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Abstract Magnetic resonance imaging (MRI) has tre-
mendous potential for revealing transport processes in
engineered and geologic systems. Here, we utilize MRI to
image nanoparticle (NP) transport through a saturated
coarse-grained system. Commercially available paramag-
netically tagged NPs are used; the paramagnetic tag mak-
ing the NP visible to MRI. NP transport was imaged as NPs
migrated through packed columns of quartz and dolomite
gravel. Changes in T2-weighted image intensity were cal-
ibrated to provide fully quantitative maps of NP concen-
tration at regular time intervals (7, being the spin—spin
relaxation time of '"H nuclei). Transport of nanoparticles
was significantly retarded in dolomite compared to quartz
due to electrostatic attraction between nanoparticle and
dolomite surfaces. NP concentration profiles were evalu-
ated with the CXTFIT computer package to estimate
nanoparticle transport parameters at multiple points along
the length of the column. This provided temporally
resolved parameters that standard breakthrough curve
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analysis cannot provide. Particle-surface interaction
energy profiles were described through Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory. While dispersion
coefficients and fast deposition rate constant (kK"™') were
found to increase with distance, deposition rate constant
(k) and collision efficiency (o) were found to decrease with
distance. These length-dependant variations have signifi-
cant scaling-up implications for transport models used to
predict NP transport in natural and engineered coarse-
grained systems, such as sustainable urban drainage sys-
tems and river beds.

Keywords Porous media - Nanoparticles - Magnetic
resonance imaging - Transport - DLVO - Environment

Introduction

While the advantages afforded by nanotechnology are
considerable and diverse, ecotoxicological studies have
demonstrated that exposure of aquatic organisms to some
nanoparticles can produce deleterious effects. These
include vascular and respiratory injury, brain and liver
damage and delayed embryonic development (Handy et al.
2008). Ecotoxicological studies have demonstrated that the
aquatic environment is particularly at risk of exposure to
nanoparticles (Scown et al. 2007). A range of ecotoxico-
logical effects have also been reported, including effects on
microbes, plants, invertebrates and fish (John H. Tellam
2011; Boxall et al. 2010). The potential to generate toxicity
through the harmful interactions with biological systems
and the environment is discussed by Nel et al. 2013. For
many organisms, cytotoxicity and inflammatory responses
lead to the loss of biodiversity and ecosystem func-
tions (Nel et al. 2006). Consequently, accurate data on
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nanoparticle (NP) transport in aquatic systems are needed
to underpin the models used in environmental decision-
making.

Recognizing the need for data on nanoparticle trans-
port, a number of laboratory-based tools have been
developed to provide the much needed data. The most
common approach is to use packed columns containing a
porous geologic matrix of interest (e.g. sand or artificial
media) designed to mimic soil or aquifer systems. In this
approach, the concentration of nanoparticles eluting from
the column outflow is monitored. Colloid filtration theory
(and its variants) is then used to interpret the break-
through curves and thus provide constants for predictive
transport models (Choy et al. 2008; Tiraferri and Sethi
2009). While highly informative, the data obtained are a
bulk average of a complex and heterogeneous array of
interactions within the column. Even when intermediate
sampling ports are inserted, they can only record bulk
processes occurring between each sample port. These
methods cannot unpick the impact that heterogeneities
inherent in many natural systems, such as aquifers, soils,
riverbeds and urban drainage systems have upon NP
transport. These systems are often complex and display
heterogeneous geometry, structure, hydrodynamics, geo-
chemistry and microbiology. Breakthrough curves and
invasive or destructive sampling of closed column
experiments integrate colloid—media interactions over
time or space, losing information relating to these com-
plex environments. Even though the results are compa-
rable, it masks many of the complexities that are related
to controlling the overall rate of colloid transport. More-
over, even in homogeneous systems, changes in particle
deposition can occur along the length of the column
(Lecoanet and Wiesner 2004). This is significant as small
changes in transport behaviour over the length of a
packed column will make significant differences when
scaled-up for field size applications. Consequently, there
is a vital need to image inside packed columns to deter-
mine how spatial variability impacts our understanding of
NP transport.

