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Abstract

Transport processes in unsaturated porous medium are difficult to examine due
to their complex and non-linear nature. This complexity arises from, amongst
others things, the occurrence of air-water interface in addition to solid—water in-
terface for unsaturated flow. This thesis investigates the following: (i) dispersivity
of inert solute as a function of water content, A\(#), and (ii) transport and re-
activity of citrate—coated and soil-aged Ag nanoparticles (NPs) as a function of
hydrologic and chemical factors by establishing constant flux and constant pres-
sure head (i.e., unit gradient unsaturated flow) along a repacked sand column.
The major findings include: (i) transport of both the inert solute and the Ag NPs
(citrate—coated and soil-aged) is sensitive to the geometry of flow field and this
depends on structure of pore network, which in turn depends on flow rate (j,,) and
degree of water saturation for unsaturated flow, as controlled by flux boundary
condition in our column experiments, (ii) dispersivity of conservative solute is a
third material property in addition to the more frequently investigated hydraulic
functions, 0(h,,) and K(h,,), of porous media, (iii) the NPs showed increased re-
tardation when moving from close to saturation to unsaturated flow relative to
tracer and (iv) the shapes of the breakthrough curves for both the citrate—coated
and the soil-aged Ag NPs are substantially modified relative to tracer due to both
physical and chemical interactions. Non-linearity in the dynamics of water flow is
depicted in transport behaviour of the inert solute as a gently increase in disper-
sivity when moving from close to saturation towards unsaturated condition and a
sudden kink at a threshold water content. Both chemical and shear forces are cou-
pled during transport of the two forms of Ag NPs investigated. However, chemical
forces dominate transport of the soil-aged Ag NPs whereas shear forces dominate
transport of the citrate-coated NPs due to a more complex solution chemistry for
the soil-aged Ag NPs. Both the citrate—coated and the soil-aged Ag NPs show
reduced mobility at pH = 5 than at pH = 9. The convection—dispersion equation
coupled with two terms for retardation and reaction could describe the observed
breakthrough curves reasonably well. This form of parameterization is motivated
by an extended Derjaguin—Landau—Verwey—Overbeek (eDLVO) analysis, that ac-

counts for two parallel processes: (i) retardation at the air-water interface due
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to reversible equilibrium interaction and (ii) straining at the solid-water interface
due to irreversible sorption far from equilibrium. The eDLVO model satisfactorily
explained the interaction of citrate—coated Ag NPs at both the air-water interface
and the solid—water interface but could not fully apply to the soil-aged Ag NPs
due to a complex solution chemistry and the limited validity of some chosen model
parameters. Both forms of NPs were impacted by the physical flow field, thus, de-
creased transverse distance to the air—water interface and the solid—water interface
and the formation of water films for unsaturated flow. An additional chemical in-
teraction (cation bridging at the solid—water interface), which is irrelevant for the
citrate—coated Ag NPs, was found to impact transport of the soil-aged Ag NPs.
The mobility of engineered Ag NPs exposed to the environment may be limited
by the ubiquitous presence of biogeochemical (organic and mineral) interfaces in
addition to air—water interface and solid—water interface. Further studies would
suffice to know how the eDLVO model could be improved to explain the proposed

modeling concept.



Zusammenfassung

Transportprozesse in der ungesattigten Zone sind aufgrund ihrer komplexen und
nichtlinearen Natur schwer zu untersuchen. Diese Komplexitat ergibt sich unter
anderem aus der dem Boden innewohnenden Heterogenitat hinsichtlich biogeo-
chemischer Grenzflachen und Feststoff-Wasser—Grenzflachen, sowie Luft—Wasser—
Grenzflachen fiir ungesattigte Stromung. Diese Arbeit untersucht die folgen-
den Zusammenhénge: (i) Dispersivitdt in Abhéngigkeit des Wassergehalts A(6),
sowie (ii) Transportprozesse und Reaktivitdt von mit Citrat beschichteten und in
natiirlicher Bodenlésung ”gealterten“ Silber(Ag)—-Nanopartikeln in Abhéngigkeit
von Wassergehalt. Es wird untersucht, wie sich die Nichtlinearitat in der Stromung
sdynamik auf das Transportverhalten sowohl des inerten gelosten Stoffes, als auch
der beiden Formen von Ag—Nanopartikeln (mit Citrat beschichtet und im Boden
gealtert) auswirkt. Die wichtigsten Ergebnisse der Studie sind: (i) Das Trans-
portverhalten wird durch die Geometrie des Stromungsfeldes gesteuert, welche
wiederum von Porenstruktur, Randbedingungen und Wassergehalt bei ungesattigter
Stromung abhéngig ist, (ii) die Dispersivitét in Abhéngigkeit des Wassergehalts \(0)
wird als dritte Materialfunktion eines konservativen gelosten Stoffes in poroser Me-
dien identifiziert, zusatzlich zu den viel untersuchten bodenhydraulischen Funk-
tionen, O(hy,,) und K(h,,), (iii) im Ubergang von gesittigter zu ungesittigter
Stromung tritt Retardierung von Nanopartikeln an Luft—Wasser—Grenzflachen als
ein zusétzlicher Prozess beim Transport auf, (iv) Die Durchbruchskurven fir Citrat—
beschichtete und boden—gealterte Ag—Nanopartikel werden wesentlich verdndert
sowohl aufgrund physikalischer und als auch chemischer Wechselwirkungen and
Grenzflachen. Die Retardierung von Nanopartikeln dabei aus einer Kombina-
tion eines dynamischen Gleichgewichtsprozesses an den Gas—Wasser Grenzflachen,
wahrend die chemische Sorption an die Fest—Wasser Grenzflachen als Ungleuchge
wichtsprozess betrachtet wird. Anders als im Fall von Citrat—beschichteten Teilchen
konnte das erweiterte Derjaguin-Landau—Verwey—-Overbeek Modell die Interaktio-
nen bodengealterter Ag—Nanopartikel an der Feststoff-Wasser und Luft—Wasser—
Grenzflache nicht zufriedenstellend erklaren. Eine zusatzliche chemische Wechsel-
wirkung, namlich Kationenbriicken an der Feststoff-Wasser—Grenzflache, die fiir

die Citrat—beschichteten Ag—Nanopartikel nicht von Bedeutung ist, wirkt sich im
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Fall von bodengealterten Ag—Nanopartikeln deutlich aus. Ein Modell auf Grund-
lage der Konvektions—Dispersionsgleichung mit einem Retardations und einem
Reaktionsterm konnte die experimentellen Durchbruchskurven recht gut model-
lieren. Die Ergebnisse deuten darauf hin, dass die Mobilitat industriell hergestell-
ter Ag—Nanopartikel unter natiirlichen Freilandbedingungen durch die allgegenwértige
Présenz biogeochemischer (sowie Gas—Wasser und Wasser—Festsubstanz) Gren-

zflachen stark herabgesetzt sein konnte.
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Chapter 1

