grain size of the media
(Fig. 3.19c, d). In the above experiments, due to the strong DLVO interactions between
TiO2 and the sand, nTiO2 was either totally attracted to the sand, resulting in zero
transport, or completely repelled by the sand, resulting in 100% transport. Therefore, the
effects of grain size on nTiO2 transport were not observed.
At pH 9, in the absence of xanthan gum, however, the breakthrough curve of
nTiO2 for the coarse sand column and the fine sand column were different (the open
diamonds in Fig. 3.19c versus the open triangles in Figure 3.19d). The effluent
concentration for the fine sand column gradually increased and reached its maximum at
4.5 pore volume, while for the coarse sand column the effluent concentration sharply
increased and reached its maximum at 2.0pore volume.
Fig. 3.20c and 3.20d show that in the absence of xanthan gum, a high energy
barrier exist between nTiO2 and the sand. A careful comparison indicates that the DLVO
interaction energy profiles for the coarse and fine sand are almost identical. Therefore, the
differences in nTiO2 transport in the coarse and fine sand columns are likely caused by
mechanisms other than DLVO forces. Some researchers argued that smaller grain size
may result in low particle transport due to straining effects. The effects of straining need
to be considered when dp/dg (dp is particle diameter, dg is grain diameter) exceeds 0.008
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(Xu et al., 2006). For my column experiments, however, dp= 0.29 µm at pH 9 in the
absence of xanthan gum (Fig. 3.16), so the average dp/dg = 0.00095 for the fine sand (dg=
0.250-0.355 mm), and the average dp/dg= 0.000442 for the coarse sand (dg = 0.600-0.710
mm), both of which were less than 0.008. Therefore, the lower transport in the fine sand
columns cannot be explained by straining effects, and further investigations are needed to
clarify the reasons.
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Chapter 4: Conclusions
Nanoparticles and mineral colloids, which may occur naturally or be
unintentionally or intentionally produced, have important functions in soil and
groundwater. Colloidal illite particles (nTiO2) is one of the most abundant clay colloids in
groundwater. Titanium dioxide nanoparticles, one of the most common engineered nanomaterials, which are toxic to human cells and aquatic organisms, may also enter
groundwater. In order to understand the fate and distribution of sub-micron sized small
particles such as titanium dioxide nanoparticles and illite colloids in the environment, it is
important to understand the factors that influence the stability, attachment, and transport
of nTiO2 and illite particles in the vadose zone and groundwater.
In this study, experiments were performed to determine the effects of HA on the
stability of illite colloidal particles in water and on illite colloid attachment to pure quartz
sand and Fe coated sand. The effects of surfactant (xanthan gum) and grain size of the
porous media on the transport of nTiO2 in water-saturated quartz sand columns were also
studied. Experimental results showed that illite colloids were stable at both pH 5 and pH 9
in 1 mM NaCl background solutions either in the absence of HA, or with a HA
concentration of 0.625−20 mg DOC/L. The attachment of illite colloids to quartz sand
was practically undetectable at both pH 5 and 9 and not influenced by HA concentrations.
The attachment of illite colloids to Fe coated sand depended on pH and HA
concentration. In the absence of HA, high attachment (~85%) occurred at pH 5, and low
attachment (almost zero) occurred at pH 9. At pH 5, illite attachment decreased with
increasing HA concentration. At pH 9, illite attachment remained very low in spite of
increasing HA concentration. The influence of HA on illite attachment to sand is due to
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HA adsorption to illite and Fe coating, which changed the surface potential of illite and
Fe coating. The interaction energies between illite colloids and quartz sand, and between
illite colloids and Fe coated sand calculated based on DLVO theory for different pH and
HA concentrations were in agreement with my experimental results, indicating that
electrostatic forces played a major role in controlling illite attachment.
Stability tests showed that ionic strength had a big impact on the stability of nTiO2
in water. nTiO2 in water was stable in water at low ionic strength of 1 and 2 mM, but
unstable at high ionic strengths above 10 mM. The presence of xanthan gum substantially
increased the stability of nTiO2 at high ionic strength. Column experiments in this study
elucidated the effects of xanthan gum, pH, and grain size of the porous media on the
transport of nTiO2 in water saturated media. Xanthan gum markedly reduced the retention
of titanium dioxide nanoparticles on the sand surface and increased the transport through
the sand column. My results also indicated that the transport of nTiO2 in quartz sand was
low at pH 5 and high at pH 9. Measurements on the zeta potential of the quartz sand and
nTiO2 showed that the low transport at pH 5 was caused by the strong attraction of the
positively-charged nTiO2 by negatively-charged quartz sand, and the high transport at pH
9 was due to strong repulsive forces between the negatively-charged nTiO2 and likecharged quartz sand. The presence of surfactant (xanthan gum) substantially increased
nTiO2 transport, especially at pH 5. In the presence of xanthan gum, the high transport of
nTiO2 was caused by xanthan gum adsorption to nTiO2, which changed the zeta potential
of nTiO2 from positive to negative at pH 5, and therefore changed the forces between the
nTiO2 and the quartz sand from attraction to repulsion. It was also showed that at pH 9 in
the absence of xanthan gum, transport of nTiO2 was higher in coarse-grained quartz sand
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columns compared tothat in fine-grained quartz sand columns. Neither DLVO theory, nor
straining effects seemed to account for the observed grain size effects. Further
investigations are needed to elucidate the mechanisms.
Notwithstanding the experiments in my research were performed on small scale
circumferences, the aforementioned outcomes demonstrated that the transport of nTiO2
and mineral colloids like illite is very much sensitive to pH and adsorbing species like
humic acid and xanthan gum.
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Appendices
Appendix 1: Calibration curve for illite and HA at pH 5 and pH 9