To overcome these issues, novel techniques have been
developed which enable transport to be spatially resolved,
including the use of fluorescent imaging protocols that
visualize the transport of fluorescent particulates in
translucent quartz matrices (Bridge et al. 2006). This,
however, relies on sufficient photon penetration and thus
uses translucent quartz and thin columns (<1 cm). The
development of a scanning optical fibre fluorescence
profiler has enabled the collection of some spatially
resolved data inside opaque, packed columns (Shang et al.
2010). This system utilizes fluorescent nanoparticles and
ten fibre optic detectors inserted at intervals into the
column. While providing more spatial detail on NP
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transport, the 2D transport profile must still be inferred
from the ten detector points (much of the column is still
unseen). Gamma radiation and X-ray micortomography
have been used for porous media characterization (II-
langasekare et al. 1995), fluid distribution (Brusseau et al.
2008) and solute—fluid transport (Hofstee et al. 1998)
experiments. A major shortcoming of this method is at a
single location; it requires relatively large counting times,
leading to total counting times of several hours to produce
an image (Werth et al. 2010). Also it would be difficult to
resolve the smaller pore and fluid bodies especially the
packed columns contains finer grains.

In this setting, magnetic resonance imaging (MRI)
offers good potential to study particle transport patterns
inside packed columns. In addition, it has previously been
used to image particle and biofilm dynamics, reactive
transport (Werth et al. 2010), sediment deposition (Hea-
ther et al. 2009), tracer transport through sediment bed
(Lakshmanan et al. 2014), transport through finer grained
system (Lakshmanan et al. 2015) and transport processes
of heavy metals ions (Nestle et al. 2003). MR imaging
can be used to collect high spatial resolution images of
colloid and NP transport inside packed columns in two
and three dimensions, when paramagnetically labelled
particles are used (Baumann and Werth 2005; Ramanan
et al. 2012). This technology works not by imaging the
paramagnetic particle itself, but by imaging its effect on
the H nuclei of surrounding water molecules. (Super)
paramagnetic agents such as Gd°", Cu®"™ Mn®*" and
nanomagnetite cause a dramatic reduction in the relaxa-
tion time of adjacent H nuclei. This phenomenon can be
used to quantitatively map the local concentration of
paramagnetic nanoparticles within porous media, as there
is a linear relationship between NP concentration and the
change in water relaxation rates.

In a previous study, paramagnetic colloids (1.3 um)
were imaged through a heterogeneous grain packing, each
with a core of fine-grained silica gel surrounded by a shell
of coarse-grained silica gel. The resultant spatially
resolved data were scrutinized with CXTFIT and colloid
filtration theory to reveal the impact of heterogeneity on
transport (Baumann and Werth 2005). While most NP
transport studies focus upon finer-grained systems of
relevance to aquifers and soils. Here, however, we report
the NP transport through coarser-grained systems which
are relevant to riverbeds and the gravel matrices of sus-
tainable urban drainage systems (SUDS). In this study,
the transport of nanoparticles (50 nm in diameter) through
packed columns of natural media (quartz and dolomite
gravel) was imaged by MRI. We selected two gravel
types: rose quartz and dolomite, as these exhibit different
surface charge and thus would be expected to have dif-
ferent impacts on nanoparticle transport. Rose quartz has
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a zero charge between the pH of 2-3, and it is negatively
charged when the pH > 3 (Ibrahim et al. 2011). Dolomite
has a zero charge at the pH of 8-8.1 and exhibits a net
positive charge below pH 8 (Pokrovsky et al. 1999). Rose
quartz is negatively charged while dolomite exhibits a net
positive charge at experimental pH conditions (Yu et al.
2010).

