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ARTICLE INFO ABSTRACT

Understanding the transport of nanoparticles (NPs), including nanoscale zero-valent iron (nZVI) particles,
through water-saturated porous media has important implications for many natural and engineered systems. For
the first time, we use spin-echo single point imaging (SE-SPI) of low-field Nuclear Magnetic Resonance (LF-NMR)
to monitor nanoparticle transport through a heterogeneous porous medium. The ability of this method to pro-
vide information of nano- to micro-scale pore structure and to monitor transient processes is verified by a
transport experiment using modified nZVI particles. Early breakthrough of the NP front and large amount of
residual NPs (27% of the iron was retained in the core) were observed in the experiment. These observations
were due to the presence of preferential flow paths and dead-end pores as demonstrated by micro X-ray
Computed Tomography (UCT) imaging. Spatial and temporal data provided by this method enabled numerical
simulations to quantify the impacts of spatial heterogeneity in pore structure on NP transport in terms of
transport parameters. The simulation that captures the spatial heterogeneity by explicitly considering four re-
gions of distinct porosities outperforms the model assuming a homogeneous pore structure. The maximum of
residual sum of squares reduced from 0.328 to 0.138 when considering the impact of pore structure. The
transport parameters vary significantly among different regions. For example, in the lowest porosity region of
this sandstone, colloid dispersion (D) is 0.10 cm?/min instead of 0.20 cm?/min in the most connected region,
while the attachment (ko) increased from 0.007 to 0.025 min~'. Overall, SE-SPI imaging is shown to be an
important tool in refining transport processes of NPs in heterogeneous porous media with application to con-
strain complex natural systems.
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1. Introduction disruption, chlorosis or hypoxia have been observed upon exposure to
modified NPs (Saif et al., 2016; Yoon et al., 2018), indicating potential
adverse health impacts on microbes, plants and human. Therefore, it is

important to understand and predict the transport and the fate of

Nanoparticles (NPs), especially nanoscale zero-valent iron (nZVI)
particles, have been extensively used for direct treatment of con-

taminated zones in aquifers because of their desirable properties, i.e.
high specific surface area and potential mobility (Zhang, 2003; Kanel
et al., 2006; Kocur et al., 2013). The remediation efficiency and en-
vironmental safety of the application of NPs are controlled by their
mobility in porous media (Karn et al., 2009; Hosseini et al., 2011;
O’Carroll et al., 2013). Bare nZVI particles are subject to rapid ag-
gregation and settling (Phenrat et al., 2007; Tiraferri et al., 2008), and
thus are typically modified by adding polymers, anionic surfactants, as
well as incorporating solid matrices (Tiraferri and Sethi, 2009; He et al.,
2010; Zhao et al., 2016; Fajardo et al., 2019). However, cell membranes
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modified NPs in aquifers, which are largely influenced by the structure
and transport properties of the porous media.

Experimental studies used to investigate the transport properties of
NPs in porous media typically involve monitoring NP concentrations
only at the outlet of packed columns. The interior processes are then
inferred using empirical relations such as colloid filtration theory (CFT)
(Kim et al., 2007; Vecchia et al., 2009; Phenrat et al., 2009). This type
of breakthrough curve analysis, although informative, provides limited
insights regarding the spatial heterogeneity of the column, which has a
considerable impact on NPs transport, retardation and attenuation.
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Recently, a range of non-invasive techniques, including optical ima-
ging, gamma radiation, micro X-ray Computed Tomography (uCT)
imaging, and nuclear magnetic resonance (NMR), have been used to
characterize the spatial distribution of NPs in porous media (Werth
et al., 2010) and to resolve local transport processes. For example,
optical imaging has been used to track the spatial distribution of
fluorescent or color tracers as they flow through a model porous
medium (Zinn et al., 2004; Willingham et al., 2008). But the application
is limited to translucent media, and typically two-dimension systems
(Werth et al., 2010). While gamma radiation and pCT are powerful
tools for the characterization of complex pore structures and for sa-
turation imaging of one or more fluids (Turner et al., 2004; Nizovtsev
et al., 2008; Peng et al., 2012), the relatively long counting time at a
single location limits their application for intrinsically transient phe-
nomena such as fluid flow and particle transport.