Introduction

1.1 Background and motivation

The unsaturated zone is a vertical transition from land to phreatic surface. It is
a filter, a reactor and a cushion for groundwater among other functions, however,
these functions critically depend on some inherent properties. Nanoparticles are
among a variety of substances considered as emerging contaminants [74] in the
environment. Synthesis and use of nanoparticles may result in elevated concen-
tration in contrast to natural background concentration and therefore calls for
risk assessment in terms of their long-term mobility. Since the engineered forms
may differ from their natural counterparts, the ability to predict the fate of en-
gineered nanoparticles in the vadose zone would be required for decision making
within the spheres of politics, science and engineering. The capabilities of the
unsaturated zone to attenuate migration of nanoparticles therefore needs to be
evaluated against external factors (Fig. 1.1). For instance, re-exposure of engi-
neered nanoparticles into soils after use requires detailed enquiry with respect to:
(1) their engineered versus altered (i.e., after re-exposure to the environment)
properties, (2) the properties of the unsaturated porous media in relation to their
mobility and (3) the impact of both chemical and physical (hydrologic) factors on
their mobility. Additionally, the thermodynamic basis of retention of nanoparti-
cles at the microscopic scale for unsaturated flow needs to be adequately reconciled
with transport phenomena observed at the column scale. This would pave the way

for a more robust mathematical formulation to model and predict transport.
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FIGURE 1.1: Porous media properties, boundary conditions and their inter-
relationships. NPs: nanoparticles, AWI: air—water interface; SWI: solid—water
interface

1.2 Thesis outline

This thesis is organized into five main chapters. The remaining part of this chap-
ter discusses: (i) methodological approaches available to investigate unsaturated
transport in porous media in an integrated manner, (ii) factors that are typically
considered for mechanistic understanding and (iii) additional aspects that may
enhance our predictive capabilities of fate and transport of nanoparticles in the
environment. Lastly, the overarching objectives and working hypotheses of this

study are outlined.

Chapter 2: (i) reviews relevant knowledge on tracer transport for unsaturated flow,
(ii) adopts recent developments in the measurement of unsaturated hydraulic prop-
erties to investigate unsaturated water dynamics and transport of tracer (KBr)
and (iii) demonstrates how X-ray computed tomography (CT) measurements and
morphological analysis provide additional aspects to explain transport. The knowl-
edge gained from this enquiry forms a basis of designing transport experiments for

nanoparticles.
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Chapter 3: (i) extends the knowledge gained from tracer transport for unsat-
urated flow (Chapter 2) to a more complex case of transport of citrate-coated
Ag nanoparticles in usaturated sand with KNOj3 as background electrolyte, (ii)
relates the retention of nanoparticles to ocurrence of air-water interface (AWI)
in addition to solid-water interface (SWI) and (iii) adopts the classical DLVO
(Derjaguin—Landau—Verwey—Overbeek) (i.e., electrostatic and van der Waals in-
teractions) and extended DLVO (eDLVO) models (i.e., DLVO plus hydrophobic

interaction) to explain local interaction of nanoparticles.

Chapter 4: (i) compares the mobility of soil-aged Ag nanoparticles in unsaturated
sand with the mobility of citrate—coated Ag nanoparticles with focus on how po-
tential transformation of particle properties upon re-exposure to the environment
may alter mobility and (ii) explores in how far the eDLVO model could explain the
local interaction when moving from relatively simple case of KNOj as background

electrolyte, the case of the citrate-coated Ag nanoparticles, to soil solution.

Chapter 5: draws on the major conclusions thereof and aspects that require further

equiry.

1.3 A framework to investigate transport

Figure 1.2 integrates some methodological approaches that are useful to investigate
unsaturated transport. For saturated systems, the mobility of engineered nanopar-
ticles in porous media has been investigated typically by combining breakthrough
curves (BTCs) for both tracer and nanoparticles [59, 60] with the DLVO [32]
and/or eDLVO models [68]. For unsaturated flow, changes in flow geometry due
to changing flux boundary condition and pore structure demands an initial step of
characterizing hydraulic property, 6(h,,) and K (h,,), of the porous media (Fig. 1.2)
in question before conducting transport experiments. Well characterized hydraulic
property prescribes apriori boundary conditions for transport. Hydraulic charac-
teristics are further required to explain the impact of hydrologic regime on trans-
port. This study also reconciles the local geometry of the flow field, by means
of X-ray computed tomography (CT) and morphological analysis [102], with the
measured hydraulic properties to explain transport. The DLVO and eDLVO mod-
els further compliments the convection—dispersion (CD) and reaction model to

explain the observed transport behaviour of the nanoparticles.
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FIGURE 1.2: Conceptual framework aimed at mechanistic understanding of
unsaturated transport.

1.4 Factors and processes

Figure 1.1 outlines typical facets to consider when investigating transport in porous
media. Column experiments aimed at measuring the mobility of nanoparticles
generally consider: (i) solution chemistry (e.g., pH, ionic strength, composition
of solution), (ii) properties of nanoparticles (e.g., stability, surface potential, hy-
drodynamic size) (iii) biogeochemical composition of porous media (e.g., presence
of clay minerals, oxides or organic matter) (iv) geometrical properties of porous
media (e.g., grain size, surface roughness) (v) hydrologic conditions (e.g., flow
rate j,, water content § and pore-water velocity v). Schaumann et al. [76] dis-
cussed these factors and their related processes in detail. These factors have been
mostly studied for saturated systems and need to be re-visited for unsaturated
flow. Broadly, interaction of solutes and/or nanoparticles in porous media are a

result of both the properties of porous media and boundary conditions. Porous



Chapter 1 5

media properties can be classified as geometric (e.g., pore structure, porosity and
void ratio, mineral/solid surface roughness) or biogeochemical (presence of organ-
ics and reactive minerals). Boundary conditions can also be chemical (e.g., pH,

solution composition) or hydrologic (e.g., j., 6 and v).

In this thesis, key chemical factors such as pH, ionic and/or biogeochemical com-
position were investigated in conjunction with hydrologic states, thus j,, # and v
for a simplified porous medium (i.e., organics and reactive minerals are excluded
as much as possible). This study further attempts to establish the linkages be-
tween transport versus state variables such as j,,, @ and v, structure of pores and
the geometry of the flow field in response to flux boundary conditions, solution
chemistry (pH, ionic and/or dissolved organic matter), chemical potential energy

of the interfaces formed for unsaturated flow and the reactivity of nanoparticles.

1.5 Objective and working hypothesis

The overarching objectives of this thesis are to:

i. experimentally investigate the mobility of engineered nanoparticles in porous
media based on: (a) properties of nanoparticles, (b) pore structure, and (c)

hydraulic state, and

ii. numerically evaluate the mobility of engineered nanoparticles to obtain a

mechanistic understanding of particle retention.
We hypothesize that:

i. transition from saturated to unsaturated flow leads to an additional process

for particle retention,

ii. mobilization of nanoparticles is triggered by the feedback between local re-
tention of nanoparticles governed by chemical forces and the velocity field,

and

iii. recognizing these relevant processes provide a framework to predict transport
of engineered nanoparticles based on: (a) properties of nanoparticles (b) pore

structure and (c) hydraulic states during transport.
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Water flow and solute transport
in unsaturated sand—a
comprehensive experimental

approach

2.1 Abstract

Water flow and solute transport in unsaturated porous media are affected by the
highly non-linear material properties and non-equilibrium effects. This makes ex-
perimental procedures and modeling of water flow and solute transport challeng-
ing. In this study, we present an extension to the well known multistep—outflow
(MS-0) and the newly introduced multistep—flux (MS-F) approaches to measure
solute dispersivity as a function of water content under well-defined conditions
(i.e., constant pressure head and uniform water content). The new approach
is termed multistep—transport (MS-T) and complements the MS-O and MS-F
approaches. Our setup allows for applying all three approaches in a single ex-
perimental setting. Hence, it provides a comprehensive data set to parameterize
unsaturated flow and transport processes in a consistent way. We demonstrate

this combined approach (MS-OFT) for sand (grain diameter: 0.1-0.3 mm) and

This chapter has been published: Kumahor, S.K., de Rooij, G.H., Schliiter, S. and Vogel
H.-J. 2015. Water flow and solute transport in unsaturated sand—a comprehensive experimental
approach. Soil Science Society of America. Vadose Zone J. doi:10.2136/vzj2014.08.0105.
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complemented the experimental results with an analysis of the underlying pore
structure using X-ray computed tomography (CT). The results show that dis-
persivity is a non-linear function of water content, and a critical water content
(~ 0.2) exists at which dispersivity increased significantly. The results could be
explained by marked change in the geometry of the flow field as derived from X—
ray CT measurements. It is characterized by a reduced connectivity of the water
phase. The results demonstrate the potential of a combined approach linking pore

structure, hydraulic functions, and transport characteristic.