Concentration profiles were analysed with CXTFIT and
colloid filtration theory to estimate transport parameters at
different time and distance intervals throughout the col-
umn. While in a previous study, we utilized MRI to
examine the transport of two different nanomagnetite-
based nanoparticles through quartz gravel (Ramanan et al.
2012), here we report on the transport of a single type of
gadolinium-based NP through two different gravel types.
Moreover, in the previous study, NP transport profiles at all
time intervals along the column were fitted simultaneously
to produce a single set of transport parameters. Here, we
advance upon this by fitting the NP transport profiles at
different time intervals individually, thus enabling us to
examine the change in transport parameters with distance
along the column. Mechanism of nanoparticle deposition
and the interaction energy profiles was studied based on
classic  Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory.

This study was carried out from 2009 to 2011 at the
School of Geographical and Earth Sciences and GEMRIC,
University of Glasgow, Glasgow, UK.

Materials and methods
Packed column

Experiments were performed in saturated porous column
containing randomly packed rose quartz and dolomite
gravels with grain sizes of 1-5 mm. The variation in grain
shape and grain packing could contribute the heterogeneity
in the column. The porosity of the column was determined
from the weight of the column before and after saturation of
the pore space with water. The porosity of rose quartz was
0.38 and dolomite was 0.46. A cylindrical polypropylene
column with the dimensions of 4.5 cm internal diameter
and 9 cm height was used in this study. A porous sintered
glass diffuser plate was placed on the inlet to provide an
evenly distributed inflow of nanoparticle solution. The
column was first filled with deionized water and then
packed with rose quartz or dolomite grains in order to avoid
air bubble formation. The commercially available para-
magnetic nanoparticle Gado CELLTrack (referred to herein
as Gd) which exhibits a small net negative surface charge
was used in this study (BioPAL, USA). The diameter of
50 nm (Loai et al. 2012) was used in the present study.

Transport experiments with Gd NP

The saturated packed column of rose quartz was placed
vertically inside the horizontal bore of the MRI magnet,
inside a 150-mm-diameter horizontal bird-cage RF coil
inside the MRI. The flow was established using deionized
water with a flow rate of 1 ml/min using a HPLC pump
(Agilent 1100 Series). During the transport experiment, an
inlet solution of Gd NP (at a concentration of 0.6 mM Gd)
was pumped into the packed column at a flow rate of 1 ml/
min, and the movement of nanoparticles through the system
imaged every 5 min. Each experiment was repeated in
duplicate. The same procedure was repeated for dolomite
gravel.

Magnetic resonance imaging

The MRI experiments were performed on a Bruker Avance
BioSpec system, using a 30-cm horizontal bore, 7T
superconducting magnet (Bruker BioSpin, Karlsruhe,
Germany). A Bruker micro-imaging gradient insert (model
BG-6), and 200-A gradient amplifiers were used to provide
strong linear magnetic field gradient pulses of up to
1,000 mT/m, thus allowing the system to perform micro-
imaging experiments. Here, MRI was used to acquire
spatially and temporally resolved T,-weighted images of
the column, while nanoparticles were transported through
the column. Where 7, is the spin—spin relaxation time of
"H nuclei of the water phase. Further technical details of
MR imaging can be found in Phoenix and Holmes 2008
and Callaghan 1991.

Nanoparticle transport imaging was performed using a
Rapid Acquisition Relaxation Enhanced (RARE)
Sequence. The experiments were performed with the fol-
lowing imaging parameter: echo time (7z) 170 ms, repe-
tition time (7T) 6,000 ms with a RARE factor of 48, field of
view was 9 x 6 cm, imaging matrix was 300 x 192 pix-
els, giving an in-plane resolution of 300 x 312.5 um with
a slice thickness of 1 mm. To obtain comparable T,-
weighted images, these imaging parameters, including
transmit and receiver gains, were kept identical during the
entire experiment.