Concentration (mg/L)
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0
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120
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Fig. A1. Calibration curves of illite at pH 5 (a) and pH 9 (b). Absorbance of the illite
samples of different concentration was measured using a spectrophotometer at 368 nm of
wavelength.

86

Concentration (mg/L)

25
y = 25.324x
R² = 1

20

pH 5

(a)

15
10
5

0

Concentration (mg/L)

0

0.2

0.4
0.6
Absorbance

y = 25.26x
R² = 0.9995

pH 9

0.2

0.4
0.6
Absorbance

0.8

1

25
20

(b)

15
10
5
0
0

0.8

1

Fig.A2. Calibration curves of humic acid (HA) at pH 5 (a) and pH 9 (b). A
spectrophotometer was used to measure the light absorbance of HA solution at a
wavelength of 368 nm.
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Appendix 2: Hamaker constant calculation for different chemical condition

In order to calculate the DLVO theory, we need to calculate the Hamaker constant
of the associate material. We can determine the unknown Hamaker constant of Illite and
Fe coated sand collector according to the method described by Hiemenz and Rajagopalan,
1997. When there are two dissimilar materials we can determine the Hamaker constant by
the following equation

𝐴12 =

2𝐴11 𝐴22
(8)
𝐴11 + 𝐴22

When these two dissimilar materials are in the presence of another different
media, then this equation can be written as
𝐴132 = 𝐴12 + 𝐴33 − 𝐴13 − 𝐴23 (9)
So, we can calculate our Hamaker constant according to the following equation,
where we used our materials (Illite, Fe coated sand and pure Quartz sand).
For Illite, Water and Fe coated sand,
𝐴𝐼𝑙𝑙𝑖𝑡𝑒−𝑊𝑎𝑡𝑒𝑟−𝐹𝑒𝑂𝑥 = 𝐴𝐼𝑙𝑙𝑖𝑡𝑒−𝐹𝑒𝑂𝑥 + 𝐴𝑊𝑎𝑡𝑒𝑟−𝑊𝑎𝑡𝑒𝑟 − 𝐴𝐼𝑙𝑙𝑖𝑡𝑒−𝑊𝑎𝑡𝑒𝑟 − 𝐴𝐹𝑒𝑂𝑥−𝑤𝑎𝑡𝑒𝑟 (10)
For, Illite, Water and Pure Quartz sand,
𝐴𝐼𝑙𝑙𝑖𝑡𝑒−𝑊𝑎𝑡𝑒𝑟−𝑆𝑎𝑛𝑑 = 𝐴𝐼𝑙𝑙𝑖𝑡𝑒−𝑆𝑎𝑛𝑑 + 𝐴𝑊𝑎𝑡𝑒𝑟−𝑊𝑎𝑡𝑒𝑟 − 𝐴𝐼𝑙𝑙𝑖𝑡𝑒−𝑊𝑎𝑡𝑒𝑟 − 𝐴𝑆𝑎𝑛𝑑−𝑊𝑎𝑡𝑒𝑟 (11)
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Appendix 3: Calibration curve of titanium dioxide nanoparticle