NMR is another promising non-invasive imaging technique, which
quantifies nuclear spin or rotation of elementary particles (e.g. 'H nu-
clei). Compared to other imaging techniques, the NMR signal is domi-
nated by the liquid phase and does not require phase segmentation. In
addition, NMR allows a wide range of temporal and spatial resolutions.
NMR techniques, especially magnetic resonance imaging (MRI), have
been increasingly used in contaminant hydrology to evaluate NP
transport processes and quantify transport properties of NPs in satu-
rated geo-materials (Ramanan et al., 2011; Bray et al., 2017; Lehoux
et al., 2017). For example, Lakshmanan et al. (2015) reconstructed the
evolving NPs concentrations in the packed columns of quartz and do-
lomite gravel from MRI images and evaluated the transport parameters
and interaction energy profiles using the CXTFIT software package and
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.

Most MRI studies use high-field instruments to acquire relatively
high spatial resolution, on the order of ~mm to 100 um (Werth et al.,
2010). But it is still inadequate for fine-grained media (pore dia-
meter < 600 pm) (Lakshmanan et al., 2015; Bray et al., 2017). In ad-
dition, high-field imaging has the issue of pore-scale magnetic field
distortions (so-called “internal gradients”), when the materials are
heterogeneous. As a result of such distortions, the decay of transverse
magnetization with respect to molecular diffusion is enhanced and
concentrations are typically under-estimated. As such, the use of high-
field imaging in the investigations of NPs transport in geo-materials is
limited (Mitchell and Fordham, 2015).

Low-field nuclear magnetic resonance (LF-NMR) spectrometers
provides a better alternative for laboratory investigations of NP trans-
port in porous media that are comparable to natural aquifers (Mitchell
et al., 2010). LF-NMR is less affected by internal gradients, enabling
quantitative analysis. In addition, the spin-echo single point imaging
(SE-SPI) method of low-field NMR has the ability to monitor transient
processes in heterogeneous porous media. First, the SE-SPI sequence
allows the imaging of NP transport through consolidated porous ma-
terials with nano-scale pores. It obtains transverse relaxation time (T2)
distribution profiles with phase-encoded MRI. Every T, curve contains
encoded information of pore structure spanning nano- to micro-scale
for the specific profile. Second, the rapid loss of the transverse time
resulting from the presence of paramagnetic NPs can be detected by the
SE-SPI sequence on a time scale of seconds and thus enables dynamic
monitoring of transient processes (Petrov et al., 2011). Moreover, using
multi-profile concentration data converted from NMR data, the SE-SPI
sequence provides non-invasive observations of NP transport processes
at different locations.

We explore the use of low-field NMR to monitor transport behaviors
of NPs in consolidated porous media and demonstrate how this con-
tributes to an improved understanding of the impacts of spatial het-
erogeneity on mass transport. This is among the first efforts to apply SE-
SPI low-field NMR imaging in investigating transport processes of NPs
typically used in environmental remediation. We use modified nZVI
(Jia et al., 2011) as a candidate particle in spatially heterogeneous
porous media commonly encountered in natural aquifers. Spatial
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histories of concentration are recovered from the NMR measurements.
Complementary simulations, informed by these experimental observa-
tions, highlight the impact of spatial heterogeneity on transport pro-
cesses with pCT imaging corroborating the inverted pore structure.

The paper is organized as follows. In Section 2, we introduce the
materials, experimental methods, and the governing equations used in
the simulations. The results of the calibration tests and transport ex-
periments are described in Section 3. In Section 4, we discuss the im-
pacts of spatial heterogeneity on NPs transport as observed in experi-
ments based on complementary simulations. We close with a few
concluding remarks.