Calibration of Gd NP concentrations

The effect of nanoparticle concentration on the relaxation
times of pure water is represented by the following equa-
tion (Bloembergen 1957; Phoenix and Holmes 2008)

1= % |:Ti,i - i} .

where T, is the relaxation time in the absence of para-
magnetic NPs, T, is the relaxation time in the presence of
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Fig. 1 Variation in the change of transverse relaxation rate with
respect to Gd NP concentration (NP concentration shown as mM of
Gd)

paramagnetic NPs, [C] is the concentration of the para-
magnetic NPs and R is the relaxivity constant of the
paramagnetic NPs. To determine the relaxivity constant R,
standards of different Gd NP concentrations were prepared
and their 7, values measured with a multiple spin-echo
sequence with the following imaging parameters: echo
time (Tg) 9.2 ms, repetition time (7Tx) 10,000 ms and
200 echoes with two signal averages. A plot of

(1/T21,‘ — 1/T2$0) versus NP concentration was shown in

Fig. 1. The relaxivity constant, R (the slope of the line) was
determined by the least square fit method to be
21.83mM ' s7h

Quantitative measurement of Gd NP concentration

The signal decay at a particular concentration C is obtained
using a RARE, and it is represented by (Haacke and al
1999);

S —t,
S_o = exp (Tz,i) (2)

where S is the MRI signal, S, is the signal at zero echo time
and T, is the spin—spin relaxation time. The effective echo
time ¢, was chosen to maximize the signal contrast as
described in von der Schulenburg et al. (2008) and was
determined to be 170 ms.

Combining Egs. (1) and (2) gives the following
equation:

= |fS)/ =)~ ()] ®

A RARE image of the sample containing only water was
appropriately scaled to get a maximum signal intensity map
of Sp. Hence, NP concentrations can be calculated from

’r @ Springer

Eq. (3), using T,-weighted images acquired before and
after introduction of NP.

By comparison of known inlet concentration with the
inlet concentration determined from the calibration (Eq. 3),
it was found that the calibration was offset by —2 % at the
base (i.e. it gave slight negative values for zero), and the
maximum concentration (measured at the inlet) was lower
by 11 %. These artefacts were corrected by using a base-
line correction factor and a stretching factor after the
calibration.

Transport parameters estimation

Experimental results were compared to analytic solutions
of the linear convection—dispersion equation (CDE) with a
first-order loss term (Wraith and Or 1998):

9 - Dazc oC
—C=D— _—y —_
ot o2 Pox
where C is the concentration, ¢ is time, x is distance from
the inlet, v, average particle velocity, D dispersion
coefficient and k is the decay coefficient. We assume a
semi-infinite domain with constant concentration Cy at the
inlet.

kC (4)

C(x,t) = Cowhenx =0,1>0 (5a)
C(x,1) = Cop when 0 <x<o00,t =0 (5b)
dC(x,t

%:Owhenx:oo (5¢)

Equation (4) is linear, and an analytic solution exists for
the boundary conditions in Eq. 5 (Toride and al 1995).
Equation (4) is linear and hence Toride and al (1995) are
able to use the principle of superposition to build up a
solution for boundary conditions (5) by integrating impulse
response functions. This solution is encoded in CXTFIT-
Excel. The model parameters, D, v, and k that give the best
fit, measured by the least square error between modelled
and observed concentration profiles were determined using
CXTFIT-Excel computer package by Tang et al. (2010).
Clearly, the model (Eq. 4) assumes constant parameter
values and hence homogeneous characteristic dispersal,
particle velocity and concentration-dependent losses. So,
if the model holds then CXTFIT-Excel should yield
the same D, vp and k from each fitting to each observed
profile.