Concentration of nTiO2
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Fig. A3. Calibration curve of titanium dioxide nanoparticle at pH 5 (a) and pH 9 (b). 0.1
mM of NaCl was used as background solution.Absorbance of the titanium dioxide
nanoparticle suspensions of different concentration were measured using a
spectrophotometer at 368 nm of wavelength.
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Appendix 4: Parameter, nomenclature and the values used in the nTiO2-nTiO2,
nTiO2-Sand and (nTiO2+XG)- (Sand+XG) DLVO interaction energy calculations.
Table A1. Parameter and nomenclature of the DLVO equations
A123

Hamaker constant

h

Separation distance

r1

Particle radius

λ

Characteristic wavelength

ε

Dielectric constant of water

ε0

Permittivity of free space

ᴪ1

Zeta potential of nanoparticle

ᴪ2

Zeta potential of sand

k

Debye length

KB

Boltzman constant

T

Absolute temperature
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Table A2. Parameter and values used in the calculation of the nTiO2-nTiO2, nTiO2-Sand
and (nTiO2+XG)- (Sand+XG) interaction energy profiles.
Parameter (Unit)

Value

Reference

A121 (TiO2-Water-TiO2) (J)

0.35 × 10-20

(Petosa, Jaisi, Quevedo,
Elimelech, and Tufenkji,
2010)

A123 (TiO2-Water-Sand) (J)

1.4 × 10-20

(Petosa et al., 2010)

λ (m)

10-7

(J Gregory, 1981)

r1 (pH 5) (nm)

131.1

This study

r1 (pH 9) (nm)

197.85

This study

80

(Malmberg and Maryott,

𝜀

1956)
𝜀0 (F/m)

8.854 187 817 × 10−12

(Mohr et al., 2012)

𝛹1 (TiO2) (pH 5) (mV)

+22.3

This study

𝛹1 (TiO2) (pH 9) (mV)

-10.0

This study

𝛹1 (TiO2+XG) (pH 5) (mV)

-19.7

This study

𝛹1 (TiO2+XG) (pH 9) (mV)

-21.8

This study

𝛹2 (Fine sand) (pH 5) (mV)

-26.1

This study
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𝛹2 (Fine sand) (pH 9) (mV)

-43.3

This study

𝛹2 (Coarse sand) (pH 5) (mV)

-23.7

This study

𝛹2 (Coarse sand) (pH 9) (mV)

-44.8

This study

𝛹2 (Fine sand+XG) (pH 5) (mV)

-24.5

This study

𝛹2 (Fine sand+XG) (pH 9) (mV)

-43.8

This study

𝛹2 (Coarse sand+XG) (pH 5) (mV)

-28.9

This study

𝛹2 (Coarse sand+XG) (pH 9) (mV)

-45.8

This study

k (m)

1.04

This study

KB (J K−1)

1.380 655 × 10−23

(Gaiser and Fellmuth,
2011)

T (K)

298

This study
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Appendix 5: Zeta potential report (Graph) both at pH 5 and pH 9
Illite

93

Humic acid

94

Illite + humic acid

95

Fe Coating

96

Fine Sand

97

Coarse sand

98

Titanium dioxide nanoparticle

99

Xanthan gum

100

nTiO2 + Xanthan gum

Fig. A4. Zeta potential reports (Graphs) measured using Zetasizer Nano S (Malvern
Instrument Inc.).
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Appendix 6: Tables of DLVO interaction energies calculations parameters and results
Table A3: Experimentally measured zeta potential and HDD of Illite with different concentration of HA. Zeta potential of Fe coating
measured experimentally with different concentration of HA. DLVO interaction energy parameters (Фmax: energy barrier) for illite
and Fe coated sand at different concentration of HA. Aqueous phase HA concentration at equilibrium (Ceq) and adsorbed HA
concentration on illite (qIllite) were calculated based on Langmuir adsorption isotherm and mass balance of HA equation.
HDD (nm)
of Illite

ZP of illite

ZP of Fe
coating

CTotal

pH

nm

mV

mV

mg DOC/L

5

1378

-19.4

29

5
5
5
5
5
9
9
9
9
9
9

368.7
390.3
373.4
373.2
368.9
497.6
371.4
351.4
355.7
348.4
358.3

-41.5
-46.7
-42.1
-43.7
-43.9
-24.6
-48.9
-49.2
-49.9
-49.9
-53.4

-49.5
-54.6
-55.5
-54.1
-58.7
-46.1
-56.3
-57.8
-59.9
-65.6
-58.6

qIllite(Sand)