Abbreviations: BTC, breakthrough curve; CD, convection—dispersion;
CT, computed tomography; EC, electrical conductivity; MS—F, multistep—
flux; MS—0O, multistep—outflow; MS-OFT, multistep-outflow-flux-transport;
MS-T, multistep-transport.

2.2 Introduction

The investigation of solute transport during unsaturated water flow in soil is chal-
lenging. This is because soil hydraulic properties (i.e., moisture characteristic and
hydraulic conductivity function) are non-linear and a well-defined equilibrium
between water content ¢ [—] and pressure head h,, [L] can hardly be achieved.
This is observed for both natural soils in the field and experimental conditions
in the laboratory. Early work of Topp et al. [86] and Vachaud et al. [94] already
demonstrated the nonuniqueness of soil hydraulic characteristics. The observed
phenomena can ultimately be explained by the structural heterogeneity of the un-
derlying pore network. While there is a considerable body of literature on soil
hydraulic characteristics (see [25] for a recent review), the impact of changing ¢
on solute transport still requires further attention. For instance, to establish the
functional relationship between 6 and macroscopic dispersivity A [L], requires sys-
tematic experiments with well-defined hydraulic state variables. This deficit in
knowledge might be caused by the experimental difficulties to explore unsaturated

solute transport under well-defined conditions.

A common experimental approach to measure soil hydraulic properties is the
multistep—outflow (MS-O) approach [36, 95, 117], which has been shown to also

provide valuable information on hydraulic non—equilibrium [26]. This method has
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recently been extended to a multistep—flux (MS-F) approach for direct measure-
ment of unsaturated hydraulic conductivity including hydraulic non—equilibrium
effects [108, 109]. The MS-F approach is based on establishing gravity flow at a
series of well-defined h,,, and 6 values, and, thus, it should also be an ideal setup
for measuring solute breakthrough curves (BTCs) to quantify transport proper-
ties. In this paper, we extended the MS—-O and the MS-F approaches with a
multistep—transport (MS-T') approach that measures BTCs at constant h,, and
uniform 6 for different flow rates. This provides a combined tool (MS-OFT) im-
plemented in a single experimental setup to arrive at a more complete picture of
water dynamics and solute transport properties of porous media including their
interrelation. We demonstrated the MS-OFT approach for a sand sample with
the focus on transport of inert solutes as the new component. This experimental
approach was complemented by an analysis of the pore structure using X-ray CT

images, which allowed us to explain the dependency of measured A on 6.

2.3 Materials and Method

2.3.1 Unsaturated Solute Transport

The classical way of modeling transport of conservative solutes in porous media is

the convection—dispersion (CD) model:

o00C 0*C oC
— 0D — — 5 2.1
ot ODcss 072 Ju 0z (21)

where j, [LT7'] is flow rate, D.sp [L*T7!] is effective dispersion coefficient, C'
[ML ™3] is solute concentration, z [L] is travel distance and ¢ [T] is time. The CD
model is justified in the case when transport distance is much larger than some
characteristic length of small-scale heterogeneity. Then, D, is a combined effect
of molecular diffusion, D,, [L?T~!] and hydrodynamic dispersion, Dj, [L2T~!], due
to pore-scale variability of velocities obeying a Fickian regime. Small-scale het-
erogeneity within the flow field is expressed as dispersivity A (= D.yr/v; where
v [LT™'] is pore-water velocity) [L], which can be interpreted as a characteris-
tic length of heterogeneity within the flow field. Since the structure of the flow

field depends on 6, we consider A(f) to be another material property related to
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solute transport. It has been shown that A is scale dependent [23, 33] owing to
the fact that terrestrial systems are hierarchically structured at any scale. This,
however, is not considered in this paper. We focus on the measurement of A(#) for
a macroscopically homogeneous media without any hierarchy in scale, such that A

is expected to be merely a function of 6.

Under field conditions, both j, and gradient in h,, respond to external forcing,
thereby satisfying the Darcy—Buckingham law. A decrease in j,, and a correspond-
ing decrease in # may not necessarily invoke a decrease in v (=j,/0). However,
decrease in 6 deactivates large pores, increases tortuosity of flow paths, prolongs
solute residence time, and impedes solute mixing such that v is actually expected
to decrease (e.g., [87]). On this premise, we note that there are some contrast-
ing views about A(f). For example, some studies reported higher A for lower 6
(e.g., [24, 61, 62, 67]), and this was conceptually attributed to the presence of
immobile water (e.g., [24, 34]). In such cases, experimental data could be evalu-
ated using the mobile-immobile (MIM) model (e.g., [24, 34]). Generally, packed
sediments are typical of increased A when 6 is decreased (e.g., [34]). In contrast,
a lower A value for lower j,, was attributed to deactivation of large pores due to
decreased 0 (e.g., [97]). Toride et al. [87] observed maximum A at intermediate
0 during unit gradient flow. Using a multidirectional pore network model, Raoof
and Hassanizadeh [71] obtained a maximum for A occurring at a critical satura-
tion. Considering this ambiguity, a standard procedure to directly measure A(6)
as a third material property besides h,,(#) and K () would be helpful. The exper-
imental setup described in the following is designed to measure all three material

properties in a single experimental setting.

2.3.2 Porous medium

Fine—grained quartz sand (grain diameter: 0.1-0.3 mm) was repacked in a polyvinyl
chloride cylinder (16.2-cm diam. and 10.0-cm height). The column was tapped
gently at the sides during packing to establish a uniform bulk density, p, [ML™?] (=
1.52 g ecm™3) throughout the entire column. This column was used for the entire
series of hydraulic (MS-O and MS-F) and solute transport (MS-T) experiments.
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2.3.3 Structure analysis

We obtained a three-dimensional image (Fig. 2.1) of the fine-grained quartz sand
from a sample with the same p, (= 1.52 ¢ cm™3) as the experimental column using
an industrial X-ray CT scanner (X-Tek HMX 225). The image was acquired at
an energy level of 90 kV and 612 puA with a resultant voxel size of 0.014 mm.
The three-dimensional image was processed according to the following steps: (i)
increase of image dimensions using trilinear interpolation, (ii) image denoising
using median filter (e.g., [78]), (iii) threshold detection using gradient mask [78, 79]
and (iv) hysteresis thresholding [78, 100] using the two thresholds detected by
gradient masking. In this way, the image was segmented into pore and solid.
After segmentation, the pore structure was analyzed using standard procedures in
mathematical morphology to quantify the pores size distribution [102]. Based on
this pore size distribution, we calculated the spatial distribution of air and water
within the porous media at different pressure heads [35, 99]. This approach is
based on the simplifying assumptions that the interface between air and water is
spherical and that its curvature is related to h,, in accordance with the Young—
Laplace equation for complete wettability (i.e., the contact angle is assumed to
be zero). The phase distribution obtained in this way is an approximation of the
phase distribution at minimum energy, which is hardly achieved in reality due
to non—equilibrium effects. Nonetheless, it may serve as valuable information to
estimate the connectivity of the water phase at various water contents, which we
expect would be useful for the interpretation of unsaturated water flow and solute
transport. This connectivity is quantified by counting the number of separated
clusters of water at different degrees of water saturation using the algorithm of
Hoshen and Kopelman [37].