From the estimates of k¥ and the knowledge of the
characteristics of the gravel, it is possible to gain further
insights into the mechanism using colloidal filtration the-
ory. Filtration theory is normally used to estimate the
particle deposition. Under some limiting assumptions
(Elimelech et al. 1995), the deposition rate can be equated
to the decay rate in Eq. (4) and the determined form,
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k= k™ (6)

where k™' is the deposition rate that would occur if all

particles that come into contact with grains stick, and « is
the fraction of collisions that stick.From Baumann and
Werth (2005), if the particles and grains are spherical,

3(l—¢)

kfast _
2d 10

nvp (7)

where ¢ is the porosity, and d, is the grain diameter at the
10 % mass fraction (d;q for dolomite is 4 mm and for rose
quartz is 3.5 mm). 7 is the frequency with which particles
come into contact with grains and estimated by

(pp — pr) 3, (dy ks T
=—" A 7.v/A
1 18uv sdy +2 <d > 089 <,ud d v)

(8)
where
1—y5
Ay = , 9
T 1= 1.5y 4+ 1.5 — 98 ®)
and,
y=vVI1—c¢ (10)

d,, and d, denote the diameter of the particles and grains, p,,
and py are the bulk density of the particle and the fluid, u
the fluid viscosity, v pore water velocity, g the gravitational
acceleration, A a constant specific to the porous medium,
kg Boltzmann’s constant, 7' the temperature and ¢ is the
porosity.

Results and discussion

Transport of Gd NP through packed columns of rose
quartz and dolomite

The transport of Gd NP into the packed column of rose
quartz was recorded through a series of 7,-weighted ima-
ges at 5-min time intervals. Selected time intervals are
shown in Fig. 2. The presence of Gd NP shortens the T,
values, and this is shown by the increase in measured MRI
signal. Using the calibration protocol, these T,-weighted
images were converted into actual concentration maps of
Gd NP. An example Gd NP concentration map at 35 min is
shown in Fig. 2(e).

The experiment was repeated, but with dolomite as the
gravel matrix. The T,-weighted images at various time
intervals are shown in Fig. 3. These T,-weighted images
were converted into concentration maps of Gd NP using
the calibration protocol, an example is shown in Fig. 3e.

All the data were obtained from a 2D slice through the
centre of the column using rapid acquisition sequence. This
is desirable for the interpretation of the data analysis and
estimating the transport properties. Averaged NP concen-
trations across the width of the image slice at 5-min time
intervals for rose quartz and dolomite column are shown in
Fig. 4a and b. After 40 min, the Gd NP starts to reach the
outlet of the packed column in the rose quartz. For the
dolomite, Gd NP took 65 min to reach the end of the
column and thus is transported much more slowly than in
rose quartz. Mass balance for the Gd NP was calculated,
and it was observed that total NP concentration from the
concentration profiles was lower than that calculated from
the pump rate; in dolomite, the recovery is 63 % after
55 min and in rose quartz, the recovery is 84 % after
25 min. From the concentration profiles, the total NP
concentration is lower for flow through dolomite column
compared to rose quartz, and this is consistent with Gd NP
attaching to grain surfaces.

As rose quartz and dolomite had slightly differing
porosities (0.38 and 0.46, respectively), and the transport
profiles were normalized to pore volume for a more direct
comparison of NP progress (Fig. 5). This again highlighted
the clearly slower transport through dolomite compared to
rose quartz.

Comparison of experimental data with CXTFIT
analysis

The experimental results from rose quartz and dolomite
gravel were modelled with CXTFIT software. The trans-
port parameters can be estimated at any point along the
length of column. Here, we show four time intervals (20,
25, 30 and 35 min) as an example (Fig. 6). Earlier time
intervals are not shown as the number of data points rep-
resenting the concentration profile are less and thus provide
less reliable fits. (Figure 6). From the graph, it is evident
that model profiles largely coinciding with the experi-
mental data. The CXTFIT analysis achieved goodness-of-
fit values (R*) from 95-99 %. Further transport parameters
derived from CXTFIT (dispersivity, D, v,, and k) with
95 % confidence interval are summarized in Table 1.