QHA(Fe coated

Фmax
KBT

Separation
distance
nm

0

+27.6

13

0.018
0.020
0.036
0.034
0.033
0
0.018
0.020
0
0
0

+333.5
+400.7
+357.09
+364.4
+371.9

1.0
0.8
0.7
0.7
0.8

+292.4

2.0

+629.6
+602.7
+623.05
+619.4
+661.8

0.1
0.1
0.1
0.2
0.1

qHA(Sand)

sand)

0

mg/kg
sand
81.898

mg OC/kg
sand
0

5.71
8.75
11.42
14.28
17.14
0
5.71
8.75
11.42
14.28
17.14

9.490
8.843
7.550
7.550
8.197
0.982
0.419
0
0.419
0.419
0

2.357
2.820
3.262
3.366
3.329
0
0.053
0.055
0.036
0.034
0.033

mg DOC/L
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Table A4: Experimentally measured zeta potential and HDD of Illite with different concentration
of HA. Zeta potential of Fe coating measured experimentally. Adsorbed HA concentration on
illite (qHA(Illite)),adsorbed HA to Fe coated sandqHA(Fe coated sand)were calculated based on Langmuir
adsorption isotherm and mass balance of HA equation.
HDD (illite)

ZP (illite)

ZP (Fe
coating)

CTotal

qHA(illite)

pH

nm

mV

mV

mg DOC/L

mg OC/kg illite

5
5
5
5
5
5
9
9
9
9
9
9

1378
368.7
390.3
373.4
373.2
368.9
497.6
371.4
351.4
355.7
348.4
358.3

-19.4
-41.5
-46.7
-42.1
-43.7
-43.9
-24.6
-48.9
-49.2
-49.9
-49.9
-53.4

29
-49.5
-54.6
-55.5
-54.1
-58.7
-46.1
-58.6
-65.6
-59.9
-57.8
-56.3

0
5.71
8.75
11.42
14.28
17.14
0
5.71
8.75
11.42
14.28
17.14

0
0.281
0.396
0.513
0.792
1.072
0
0.185
0.295
0.324
0.328
0.462

qHA(Fe coated sand)
mg OC/ kg Fe
coated sand
0
2.357
2.820
3.262
3.366
3.329
0
0.033
0.034
0.036
0.055
0.053
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Table A5: Zeta potential and HDD were measured using ZetaSizer. Illite to sand interaction energy parameters Фmax = energy
barrier. Illite concentration=Ctotal, Aqueous phase illite concentration at the equilibrium=Caq and qmax= maximum attachment of illite
to sand were calculated using Langmuir adsorption isotherm equation (Appendix 3).

Ctotal
HA
Ceq
qmax(mg/kg)
(mg/L)
(DOC/L)
(mg/L)

ZP of
Illite
(mV)

ZP of
Sand

HDD of
Illite
(nm)

HDD of
Sand
(mm)

Фmax
(KBT)

Separation
distance (nm)

pH

IS

5

0.001

0

100

96

5.1401

-19.4

-26.1

1378

0.3025

+290.16

2

9

0.001

0

35

34

0.95329

-24.6

-43.3

4497.6

0.3025

+465.33

0.4

5

0.001

10

NA

NA

NA

-31.6

-26.1

524.4

0.3025

+305.72

0.2

9

0.001

10

NA

NA

NA

-38.6

-43.3

597.5

0.3025

+729.32

0.1
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Table A6: Zeta potential and HDD were measured using Zetasizer. TiO2 to sand interaction
energy parameters Фmax = energy barrier.
pH

IS

5
9
5
9
5
9
5
9

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

XG
(DOC/L)
0
0
10
10
0
0
10
10

ZP of
TiO2
+22.3
-10
+22.3
-10
+22.3
-10
+22.3
-10

ZP of
XG
-45.7
-61.8
-45.7
-61.8

ZP of
sand
-26.1
-43.3
-26.1
-43.3
-23.7
-44.8
-23.7
-44.8

Фmax(KBT)
NE
42.04
96.34
116.29
NE
42.07
88.41
116.75

Separation
distance (nm)
NE
8
0.4
2
NE
8
0.7
2

*NE=Not exist
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