2.3.4 Multistep—Outflow, Multistep—Flux and Multistep—
Transport Experimental Setup

The device for all three types of experiments is shown in Fig. 3.1. The column
was placed on a porous sintered glass plate. The glass plate was covered with a
nylon diaphragm of —250 hPa air—entry value and equipped with a pressure sensor
(KELLER, PR41X) to monitor h,, at the lower boundary of the column (Pcl).

This pressure was controlled by two magnetic valves, Mv1 and Mv2, connected to
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FIGURE 2.1: Pore (red) and solid (gray) structure of fine-grained quartz sand
(grain diameter: 0.1-0.3 mm) obtained using high resolution X-ray computed
tomography.

atmosphere and a pressure reservoir, respectively. Two tensiometers measured h,,

close to the top of the column (T1) and within the column (T2).

2.3.4.1 Multistep—Outflow Experiment

For the MS—O experiment, the amount of outflow across the lower boundary versus
h., within the column was monitored following a prescribed protocol. The MS-O
dynamics are such that the initially water—saturated sand column is subjected to
stepwise drainage and imbibition following the same course of pressure steps for
decreasing and increasing pressure heads. One such drainage—imbibition cycle was
performed for capillary saturation of the sample to establish the initial conditions
for the second cycle, which was finally evaluated. Dynamics of § within the sample
and the corresponding h,, during drainage and imbibition were measured at high
temporal resolution (seconds). The lower limit of drainage for the MS-O experi-
ment was —60 cm when outflow ceased. Based on the measured dynamics of water
flow and h,,, the hydraulic characteristics h,,(#) and K(6) were obtained using a

classical van Genuchten model [96] and a modified dependent domain model [66]
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to include hysteresis. This resulted in two shape parameters for drying and wet-
ting. Parameter estimation was based on an inverse solution of Richards equation

using the software package MuPhi [42].

FIGURE 2.2:  Multistep-outflow (MS-0O), multistep—flux (MS-F), and
multistep—transport (MS-T') experimental setup: tensiometers T1 and T2 (con-
nected to KELLER PR41X sensors); pressure sensors Pcl (control lower bound-
ary pressure) and Pc2 (measures the water dynamics in the burette based on
the difference to Pcl); magnetic valves Mvl and Mv2 to control pressure at
lower boundary. During MS—-O experiment, V1 is opened to the burette only
while V2 is closed. During MS-F, V1 is closed to the burette, V2 is opened to
pressure tank, V3 is closed to the fraction collector and opened to the water
reservoir (i.e., the water cycle is continuous for MS—F). During MS-T experi-
ment (for input solution or tracer), V1 is closed to the burette, V2 is opened
to pressure tank, and V3 is opened to the fraction collector. For MS-F and
MS-T experiments, the control program adjusts Pcl to the value measured by
T1 (while T2 checks if a constant h,, is established within the entire column);
balance 1 measured the volumetric water content while balance 2 checks the
exact input flux during the MS—F and MS-T experiments.
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2.3.4.2 Multistep—Flux Experiment

The basic idea of the MS—F experiment is to harmonize h,, at the lower boundary
(PC1) with that close to the upper surface of the sample (T1) while a constant
Jw is applied using a peristaltic pump (Fig. 3.1). Water was infiltrated via 19
hypodermic needles uniformly distributed over the column surface, and hence, we
assume uniformity in the surface flux density. In this way, a constant h,, and a
uniform 6 were established for a series of different j,, values. The resulting gravity

flow conditions are given by:

O
o =—K (W + 1) (2.2)

where Oh,,/0z = 0 and z is the vertical coordinate (positive upward). Thus, the
absolute value of j,, corresponds to the hydraulic conductivity, K [LT~!] at the
given h,,. The MS-F setup was equipped with a balance (Mettler Toledo PBA
Series) to measure the mass of the column at high temporal resolution (seconds).
This allowed for deriving the differences in 6 for the various flow rates. The water
content is assumed to be constant throughout the depth of the column. Thus, with
a complete cycle of drainage (decreasing flux steps) and imbibition (increasing flux
steps), the MS—F approach provides a direct measure of K, h,,, and 6. The second
tensiometer (T2) monitors h,, within the column as a check for consistency in
hydraulic states during both the MS-O and the MS—F experiments. The initial
condition for the start of the MS—F experiment was the end of the imbibition cycle
of the MS—-O experiment. For more details on the MS—F experiments we refer to
Weller et al. [108] and Weller and Vogel [109].

2.3.4.3 Multistep—Transport Experiment

The new MS-T approach is based on the same concept as the MS—F approach,
that is the establishment of gravity flow conditions for different j, by adjusting
the h,, at the lower boundary to that measured close to the surface. In this way,
the vertical profile of hydraulic state variables h,, and € were uniform for different
flow rates. Once gravity flow was established at a given j,, the infiltration water
was changed to 100 mg L~! KBr solution (i.e., by replacing the irrigation head

with another one, already filled with KBr solution). The electrical conductivity
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(EC) of the outflow was monitored to obtain the flux concentration. We measured
BTCs for eight different j, values at steady state in response to a step input.
We started with the lowest j,, value of 0.5 cm h™!, which was increased stepwise.
The use of EC to measure tracer BTCs is possible since the sand was cleaned
of organic materials and reactive minerals (nevertheless we noted the presence of
some trace amounts). The transport experiments were conducted without stopping
infiltration (thus, switching between deionized water and KBr solution). At the
end of each experiment, the KBr solution was flushed out of the sample using at
least 10 pore volumes of deionized water. While flushing, the EC was monitored
until it attained a background and stable value, and then the next experiment
was conducted. The BTCs were modeled based on a one-dimensional analytical
solution of the CD model using CXTFIT module [88] in STANMOD [103] by
optimizing for v and D.ss. A first-type boundary condition representative of
flux—averaged concentration was used. For all measured BTCs both v and D¢

could be clearly identified.