2. Materials and methods
2.1. Nanoparticles

The modified nZVI particles used in the experiments consist of
smectite clay templates and subnano-sized zero-valent in the inter-
layers, and the iron content is ~4% by weight (Gu et al., 2010). The size
of the elementary platelets of the smectites range from tens to hundreds
of nanometers with an average of ~60 nm, and determines the dia-
meters of the colloids in the suspensions. The suspensions were pre-
pared by mixing the modified NPs with deionized water, and cen-
trifuged to ensure homogeneity. The NPs are stable in the suspensions,
because the structure of the clay templates prevents direct contact be-
tween Fe® clusters and thus agglomeration of the nZVI particles (Jia and
Wang, 2013). This is confirmed by the batch tests, in which the sus-
pensions were left in experimental vials and remained homogeneous for
up to two days, much longer than the time scale of the flow-through
experiment. As such, the experimentally observed NP transport can be
attributed to the transport properties of the porous media, instead of
potential aggregation and deposition associated with particle surface
properties.

Twelve suspensions were prepared for the concentration calibration
tests. The iron concentrations of the prepared suspensions range from
0.0005 to 0.1430 mM, and were confirmed by inductively coupled
plasma mass spectrometry (ICP-MS) measurements.

2.2. Porous media

Six homogeneous packed columns were prepared for the calibration
tests. The quartz sands used were first soaked in concentrated HCIL
(12 mol/L) for 12 h and rinsed in deionized water. Each column is
25 mm in diameter and 25 mm long, and is packed with quartz sands
following the face-centered cubic (FCC) packing procedure. The six
quartz sand columns have grain sizes (S1 to S6) of 105, 125, 149, 165,
250, and 425 pm, respectively. The corresponding pore sizes are
16.275, 19.375, 23.095, 25.575, 38.750, and 65.875 pm, according to
the empirical relation between the pore size (d,) and the grain size (D,)
for the FCC array (d, = 0.155 Dg).

An artificial sandstone core with a diameter of 24.95 mm and a
length of 50.15 mm was used in the transport experiment. Chemically
modified epoxy resin with triethanolamine (TEA) was used to bind
together quartz sands with sizes from 125 to 149 pum to create the
hydrophilic artificial sandstone core (Xie et al., 2016). The core has a
gas permeability of 100 mD representing the lower range of typical
aquifer permeabilities. More details of the core properties, including
imaging by uCT and characteristics of the pore structure are discussed
in Section 4. Prior to the experiment, the core was dried at 105 °C for
24 h with a vacuum applied to 0.1 Pa absolute for 3 h before saturating
with water at 5 MPa for 12 h.

2.3. Test procedures and experimental apparatus

Two sets of calibration tests were performed to establish the method
of quantifying iron concentration profiles from NMR data. The first set



Q. Zhang, et al.

Pressure sensor

Distilled

suspension

Pump

Journal of Hydrology 583 (2020) 124558

NMR system

Core holder

Fig. 1. Schematic illustration of the core displacement system.

of tests was performed on twelve suspensions of different iron con-
centrations to build the relationship between iron concentrations and
NMR signals. Then, packed columns of different grain sizes saturated
with suspensions were tested to examine the impacts of pore structure
on T, relaxation times.

For the transport experiment, the sandstone core was placed hor-
izontally into a core displacement system with a nonmagnetic core
holder (Fig. 1) and was first flushed with deionized water to remove the
air and establish steady state flow. T, data were collected before the
transport experiment, serving as a reference. Fluid flow was then es-
tablished at a constant flow rate of 0.1 mL/min. For the first 55 mins of
the transport experiment, the inflow was a suspension of NPs at a
concentration of 0.1 g/L, corresponding to an iron concentration of
0.07 mM in the suspension. The inflow was subsequently switched to
deionized water with the entire experiment lasting 120 mins with NMR
measurements collected every 5 mins.