For dolomite gravel experiments, model profiles and the
corresponding data for 40, 45, 50 and 55 min are shown in
Fig. 7. These time intervals are chosen as they correspond
to roughly the same distance along the column as the time
intervals chosen for rose quartz. Similar to rose quartz
experiments, the CXTFIT profiles largely coincide with the
experimental data. The fitted transport parameters derived
from CXTFIT (Dispersivity, D, v,, and k) with 95 %
confidence intervals are summarized in Table 2.

’r @ Springer
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c/C,
1.0

0.5

0.0

Fig. 2 T,-weighted images of Gd NP in quartz gravel at 10, 20, 40 and 45 min denoted by (a), (b), (c) and (d), respectively; NP transport is
shown by bright regions. Figure 2e shows calibrated image of Gd NP concentration at 35 min

C/ICy
1.0

0.5

0.0

Fig. 3 T,-weighted images of Gd NP in dolomite gravel at 35, 45, 65 and 75 min denoted by (a), (b), (¢) and (d), respectively; NP transport is
shown by bright regions. Figure 3e shows calibrated image of Gd NP concentration at 55 min

The averaged dispersivity for rose quartz was
52 x 107 and 3.28 x 107°m for dolomite gravel.
Ramanan et al. (2012) studied NP transport through similar
quartz gravel and reported a dispersivity of 3.5 x
10™%m which is comparable to our results. Averaged dis-
persion coefficient, D,,. for rose quartz in this study were
192 x 10 m*s and for dolomite gravel 1.43 x
10~® m?/s. Khrapitchev and Callaghan (2003) reported the
dispersive flow in porous media for various literature
studies. Their relationship gives a D,,. value of 6.40 x
10~® m?/s for rose quartz and 7.20 x 10~% m2/s for dolo-
mite gravel which are in the same order of magnitude.
While the determined values appear appropriate, thus
supporting the robustness of the MRI approach, it is evi-
dent both dispersivity and D were not constant but
increased over the analysed range by a factor of 3 and 4 for
rose quartz and dolomite, respectively, (Table 1, 2). As

* @ Springer

time represents the progress of the NP plume, changes that
occur with time must also be considered changes that occur
with distance. Although the time intervals chosen for the
two gravel types were different, these correspond to
roughly the same distances along the column (front of
plume at approximately 4, 5.2, 6.4 and 7.2 cm). The other
CXTFIT derived parameters also showed variability; v,
increased by a factor of ~2 in both gravels over the time
and distance analysed, while £ decreased by a factor of 1.6
and 2.4 in quartz and dolomite, respectively (Table 1, 2).
The fast deposition rate constant k™' and collision effi-
ciency o were then calculated using Egs. 6 and 7.

Estimation of DLVO interaction energy profiles

Particle deposition behaviour in saturated porous media
for colloids and nanoparticles is reported in the literature
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Fig. 4 Averaged concentration profiles of Gd NP concentration
(reported as mM Gd) at various time intervals a rose quartz,
b dolomite column experiments
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Fig. 5 Gd NP concentration at various time intervals for rose quartz
(open symbol) and dolomite (closed symbol), normalized to porosity

(Tufenkji and Elimelech 2005 and Ramanan et al. 2012).
Elimelech et al. (1990) classified particle deposition as
favourable (absence of repulsive interaction energies) and

unfavourable (predominate repulsive colloidal interactions).
When the particle and collector have similar charges,
deposition can occur in secondary energy minima, and it is
smaller for NP than colloids.

Derjaguin-Landau-Verwey-Overbeek theory (Derjaguin
and Landau 1941; Verwey 1948) is applied to estimate the
interaction energy profiles. The total interaction potential is
described as the sum of electrostatic repulsion (V) and
the attractive potential (V). This was determined for the
NP-rose quartz and NP-dolomite systems by treating as a
sphere-plate interaction. V., and V, were calculated using
the expression of Hogg et al. (1966) and Gregory (1981).
Zeta potential values for rose quartz and dolomite gravel
were taken from the literature (Jada et al. 2006; Marouf
et al. 2009). Hamaker constant of 1072° J was used in this
analysis (Elimelech and O’Meilat 1990; Chowdhury et al.
2011).