2.4 Result and Discussion

2.4.1 Multistep-Outflow Approach

In Figure 2.3 the dynamics of cumulative outflow and h,, in response to decreas-
ing and increasing pressure steps are shown together with the solution of Richards
equation for optimized hydraulic parameters. As is typical for sand, there is a
marked air entry in the pressure range between —20 and —30 cm, and most of the
drainage occurred in the range above —60 cm. The experimental data could be
fitted moderately well, including hysteresis. In the range between —20 and —30
cm the dynamics of water outflow are characterized by rapid outflow immediately
after the pressure step followed by a period of much slower outflow while h,, was
already constant. This is a typical effect of hydraulic non—equilibrium, which
cannot be described by Richards equation [25, 108]. Nevertheless, as a main re-
sult of the MS—O experiment we obtained the optimized hydraulic parameters
(Table 2.1) for the hysteretic water characteristic, h,,(f) and the unsaturated con-
ductivity function, K (), according to the parameterization of van Genuchten [96]

and Mualem [66]. The corresponding hydraulic functions are shown in Figure 2.4.
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FIGURE 2.3: Result obtained from multistep—outflow (MS-O) experiment for

fine—grained quartz sand (grain diameter: 0.1-0.3 mm) indicating imposed pres-

sure at the lower boundary of column (hy) for drainage and imbibition, measured
and modeled outflow, and pressure head (hy,).

TABLE 2.1: Optimal parameters obtained from inverse modeling of multistep—

outflow (MS-O) water content () and pressure head (h,,) dynamics for fine-

grained quartz sand (0.1-0.3 mm grain diameter): 6, and 6, are residual and

saturated water contents, «; and 6,4, scaling factors for imbibition and drainage,

and n, 7, and K, are shape parameter, tortuosity factor, and saturated hydraulic
conductivity, respectively.

Medium n o oy T 0, 0, K

S
cm™! cm h™!

Sand 9.429 0.033 0.023 0.4 0.02 035 17.0

2.4.2 Multistep-Flux Approach

Figures 2.5(a) and 2.5(b) show the results of the MS—F experiment for drainage
and imbibition, respectively. Following a sudden change in h,, after each j,, step
there is a relatively slow movement of h,, in the opposite direction toward some
equilibrium state while # remains almost constant. This h,, overshoot is an-

other manifestation of hydraulic non—equilibrium as discussed in previous studies
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FIGURE 2.4: (a) Hysteretic water retention characteristic obtained via inverse
parameter optimization based on multistep—outflow (MS-O) and directly mea-
sured trajectories of state variables during multistepflux (MS-F) experiments.
Also indicated are the measured water contents (6y;s—7) during the transport
experiment (pink dots) and the critical water content (feriticq;) at which dis-
persivity increased abruptly (blue dot). The red arrow shows a fast adap-
tion of h,, after a step change in boundary j, (i.e., trajectory toward a non—
equilibrium state) followed by a slow equilibration phase (i.e., trajectory toward
some quasi—equilibrium state) indicated as the black arrow. (b) Hysteretic hy-
draulic conductivity function obtained via inverse parameter optimization based
on MS-O (Kjs—0) and trajectories of K—h,, directly measured during MS-F
(Kps—r). Also indicated are the measured hydraulic conductivity (Kyrs—1)
during the transport experiment (pink dots) and the critical hydraulic conduc-
tivity (Keriticar) at which dispersivity increased abruptly (blue dot). The red
arrow shows a fast adaption of h,, after a step change in boundary j,, (i.e., tra-
jectory toward a non—equilibrium state) followed by a slow equilibration phase
(i.e., trajectory toward some quasi-equilibrium state) indicated as the black
arrow.



Chapter 2 17

(e.g., [108, 109]). The second tensiometer (T2 in Fig. 3.1; h,,l [L] in Fig. 2.5)
confirmed that the vertical profile of h,, was uniform shortly after each flux step,
so that gravity flow as well as a uniform profile in # was established. Hence, we
obtained the unsaturated hydraulic conductivities for different h,,. The MS—F re-
sult also quantified the water retention characteristic of the sample if we consider

the magnitude of change in h,, versus 0 (Fig. 2.4).

2.4.3 Multistep—Transport Approach

As demonstrated by the MS-F approach (Fig. 2.5), adjusting the lower boundary
pressure, h;, [L] to the value measured by the upper tensiometer h,,u [L] led to
a uniform h,, profile along the vertical (z) axis (i.e., hy = hyu =~ hy,l). After
each 7j, step, a state of dynamic equilibrium was reached. The entire column was
either on a wetting curve (increasing j,, steps) or on a drying curve (decreasing
Jw steps). In this case, it can be assumed that a uniform h,, translates into a
uniform ¢ and a uniform geometry of the flow field. These are ideal conditions to
investigate solute transport at different j, values and different hydraulic states.
We measured solute (KBr) BTCs for increasing j,, steps since the non—equilibrium
phenomena were much less pronounced compared to decreasing j,, steps (Fig. 2.5).
Thus, a quasi—equilibrium state was established much faster during imbibition. A
plausible explanation for this phenomenon is that during imbibition, entrapped
gas has the tendency to be stabilized whereas during drainage, water in larger
pores entrapped through narrow pore necks has the tendency to be destabilized.
The measured BTCs are expressed as relative concentration versus pore volume
(Fig. 2.6). After fitting the parameters v and D.r; (Table 2.2), all experiments
could be described by the CD model (see Table 2.2 for goodness of fit given by

the coefficient of determination, r?).

The volumetric water content, 6y,5_7 [-], which was calculated from the weight
of the column measured at high temporal resolution, is essentially uniform, while
Jw 18 given by the upper boundary condition and pore-water velocity, vMS-T [L
T1] (= jw/aMS-T), was determined directly. The inverted pore-water velocity
using CXTFIT, vexrrrr [LT™!], corresponds almost exactly to vy (Fig. 2.7).
We conclude that the water phase was connected during transport and the entire

volume of water for the respective j,, contributed to solute transport. Since 0y;5_7
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multistep—flux (MS-F) and (b) for increasing infiltration steps. hp, hpl, and
hmu are lower boundary pressure (Pcl), upper (T1), and lower (T2) pressure
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was fairly uniform and h,, was constant throughout the vertical height of the

column, no depth correction for 6 (e.g., [98]) was required.

In the dry range, A increased substantially (Fig. 2.8), and the asymmetry of BTCs
was apparent. Decrease in # may increase the proportion of pore regions with
reduced accessibility. This will be explored in more detail when analyzing the
pore structure further below. Padilla et al. [67] noted that smaller flow channels,
tortuosity increase, prolongation of travel path, and the occurrence of water films
(enveloping grains) are characteristic of unsaturated flow and solute movement,
and, as a consequence, experimental data may not conform to a CD solution. Our
experiment could be explained along the same lines; thus, increased tortuosity and
a prolonged travel path are apparent in the dry range and reflected by increased
sensitivity of A with respect to changes in 6 and v (see insert in Fig. 2.8). However,
the CD model was able to describe the experimental data even for the lowest j,
where the shape of the BTC becomes asymmetric. The validity of the CD model
is further corroborated by the agreement between voxrrrr and vyrg_7. Another
indication for the validity of the CD model is the macroscopic Peclet number
defined as Pe = z/X\ (where z = 10 cm is the transport distance). Except the
lowest j,,, Pe is larger than 10 for all other flow rates (Table 2.2). It is noted that
transport is controlled purely by diffusion if Pe < 2, a combination of diffusion,
convection, and dispersion, if 2 < Pe < 9 and mainly by convection and dispersion
if Pe > 9 (e.g., [41]). For the lowest j,, with Pe = 3.2, we are close to the limit of
applicability of the CD model, and the small ratio between z and A explains the
asymmetry of the BTC.