NMR measurements were performed on a Niumag system, which
includes a 0.5 T superconducting magnet with a resonant frequency of
21 MHz and a 60-mm probe. The experiments were performed with the
following parameters: an echo time (TE) of 0.025 ms, a repetition time
(TR) of 3000 ms, and 16 scans (NS). In the calibration tests, T, re-
laxation times were obtained using the SE-SPI sequence with one slice
enclosing the entire sample. In the NP transport test, SE-SPI sequence
data were collected at 15 locations evenly distributed along the core -
from inlet to outlet. CT images of the sandstone core were collected to
characterize the pore structure using a Zeiss Xradia scanner (520 Versa)
at 80 KV and 87 pA. The resulting image resolution is approximately
26 X 26 x 26 um>. The three-dimensional pore structure of the
sandstone was analyzed using Avizo visualization software.

2.4. Quantitative measurement of NP concentrations

The local magnetic field fluctuations of the paramagnetic NPs result
in rapid loss of the transverse magnetization and thus shorter T, times
relative to those for pure water (Pykett et al., 1982). The shortening of
relaxation rates per unit concentration of NPs is defined as the relax-
ivity (R) (Caravan et al., 1999), and has a unit of mM s~ L. The re-
laxivity is generally dependent on the strength of the magnetic field.
The concentration of paramagnetic NPs, [C], is related to the transverse
relaxation time of pure water as follows (Bloembergen and Morgan,
1961; Strijkers et al., 2007):

(] = l[i _ L]
R| T Do @

where T is the relaxation time in the absence of paramagnetic NPs,

and T,; is the relaxation time in the presence of a concentration [C] of
paramagnetic NPs.

The influence of the porous medium on T, may be examined in
terms of the transverse relaxation rate 1/T, that comprises the bulk,
surface, and enhanced diffusion relaxation rates (Behroozmand et al.,
2014):

1 1 S D,,(GTyy)?
1_1, S, DuGTyy
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where Top is the bulk relaxation time, py is the transverse surface re-
laxation strength, S is the pore surface area, V is the pore volume, D,, is
the molecular diffusion coefficient, G is the magnetic field gradient, Tg
is the echo spacing, and v is the gyromagnetic ratio. Given that the bulk
relaxation is slower than the surface relaxation then the small magnetic
field gradient, Eq. (2) can be simplified as follows:
1.5

~ Py v

T, 3

Eq. (3) was verified by calibration tests on packed quartz sand
columns of different grain sizes. In addition, the effect of the para-
magnetic NP concentration on T in two different pore structures was
also evaluated prior to the transport experiment using Egs. (1) and (2).

2.5. Estimation of transport parameters

The transport parameters were evaluated using the HYDRUS-1D
software package which accommodates key processes associated with
colloid transport in variably saturated porous media (Simfinek et al.,
2006). The transport and fate of colloids is accommodated by the ad-
vection—dispersion equation that is modified to account for colloid fil-
tration. In the absence of colloid inactivation and degradation, pro-
cesses not anticipated in our experiment, the colloid transport equation
is given as:

0, 35 3 gplCe) A
ot ot ox ox ox 4

where C, is the colloid concentration in the aqueous phase (nL.~3), S, is
the solid phase colloid concentration (@MY, 6 is the volumetric water
content (L3L~3), D is the dispersion coefficient for colloids (LT 1), and
q is the volumetric water flux density (LT™Y), tis the time and x is the
distance to the injection point. The colloid mass transfer term between
the aqueous and solid phases is traditionally given as:

S,

P— = ekacd)scc — pkdcSe,

ot 5)
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where k.. and kg4 are first-order colloid attachment and detachment
coefficients (T~ 1), respectively, and y; is a dimensionless colloid re-
tention function. In this study, D, k.. and kg4 are the key parameters
representing transport and were evaluated by inverse solution using
HYDRUS-1D with porosity and permeability treated as the known
parameters.