DLVO interaction energy profiles for NP-rose quartz
and dolomite are shown in Fig. 8a and b. It reveals the
presence of repulsive energy barrier in NP-rose quartz
(unfavourable condition due to the negatively charged
surfaces) with secondary energy minima. An electrostati-
cally favourable condition was observed in NP-dolomite
system, and this type of deposition occurs in primary
energy minimum.

In Fig. 8c, the total interaction energy profiles are rep-
lotted on a different scale; the height of energy barrier 12kT
and the depth of the secondary energy minimum of 0.78kT
were measured in NP-rose quartz system, and no energy
barrier was observed in NP-dolomite system. So, similarly
charged surfaces should have a more recovery than the
other one, and this was observed in our mass balance
calculations.

Mechanisms of NP deposition with DLVO

In the present study, the average collision efficiency o was
higher in dolomite than rose quartz, consistent with an
attractive electrostatic force between the negatively
charged NP and positively charged dolomite gravel, which
thus displays greater retardation. In contrast, there is less
attraction (or greater repulsion) between the negatively
charged NP and the negative rose quartz, which thus dis-
plays less retardation. However, despite little electrostatic
attraction, retardation in the rose quartz does occur, likely
due to deposition of NPs in weak secondary energy minima
(Petosa et al. 2010; Hahn et al. 2004) which we also
observed in the DLVO energy profiles. This type of
deposition is considered reversible. This reversible depo-
sition has direct implications in colloidal transport and
particle deposition kinetics (Tufenkji and Elimelech 2005).

’r @ Springer
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Fig. 6 Gd NP concentration
profile of rose quartz
experiment at a 20 min,

b 25 min, ¢ 30 min, d 35 min.
Experimental data (closed
symbol) and CXTFIT data (open
symbol)

Reduced concentration

Reduced concentration

0 02 04 06
Dimensionless distance

0.8 1 0 0.2 0.4 0.6 0.8 1
Dimensionless distance

Reduced concentration

Reduced concentration

In contrast, the strong electrostatic attraction between the
NP and dolomite likely results in NP deposition in primary
energy minima, ensuring significant and permanent
attachment of NPs to the grain surface (Darlington et al.
2009, Petosa et al. 2010). Examination of variation in o
over time and distance for the two gravels revealed this
parameter decreased by a factor of 3.3 and 4.5 for rose
quartz and dolomite, respectively (Table 1, 2).

The observed increase in dispersivity and decrease in
collision efficiency over time may indicate surface charge
heterogeneities on the NPs, and the reduced availability of
attachment sites on the collector surface can control the
particle deposition (Tufenkji and Elimelech 2005 and
Chowdhury et al. 2011). These factors prompt a fraction of
the most favourable NPs to attach to grain surfaces more
readily early on. In the case of dolomite, the most
favourably attaching NPs would be those of greatest neg-
ative surface charge, while for rose quartz, attachment
would favour those with the weakest negative surface
charge. Those that are unattached are transported forward,
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0 0.2 0.4 0.6
Dimensionless distance

0.8 1 0 0.2 04 0.6 0.8 1
Dimensionless distance

Table 1 Estimated transport parameters using CXTFIT for rose
quartz

Transport Various time intervals (mins)
parameters
25 30 35
Dispersivity 2.5 x 107> 4.2 x1073 6.9 x 1073 75 x 1073
(m)
D (m%/s) 9.12 x 107° 1525 x 107% 2501 x 107% 273 x 107
v, (m/s) 397 x 1070 4.8 x 107° 62 x 107° 8.17 x 107
k (1/s) 658 x 107> 576 x 107> 494 x 107> 4.11 x 107°
KBSt (1/s) 339 x 107* 4.1 x 107 638 x 107 6.99 x 107
Collision 0.194 0.141 0.077 0.058
efficiency,