2.4.4 Consistency of Multistep—Outflow, Multistep—Flux
and Multistep—Transport Approaches

The MS—-O and MS-F approaches provide consistent results with respect to the
hydraulic properties, including hysteresis (Fig. 2.4). In Figure 2.4, the pink dots
represent the various hydraulic states during the MS—T experiment while the blue
dot represents the critical region where A increased substantially. The hydraulic
states of the MS—T experiment are a subset of those of the MS—F experiment. The
MS—-0O experiment provides hydraulic functions optimized for the given protocol
of applied pressure steps. This is illustrated for the water retention characteristics

(Fig. 2.4a) and for the unsaturated hydraulic conductivity function (Fig. 2.4b).
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FIGURE 2.6: Breakthrough curves for various flow rates as normalized flux
concentration versus infiltrated pore volume.

TABLE 2.2: Transport parameters obtained by multistep—transport (MS-T)
approach: flux rate (j,), measured volumetric water content (6y/5_7), directly
measured mean pore-water velocity, vars—7 (= Jjuw/0ms—7, optimized mean
pore—water velocity using CXTFIT (vexrrir), effective mean velocity, effec-
tive dispersion coefficient (Dcsy), dispersivity (A), molecular diffusion coeffi-
cient (D,,), measured pressure head (h,,), macroscopic peclet number (Pe),
and coefficient of determination (72).

Jw Orvs—r vms—t  Voxrrir  Desy A D,, hm — Pe r
cm h™! ecmh™ emh™? em?h™?t em em?h™! cm

0.5 0.10 5.0 3.8 15.72  3.14 0.003 -50.0 3.2 0.999
2.4 0.17 14.6 13.5 14.15  0.97  0.009 -32.0 10.3 0.999
4.8 0.22 22.3 21.4 7.43 0.33 0.017 -28.0 30.0 0.999
7.3 0.25 28.7 28.5 7.20 0.25 0.024 -26.0 39.9 0.999
9.7 0.29 34.0 33.6 6.95 0.20 0.032 -24.6 48.9 0.999
12.1 0.31 38.8 39.8 7.32 0.19 0.039 -22.6 53.0 0.999
14.5 0.34 43.4 44.7 6.29 0.14 0.046 -21.1 69.0 0.999
17.0 0.37 48.5 48.4 6.48 0.13 0.0561  -11.7 74.9 0.999

The observable differences within the state space of 6 and h,, for the MS-O and

MS—F or MS-T can be explained by non—equilibrium effects. Obviously, for the

investigated sand, there is considerably less non—equilibrium during imbibition as
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compared to drainage. As hypothesized, water in larger pores entrapped through
narrow pore necks has the tendency to be destabilized during drainage whereas
entrapped gas has the tendency to be stabilized during imbibition. Consequently,
a quasi-stable phase distribution is reached faster behind an imbibition front as

compared to a drainage front.

For the drainage branch, the MS—O result is close to the non—equilibrium state
measured by the MS—F approach, especially for the water retention characteris-
tic (Fig. 2.4a). Obviously, the hydraulic parameters obtained using the MS-O
approach are afflicted by the phenomenon of hydraulic non—equilibrium. This is
evident at the air—entry point (step from —20 to —30cm) where some equilibrium
state is approached very slowly (Fig. 2.3). The duration of pressure steps during
the MS—O experiment was 3 h while the duration of flux steps during MS—F was
in the range of 5 h. Yet, the results of MS—O corresponds to what is obtained
by MS-F immediately after the flux step. We speculate that during stationary
infiltration (the MS—F approach), the development toward some equilibrium state
is faster because of additional viscous forces as compared to the static pressure

steps in the MS—O experiment.

While the lowest j,, was established after drainage, the other flow rates were estab-
lished during imbibition. They almost perfectly agree with the imbibition branch
of the hydraulic functions as obtained from MS-O. In summary, the combination
of MS-O, MS-F, and MS-T approaches provide the material properties 0(h,,),
K (h,,) and A(f) in a consistent way.

2.4.5 Structure Analysis to Interpret Unsaturated Trans-
port

The sudden increase in A as 0 reduces below 0.2 (Fig. 2.8) can be interpreted as a
considerable change in the geometry of the flow field. We note that A is more sen-
sitive to changes in # and v within the dry range (see insert in Fig. 2.8). Based on
the three-dimensional X-ray CT image of the pore structure, we could calculate
the distribution of the fluid (air and water) phase at various h,, values to visualize
the expected geometry of the flow field in the state of energetic minimum. The
images were subject to a simple cluster analysis to identify which part of the water

phase can be assigned to a percolating continuous cluster (i.e., connected to the
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inlet and outlet boundaries) and which parts are disconnected (i.e., water filled but
not connected to the inlet and outlet boundaries) and forming isolated clusters.
It should be noted that the isolated water clusters obtained by image analysis are
expected to be hydraulically connected via water pathways that are thinner than
the image resolution (7.0 pm). Hence, these clusters may still contribute to flow
and transport, but they are only accessible through regions of very low conduc-
tivity. The fraction of isolated water—filled pores is negligible close to saturation
but increases as 6 decreases (Fig. 2.9). The distribution of the three phases, solid,
air, and water, at § = 0.11 is illustrated in Fig. 2.10(a). In Fig. 2.10(b), only
the distribution of isolated (green) and percolating (blue) water is shown for the
same water content. For 6 > 0.,.;4:.; almost the entire pore space is connected to
both inlet and outlet boundaries, creating a dense network of flow paths, and any
point within the water phase is in short distance to some flow path of relatively
high velocity. For 0 < 0.,.:icq1, however, the fraction of disconnected water clusters
increases, leading to a substantial change in the characteristics of the flow field.
This is characterized by a continuous pore network connected to both inlet and
outlet boundaries (blue in Fig. 2.10b) and isolated clusters of pores connected to
the continuous phase via films (green in Fig. 2.10b). The water within these iso-
lated clusters interacts with the continuous flow paths, but the limited exchange
through narrow paths increases the overall dispersivity. The early breakthrough of
the tracer for lower water contents is due to fast flow along the continuous water
phase, and the tailing is due to solute exchange between the continuous water
phase and the isolated water clusters. We conclude from our results that the con-
tinuity of the water phase is the most important feature explaining the observed
increase in \. We are aware that this can only be an approximation of the real
situation because the phase distribution was calculated for the simplified case of

an energetic minimum according to the Young-Laplace equation.