The NPs were delivered as a pulse input from the inlet. The corre-
sponding initial and boundary conditions are:

Cx,t=0=0

C(x=0,0<t<t,-)=C0

Cx=0,t>t)=0

dc _

dxx:L_O (6)

where ¢t is the pulse input time, and L is the length of the sandstone.
3. Results
3.1. Calibration for relaxivity constant

The first set of calibration tests obtained the relaxivity constant of
modified nZVI particles, mentioned in Eq. (1), to establish the quanti-
tative measurement of NP concentrations. Fig. 2 shows that the trans-
verse relaxation rate [1/T5;-1/T, ] follows a linear relationship with
respect to the concentration of the NPs where T, was measured three
times for each NP suspension. The percentage errors for the individual
T, measurements are between 0.17% and 0.46%, corresponding to
percentage errors of 0.22% to 2.11% for [1/T;-1/T50]. The small
measurement errors (not visible on the figure) and high repeatability
confirmed the stability and reliability of the method. The relaxivity
constant R of the modified nZVI particles determined using the least
squares fit method is 86.63 mM~!s ™!, with goodness-of-fit coefficient
(R? larger than 0.99.

3.2. Effects on NMR signals in porous media

To quantify the impacts of the pore structure on T, relaxation, T,
tests were also performed on six columns packed with quartz sands of
different sizes (S1 to S6) using NP suspensions of the same iron con-
centration of 0.05 mM. The results (Fig. 3a) show that Tiz increases

linearly with 5 where the S and V were calculated using pore sizes. The
high goodness-of-fit also verifies that Eq. (3) provides a reasonable
mathematical description of the impacts of pore structure on T, re-
laxation.
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Although pore structure largely affects the magnitudes of the T,
relaxation, their impacts on transverse relaxation rate is minimal. The
relationships between the transverse relaxation rate and the iron con-
centration measured in two packed columns (S2 and S4) are similar
(Fig. 3b). The fitted values of R based on Eq. (1) are 87.61 mM s~ !
and 86.44 mM~!s™!, respectively, and are comparable to the values
derived from the calibration tests that were performed without porous
media (Fig. 2).

Collectively, the observations confirm that the impacts of con-
centration and pore structure on T, relaxation are independent of each
other, and can be accounted for by the relaxivity R and the ratio of pore
surface to volume ratio 5, respectively. Since ; is included in the cal-
culation of T3, the relationship between the transverse relaxation rate
is only dependent on concentration. This relationship allows the deci-
phering of the paramagnetic NP transport processes using T, mea-
surements in heterogeneous porous media.

3.3. NMR measurements of NP transport in sandstone

Transport of the modified nZVI particles through the sandstone core
was also monitored using the SE-SPI sequences. The relaxivity constant
R for the modified nZVI particles in the sandstone core was derived
following the same procedure described above. A value of
86.41 mM ~'s~! was obtained and used to convert NMR measurements
into concentration data in the transport experiments using the same
sandstone core. The T, data were collected along the core at an interval
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of 3.33 mm every five minutes. The transverse relaxation rate is directly
related to iron concentration (see Section 3.1) and is recorded along the
core sample at successive time intervals as shown in Fig. 4. This defines
the variation of relative concentrations C/Cy (C is the measured con-
centration of iron, and Cy is the influent iron concentration) along the
sandstone resulting from the transport of the modified nZVI particles.

During the injection of NPs (0-55 min), the values of [1/T5~1/T2 ]
gradually increase along the core as the concentration front advances
from the inlet to the outlet. The front where the NPs were first detected
migrates much faster than the bulk transport of the NPs (e.g. at 15 and
20 mins), potentially indicating the presence of preferential flow paths.
At the conclusion of the injection (55 min), a large portion of the
sandstone was saturated by the NP suspension, as indicated by the
uniform distribution of large [1/T5;~1/T5 ] magnitudes. Although NPs
were detected at the outlet at 40 mins, the bulk of the NPs did not break
through the core by the end of the injection - as confirmed by the re-
latively low [1/T;~1/T5] values occupying the final 15 mm of the
core length. This may be attributed to both the attachment of NPs to the
sandstone grains and the innate complexity of the pore structure.