o

but bind to collector surfaces less readily. Blocking occurs
when previously deposited particles hinder subsequent
deposition and thus attachment decreases with distance.
For both gravels, changes in dispersivity and o« would not
be detectable from standard breakthrough curve analysis of
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Fig. 7 Gd NP concentration 1.3
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Table 2 Estimated transport

parameters using CXTFIT for Transport parameters

Various time intervals (mins)

dolomite gravel 40 45 50 55
Dispersivity (m) 12 x 1073 24 x 1073 45 x 1073 51 % 1073
D (m?%s) 5.078 x 107° 1.504 x 107# 1.987 x 1078 2.208 x 1078
v, (m/s) 371 x 1073 435 x 1073 5.27 x 107° 6.76 x 107>
k (1/s) 6.79 x 107° 6.11 x 1073 3.4 x 107 272 x 107°
Kt (1/s) 2.11 x 107 248 x 107 3.0 x 1074 3.85 x 107
Collision efficiency, o 0.322 0.247 0.113 0.071

NP concentrations eluting from the end of the column.
Invariably, incorrect transport parameters would be deter-
mined. However, with MRI, these variations can be
observed.

Transport in such a coarse grain system has relevance to
riverbeds and the gravel matrices of SUDS. NPs are
released into these aquatic environments during manufac-
ture, transport and disposal. The variations in transport
parameters seen along the length of the experimental

column are significant when considered for field scale
application. A lack of understanding of whether, and how,
transport parameters change over the length of the column
could lead to the determination of incorrect transport
parameters. Deviations from true values would be magni-
fied when applied to predict NP transport overmuch larger
distance at field scale in systems such as SUDS or river-
beds. Consequently, it is imperative to be able to under-
stand how transport phenomena vary with distance.

@ Springer
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Fig. 8 Interaction energy profile generated with DLVO theory for
a NP-RQ, b NP-D, ¢ Total energy replots for RQ and D

Moreover, natural and engineered gravel systems such as
river beds and SUDS can exhibit significant heterogeneity
in geometry, structure, hydrodynamics, geochemistry and
microbiology throughout. These will undoubtedly generate
further complexities in NP transport which will be difficult
to unpick with standard breakthrough curves. These com-
plexities would again require the type of spatially resolved
data collection that MRI can provide.

The current system has a vertical column setup and
could be modified into a horizontal arrangement which

’r @ Springer

is similar to river bed. Flowing with NP over the top of
the gravel matrix would enable to study the NP trans-
port in riverbeds. Also NP transport of interactions with
the grain surfaces could be explored further with the
impact of NPs parameters such as a shape, molecular
mass and surface charge upon their transport within the
system.

Conclusion

The transport of paramagnetic NPs in two coarse-grained
porous column made up of positively charged dolomite and
negatively charged rose quartz gravel grains was studied
using MRI. NP transport of interactions with the grain
surfaces were successfully imaged temporally and in two
dimensions with MRI. The spatially and temporally
resolved data were analysed using CXTFIT software with
goodness-of-fit values (Rz) from 95 to 99 %. The results
reported here indicated that key transport parameters such
as dispersivity and the collision efficiency varied along the
length of the column.

From the estimated DLVO interaction energy profiles,
electrostatically favourable condition was observed in NP-
dolomite system, and the presence of repulsive energy
barrier was observed in NP-rose quartz. The deposition
mechanism was discussed along with the measured trans-
port parameters. The average collision efficiency o was
higher in dolomite than rose quartz, and this is consistent
with the strong electrostatic attraction between the NP and
dolomite. These variations would not be detectable by
standard breakthrough curve analysis on NPs eluting from
the end of the column. An alternative approach, the present
study illustrates the ability of MRI to non-invasively image
NP transport inside porous media. Transport in such a
coarse grain system has relevance to riverbeds and the
gravel matrices of SUDS.
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