2.5 Conclusion

We introduced a comprehensive experimental approach combining multistep—outflow,
multistep—flux, and multistep—transport (MS—-OFT) for studying soil hydraulic
and solute transport properties using a single experimental setup without moving
the sample from one device to another. The new component, MS-T, provides

BTCs at constant h,, and uniform # and thus provides an experimental approach
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FIGURE 2.9: The fraction of isolated water clusters versus water content ()
derived from cluster analysis of a three-dimensional image obtained from X-ray
computed tomography

FIGURE 2.10: (a) Distribution of air (red), solid (gray) and water [i.e., contin-
uous (blue) and isolated (green) water clusters at § = 0.11 based on a three—
dimensional image obtained from X-ray computed tomography. (b) Distribution
of percolating (blue) and isolated (green) water clusters at § = 0.11 based on a
three—dimensional image obtained from X-ray computed tomography.

to measure solute dispersivity as a function of water content, A(#). While the
hydraulic properties h,,(f) and K () have been studied a lot, this extension for

solute transport is new and provides a more complete picture. We demonstrate
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that the combined experimental approach, MS-OFT produces consistent results,
including the hysteretic behavior of the hydraulic functions. For the sand investi-
gated here, we found a non-linear increase in A with decreasing 6 at decreasing j,,.
This could be explained by structure analysis based on X-ray CT images where
the geometry of the flow field could be addressed through the connectivity of the
water phase at different saturations. Our experimental results together with the
analysis of the pore structure provide a framework toward a holistic understanding
of water dynamics and solute transport in unsaturated porous media. It has to
be expected that the relation A\(f) is also hysteretic, but this will be the subject

of future research.
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Transport of citrate—coated Ag

nanoparticles in unsaturated sand

3.1 Abstract

Chemical factors and physical constraints lead to coupled effects during parti-
cle transport in unsaturated porous media. Studies on unsaturated transport as
typical for soils are currently scarce. In unsaturated porous media, particle mo-
bility is determined by the existence of an air—water interface in addition to a
solid—water interface. To this end, we measured breakthrough curves and reten-
tion profiles of citrate—coated Ag nanoparticles in unsaturated sand at two pH
values (5 and 9) and three different flow rates corresponding to different water
contents with 1 mM KNOj as background electrolyte. The classical DLVO the-
ory suggests unfavorable deposition conditions at the air—water and solid—water
interfaces. The breakthrough curves indicate modification in curve shapes and
retardation of nanoparticles compared to inert solute. Retention profiles show
sensitivity to flow rate and pH and this ranged from almost no retention for the
highest flow rate at pH = 9 to almost complete retention for the lowest flow rate
at pH = 5. Modeling of the breakthrough curves, thus, required coupling two par-
allel processes: a kinetically controlled attachment process far from equilibrium,

responsible for the shape modification, and an equilibrium sorption, responsible

This chapter has been published: Kumahor, S.K., P. Hron, G. Metreveli, G.
E. Schaumann, H.-J. Vogel. 2015. Transport of citrate-coated silver nanoparti-
cles in unsaturated sand. Science of the Total Environment 535 (2015) 113-121.
http://dx.doi.org/10.1016/j.scitotenv.2015.03.023.
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for particle retardation. The non—equilibrium process and equilibrium sorption
are suggested to relate to the solid—water and air—water interfaces, respectively.
This is supported by the DLVO model extended for hydrophobic interactions which
suggests reversible attachment, characterized by a secondary minimum (depth 3-5
kT) and a repulsive barrier at the air—-water interface. In contrast, the solid—water
interface is characterized by a significant repulsive barrier and the absence of a
secondary minimum suggesting kinetically controlled and non—equilibrium inter-
action. This study provides new insights into particle transport in unsaturated

porous media and offers a model concept representing the relevant processes.

Keywords: Air—water interface; Solid—water interface; Engineered nanopar-
ticle; Extended DLVO theory; Unsaturated flow; Pore structure.

3.2 Introduction

Ongoing efforts to understand mechanisms governing transport and retention of
engineered nanoparticles (NPs) in porous media are motivated by their wide array
of application. For instance, engineered Ag NPs are used for antibacterial [18, 115],
conductive [44], diagnostic and therapeutic [21, 83], and optical [111] applications.
Incidentally, NPs may be released and enriched in some compartments of the
ecosystem (e.g., soils and surface waters) relative to their natural background
occurrence [4]. Due to their toxic and bioaccumulative tendencies, engineered Ag
NPs may pose hazard upon environmental exposure. This calls for systematic
investigation into their interaction within the unsaturated zone which cushions

groundwater against potential long—term contaminant sources [76].

Mechanisms governing particle transport in porous media are multifaceted ranging
from geometric and hydrologic to hydrogeochemical controls. Previous studies are
mostly focused on transport under fully saturated conditions (e.g., [9, 60, 107]),
while transport under unsaturated conditions (e.g., [32]) still requires systematic
investigation to elucidate governing mechanisms. During unsaturated flow, capil-
lary forces are expected to control colloid interaction in the vicinity of air—water
interface (AWI) (e.g., [11, 55]) and this tendency could be crucial for their trans-
port. This phenomenon has not been fully investigated for engineered NPs espe-

cially with their specialized nature in terms of charge, reactivity and size. The
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size of engineered NPs poses challenges to directly investigate the influence of cap-
illary forces during transport. Hence, DLVO (e.g., [32, 89]) and extended DLVO
(e.g., [11]) analyses are often combined with column experiments to gain insight.
The classical and extended DLVO models could provide a priori an affinity index
between NPs and potential collectors (AWI and solid—water interface, SWI) during

transport.

We investigated unsaturated transport of citrate—coated Ag NPs within repacked
sand as model porous media. The zeta (¢) potential [ML>*T~3A~!] of clean quartz
and glass is typically between —10 and ~80 mV depending on the solution chem-
istry [30, 31, 45, 72]. Some studies suggest that the AWI bears no charge (e.g., [63])
while others reported charges in the range of -4 to —110 mV depending on solu-
tion composition (e.g., [11, 17, 57, 84, 113]). Grain surfaces which are not com-
pletely wettable may have air-water—solid (AWS) contact points. In contrast,
water films may extend infinitely on completely wettable grain surfaces [55]. Both
cases present avenues for straining either near AWS contact points or in water
films of comparable size as NPs [76]. Chen and Flury (2005) observed colloid re-
tention for unsaturated flow and thermodynamic properties have been suggested
to play a role. Colloid retention in porous media was observed under electrostati-
cally unfavorable deposition conditions (e.g., [12, 89, 93]) and straining has been
suggested by the authors as a dominant retention mechanism. This provides a
hint that physical and chemical factors may be coupled in the governing transport
mechanism. Colloid transport is expected to increase for moving AWI [64] or de-
crease for stationary AWI [55]. Fang et al. [32] reported that decrease in water
content, 6 [-], had little impact on TiO NP mobility owing to the net repulsive
interaction between negatively charged AWI and TiOy NPs.

The limited number of studies on unsaturated transport of engineered NPs could
be due to the difficulty in establishing well-defined experimental conditions [76].
This difficulty is further augmented by the complexity associated with the phase
distribution of pore fluids (air and water) and the coupled effects of physical con-
straints and chemical factors. This complicates the identification of an appropriate
process model. Recently, the technical problem to establish well-defined unsatu-
rated flow conditions (i.e., constant pressure head, h,, [L], and uniform 6) has been
largely solved by the newly developed multistep—flux (MS-F) approach [108, 109]
and the related multistep—transport (MS-T) approach [50]. In this study, we used

the new experimental tools to explore in a systematic way and with well-controlled
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experimental conditions, the transport of citrate—coated Ag NPs at three different
flow rates, j, [LT™!], two pH levels (5 and 9) and at a fixed pore-water ionic
strength (1 mM KNOj3). Furthermore, the transport of citrate-coated Ag NPs
in unsaturated sand was modeled by using a modified form of the convection—
dispersion (CD) equation. The classical and extended DLVO interaction energy

profiles were calculated to characterize collector—NP interaction.