During the injection of deionized water (55-120 min), [1/T,;-1/
T 0] magnitudes first decrease close to the inlet and increase close to
the outlet as the prior concentration distribution is displaced along the
core, effectively flushing-out of the NPs. However, at the conclusion of
the injection of the DI water the [1/T,;—1/T5 (] values do not return to
zero - indicating the presence of residual NPs in the aqueous phase or
attached to grains. The residual NPs may represent trapping in poorly
connected pores or mechanical/electrostatic trapping on grain bound-
aries and their continuous detachment of NPs from the sandstone.
Supplementary characterization methods are necessary to fully decon-
volve other mechanisms for the trapping of residual NPs.

Fig. 5 provides a visualization of the pore structures reconstructed
from the uCT images with the pore space color-coded by the relative
concentration C/Cy. The peak value of iron concentration measured by
the C/C, ratio decreased from 0.98 to 0.87, which indicates an increase
in NP retention over time. The iron recovery, which measures the ratio
between the amount of iron collected at the outlet and the amount of
iron injected into the core, was calculated from the ICP measurements
of the effluent samples and is 73% - identifying net retention of NPs in
the sandstone core. There was, however, no observable clogging phe-
nomenon since there was no detectable change in the pressure drop
between the inlet and outlet. This is also consistent with the observation
that the modified nZVI particles are unlikely to aggregate (Jia and
Wang, 2013).

C/C

0

90min

Fig. 5. Spatial distribution of the NPs in the three-dimensional sandstone structure at selected time intervals with C/C, representing the concentration of iron (C)
relative to the inlet solution (Co). An inlet suspension of NPs was injected from O to 55 mins, with deionized water injected from 55 to 120 mins.
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4. Discussion

In this section, we discuss the impacts of pore structure hetero-
geneity, as confirmed by the uCT images, on the transport of NPs, by
comparing transport parameters obtained using two sets of simulations
with different assumptions of the pore structure.

The spatial heterogeneity of the three-dimensional structure of the
sandstone was confirmed by uCT imaging. Pores within the sandstone
were distributed with an average diameter of ~35 yum. Binarization of
the pCT images recovers an average porosity of ~0.203, which is close
to the ratio of the volumes of the aqueous phase to the core. However,
the connected porosity varies spatially along the core with four distinct
regions observed (Fig. 6). Region I has the highest connected porosity,
and region III (from slice 6 to slice 13) the lowest.

Spatial heterogeneity of the pore structure, i.e. the presence of well-
connected flow paths and poorly connected pores or dead-end pores, as
inferred from the experimental concentration data, is further high-
lighted in Fig. 7. Connectivity analysis and skeletonization were per-
formed using Avizo to define the 3D digital structure of the sandstone.
The skeletonization module extracts the centerlines of interconnected
pore regions and calculates a distance map that measures the distance
of a voxel in the pore space to the nearest solid phase from the
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segmented images. The 3D skeleton consists of nodes and tubes and
defines the topology. The nodes are the branching points and endpoints,
connected by the tubes, whose thickness depends on the maximum
value on the distance map. Dead-end pores are highlighted (orange
dotted circles in Fig. 7b) with the prescribed network allowing flow
calculations on a subsection of the sample (Avizo XLab Hydro module).
Streamlines (see Fig. 7c) show the relative velocity field with red de-
fining the higher velocity preferential flow paths that likely act as fast
channels for NP transport.

HYDRUS-1D was used to simulate flow, using the experimental
observations of concentration history to invert for the transport para-
meters: dispersion coefficient D, attachment coefficient k,. and de-
tachment coefficient k4. Porosity and permeability were prescribed
based on the experimental observations. The advection-dispersion
equation was coupled with the first order attachment-detachment ki-
netics, and solved using the internal HYDRUS-1D optimization routine.
Aggregation and clogging were not considered based on the experi-
mental observations discussed above. Straining of the NPs was also
considered to be negligible and not included in the model because the
ratio of the particle diameter to the median pore diameter was less than
the threshold for straining (0.005) (Bradford et al., 2004).

Modeling was first performed assuming a homogeneous pore
structure with an average connected porosity of 0.203. Flow parameters
were evaluated by fitting the concentration data of slice 15 (the outlet)
between 0 and 120 min - similar to a standard breakthrough curve
(BTC) analysis, commonly adopted when spatial data are not available.
Fig. 8 presents the experimental data and the fitted concentration re-
sults. Overall, using values of 0.16 mm?/min, 0.018 min~! and
0.07 min~! for D, ke and kg, respectively, the simulation fits the ex-
perimental data, with a goodness-of-fit value (R?) of 96.9% (Table 1).

To evaluate the extent to which the transport parameters derived
following the standard BTC analysis can be applied to evaluate con-
centration evolution within the core, simulations were performed using
the BTCs of four slices (slice 2, 5, 10, 14). These locations correspond to
the centers of the four distinct porosity regions identified as Fig. 6. For
these simulations, each region was assigned a unique set of hydraulic
properties. The permeability was estimated from the average connected
porosity of the region based on the Kozeny-Carman relationship. The
transport parameters of the upstream region were first evaluated and
used for the fitting of the transport parameters of the downstream re-
gion. Fig. 9 shows the simulation results for the four regions. While the
goodness-of-fit values (R?), ranging from 90.5% to 96.1% (Table 1), are
not as high as for the homogeneous model, the improved performance

Fig. 7. Results of uCT imaging with (a) Volume rendering of the pCT segmented images with sandstone pores in yellow; (b) following binarisation to define the 3D
skeleton for the highlighted subsection (see orange box) and showing nodes joined by capillary tubes, whose thickness are defined by the distance map; (c) Flow field
shown as streamlines and color-coded according to relative fluid velocity (red:high velocity, blue:low velocity).
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Fig. 8. Observed and simulated breakthrough curve of slice 15 (C is the mea-
sured concentration of iron, and Cy is the influent iron concentration).

is highlighted by the low overall residual sum of squares, which are
0.114, 0.138, 0.074 and 0.041 for different slices. In contrast, using the
transport parameters derived from the standard BTC analysis and as-
suming a homogeneous pore structure for the simulation of the local
BTCs, the residual sum of squares is 0.276, 0.290, 0.328 and 0.044. The
improved performance due to the consideration of spatial heterogeneity
is most evident for region III. Transport parameters, k. and k4. re-
covered from simulations, indicate the considerable impact of me-
chanical/electrostatic trapping and subsequent detachment of NPs on
transport processes with respect to residual NPs. Comparing the per-
formance of the two simulations further highlights the need of con-
sidering spatial heterogeneity. Nevertheless, some discrepancies be-
tween the experimental data and the simulations are observed
principally in the tail of the concentration distribution in spite of
identifying the attachment/detachment effects. This may result from
the presence of dead-end pores, with this confirmed by the connectivity
analysis completed using the Avizo visualization software. This effect
cannot be accounted for in a purely 1D model.

The fitted parameters in different regions vary considerably, in-
dicating the importance of spatial heterogeneity in controlling NP
transport. In general, D and kg4 are smaller in the lower porosity region,
whereas kg is larger (Table 1). Collectively, they result in reduced
spreading and increased retention of the NPs. A higher attachment rate
was observed in the lower permeability porous medium due to the ef-
fect of hydraulic conductivity and surface area (He et al., 2009).

These simulations demonstrate that although the standard BTC
analysis with the assumption of homogeneity provides a reasonably
good fitting for the overall transport process, it fails to capture con-
centration evolution within the core. This is the case, even though the
degree of heterogeneity in the synthetic core sample used in our ex-
periment is limited. Thus, the impacts of increased local heterogeneity
are expected to be even more significant in natural heterogeneous
systems, and to be important when regions of certain hydraulic

Table 1
Properties of sandstone and fitted parameters for NP transport.
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properties need to be targeted. The spatial-temporal data measured
using the SE-SPI sequences provide necessary information to investigate
spatial heterogeneity and to quantify advection, dispersion and at-
tachment/detachment mechanisms and their controls on the fate of
colloidal particles in structured heterogeneous porous media.

Overall the SE-SPI sequences of low-field NMR provide an effective
method to monitor the transport process of nanoparticles in rocks.
Given its high resolution, this method may also be applied to low
permeability geomaterials, e.g., carbonates and shales. However, some
limitations of the technique should be noted. First, the relaxivity of
paramagnetic NPs is the key parameter to quantify concentrations from
NMR data. The calibration of relaxivity may be affected by the presence
of paramagnetic substances with local magnetic field fluctuations,
which may be the case in granites. Second, the NMR data provided by
this method are the spectra representing multiple slices of defined
thickness. The spatial resolution of data therefore depends on the
number of slices set for the SE-SPI sequences but signal-to-noise ratio
decreases as the number of subdivided slices increases.

5. Conclusions

For the first time, this study used SE-SPI sequences based on low-
field NMR to successfully monitor the transport of modified nZVI par-
ticles in a consolidated sandstone. The ability of SE-SPI to simulta-
neously monitor multiple profiles along the core allows non-invasive
observation of the transport of paramagnetic NPs. Iron concentrations
were recovered, through the relaxivity constant, from the direct in-
version of the spatio-temporal data. This study contributes an improved
understanding of NP mobility in porous media to illuminate the im-
portant impacts of spatial heterogeneity on transport processes — via
cross-confirmation using simulations and UCT imaging.

Experimental observations, including (i) the more rapid migration
of the front, first detected at 15 mins, relative to bulk transport of the
injected solution of NPs and (ii) the retention of NPs, with 27% of the
iron retained at the conclusion of deionized water flushing, highlight
the important controls of complex pore structure on the resulting re-
tardation, attenuation and efflux of NPs.

Complementary numerical simulations evaluate sample hetero-
geneity and its effects on local transport properties. Transport para-
meters are inverted from the concentration data using two set of si-
mulations and are compared to consider the impacts of spatial
heterogeneity. In general, the model considering four regions of distinct
porosities shows improved performance, as highlighted by the low
overall residual sum of squares (0.041 to 0.138), compared to another
model assuming a homogeneous pore structure (0.044 to 0.328). In
addition, results show that the spatial heterogeneity of the transport
and retention properties correlate with the pore structure extracted
from puCT imaging. Compared to the most connected region, colloid
dispersion (D) reduced from 0.20 to 0.10 cm?/min, while the attach-
ment (kg.) increased from 0.007 to 0.025 min ! in the lowest porosity
region. The presence of well-connected flow paths and poorly-con-
nected or dead-end pores in the sandstone results in tailing of the
breakthrough curve and leads to discrepancies between experimental
observations and results from equivalent-medium simulations.

In conclusion, SE-SPI sequences using low-field NMR is a promising

Pore structure Average porosity

Homogeneity 0.203
Heterogeneity Inlet-slice 3 0.257
Slice 3-slice 6 0.228
Slice 6-slice 13 0.183
Slice 13-outlet 0.196

Fitted transport parameters

D (cm?/min) kqe (min™1) Ky (min™h) R? (%)
0.16 0.018 0.07 96.9
0.20 0.007 0.06 95.3
0.18 0.012 0.06 90.5
0.10 0.025 0.04 92.9
0.15 0.015 0.08 96.1
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Fig. 9. Breakthrough curves of simulations for four slices compared to observed data for: (a) Slice 2; (b) Slice 5; (c) Slice 10; and (d) Slice 14. The insets are scatter
plots to highlight the discrepancies between simulations and observations. Purple symbols and lines denote simulations assuming homogeneity, red symbols and lines
denote simulations assuming heterogeneity with experimental observations as black symbols.

approach for characterization of the transport, retardation and at-
tenuation of NPs in heterogeneous porous media even in the presence of
nano-scale pores. In particular, and distinct from other NMR imaging
methods, SE-SPI enables characterization at high-resolution. 2D or 3D
models may be adopted in the future to consider the true impact of
spatial-dimension on NP transport.
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