3.3 Materials and method

3.3.1 Silver nanoparticles

The citrate reduction method was used for the synthesis of Ag NPs. The synthesis
procedure is detailed in Metreveli et al. [65] together with the characterization of
the Ag NPs. The citrate—coated Ag NPs are quasi—spherical with a hydrodynamic
diameter, hg [L], of about 40 nm. For the transport experiments, the stock of
100 mg L™' Ag NP dispersion was further diluted (ratio of 1:100). The resul-
tant dispersion was adjusted to a background electrolyte concentration of 1.0 mM
KNOj (extra pure, MERCK) and the pH adjusted to 5 and 9 using HNOj3 (65%
Suprapur, MERCK) and NaOH (pure, MERCK) respectively.

3.3.2 Sand medium

The sand (Co. Sand-Schulz, Berlin) used for the transport experiments has a grain
size distribution of 0.1-0.3 mm with a median grain diameter, dso [L], of 0.2 mm.
The same sand was used by Kumahor et al. [50] for tracer studies. A similar grain
size (275 pm) is typically used in sand filters (e.g., [19]). The sand was packed to a
bulk density, p, [ML73], of 1.52 g cm™3. According to its industrial specifications,
the cleaned sand may contain trace amounts of organics and reactive minerals. We
used cleaned sand as model porous medium to: (i) exclude as much as possible
the influence of organics and reactive minerals, and (ii) direct our focus towards

understanding the impact of AWI on particle transport.
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3.3.3 Water flow dynamics and transport experimental pro-

tocol

We combined studies on the experimental determination of hydraulic properties
(i.e., moisture release and conductivity functions) with transport characteristic
(for both inert solute and NPs), at the scale of a lab column to investigate the
mobility of NP for well-defined hydraulic states and delineated chemical conditions
in terms of pH and pore water ionic strength. The experimental columnwas a
polyvinyl chloride (PVC) cylinder of dimensions 16.2 cm(inner diameter) and 10
cm(column height). The column was fitted on a porous glass plate with a higher
conductivity compared to the sand. The low air entry point of this plate allowed
for controlling h,, at the lower boundary (Fig. 3.1). The column was dry—packed

while tapping gently on the sides to ensure a uniform p.

The water retention characteristic and the unsaturated hydraulic conductivity
function were measured using the multistep—outflow (e.g., [36, 95, 117]) and MS—
F [108, 109] approaches. The results [50] were used to design the NP transport
experiments which aimed at investigating the influence of pH and flow regime
(thus, structure of the flow field). Two pH values (5 and 9) and three flow rates
(i.e., 2.5, 9.7 and 17.0 cm h™!) corresponding to three different 6 values (i.e., 0.17,
0.29 and 0.35 respectively) and pore-water velocities, v [LT™1], (i.e., 14.7, 33.4
and 48.6 cm h™! respectively) were investigated with a 1 mM KNOj3 background
electrolyte. With a constant j, established via a peristaltic pump (ISMATEC)
such that a constant h,, and uniform 6 were realized during water flow (Fig. 3.2),
we conducted the NP transport experiments along the following steps: (1) prior
to application of Ag NP dispersion, the column was flushed with 5 pore volumes
(PVs) of the background electrolyte solution and also to establish a stationary flow
field, (2) then, 8 PVs of the Ag NP dispersion were delivered through 19 evenly
distributed hypodermic needles at the surface, (3) this was followed by another 8
PVs of Ag NP—free solution to quantify the mass of NPs irreversibly retained, (4)
the column was then dissected into layers of 1 cm height and oven dried at 105 °C
for 24 h. The sand was homogenized and a subsample (10 g) taken for leaching
studies. The retention profiles (RPs) were measured as follows: (a) the sand was
moistened with some Milli-Q) water, (b) 5 mL of 65% suprapur HNO3; was added,
(c) the content was placed in an ultrasonic bath at about 60 °C for 10 min, (d) then

topped up to 50 mL with Milli-Q water, (e) this was followed by centrifugation (f)
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and the supernatant diluted 1:50 with Milli-Q water for I[CP-MS measurements.
(5) A mass balance was calculated from the BTCs and RPs.

This procedure was repeated for the different flow rates and pH values. Moisture
content was measured using a weighing balance (Balance 1 in Figure 3.1) and h,,
was continuously monitored at high temporal resolution using two tensiometers
installed at about 2.0 cm and 8.0 cm from the bottom of the column. The experi-

mental conditions for the various flow rates and pH levels are shown in Figure 3.2.

3.3.4 Quantification of air—water—interfacial area

The area of the AWI was quantified as a function of h,, using a 3-D image of

the sand from a sample with the same p, (= 1.52 g cm?) as the experimental

FiGure 3.1:  Multistep-outflow (MS-O), multistep—flux (MS-F) and

multistep—transport (MS-T) experimental setup (Figure after Kumahor et

al. [50]). The citrate-coated Ag nanoparticle (NP) transport experiment uses

the MS-T setup but for a specified flow rate at the top boundary and outflow
collected in fractions.
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FIGURE 3.2: Experimental conditions during citrate—coated Ag NP transport

(from top to bottom: increasing flow rate, j,,; from left to right: increasing pH).

In the legend, h,,u, hy,l and hy are upper, lower and boundary pressure heads
respectively.

column obtained using an industrial X-ray CT scanner (X-Tek HMX 225). Image
acquisition procedure, pre—processing steps and image segmentation are detailed
in Kumahor et al. [50]. After image segmentation, the pore size distribution was
derived following standard procedures in mathematical morphology [102]. The
area of the AWI was calculated at different h,, values following a procedure de-
tailed in Schliiter et al. [78] based on the fluid phase distribution. The simplifying
assumptions of this approach are that: (i) the AWI is spherical, and (ii) its radius
of curvature, r [L] is related to h,, in accordance with the Young—Laplace equation
(e.g.,(e.g., [101]). With these assumptions, we obtained an approximate area of
the AWI for a given h,, at an energetic minimum which should be useful for the

interpretation of unsaturated flow and NP transport.
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3.3.5 Hydrodynamic size, electro—kinetic characterization

and interfacial potential energies

The hydrodynamic diameter, hg, (e.g., [22, 48] and the zeta ({) potential of the
citrate—coated NPs were characterized as a function of pH using a particle analyzer
(Delsa Nano C, Beckman Coulter, Fullerton, USA; laser wavelength: 658 nm). The
hg was measured using Dynamic Light Scattering (DLS) while the ¢ potential was
obtained from the electrophoretic mobility of the NPs using the Smoluchowski
equation (e.g., [20]. For hy; and ¢ potential measurements, the dispersion was
adjusted to a background electrolyte of 1.0 mM KNOj5 representative of the pore—
water ionic strength established during the transport experiments. In the acidic
range (pH = 2 to 6), both HNO3 and H5SO,4 were compared for their influence
on hg and ¢ potential while NaOH was used to adjust the pH in the neutral to
basic range (pH = 7 to 11). The hy and ¢ potential for pH = 5 (using HNOj3)
and pH = 9 were used to characterize the classical and extended DLVO interfacial
potential energy profiles for NP—collector interaction. The classical DLVO theory
describes the interplay between van der Waals attractive forces, E,qn [ML*T?]
and electrostatic double layer repulsive forces, Egp; [ML?*T?| as a function of
separation distance, hy [L] while the extended DLVO is the DLVO augmented for
hydrophobic interaction, Exyp [ML*T?] [11, 29]. The extension for hydrophobic
interaction is justified by the presence of AWI and citrate which is amphiphilic. A
sphere (NP)-plate (collector) interaction (e.g., [11, 29, 89] was considered given a
small hy of Ag NPs (about 40 nm) relative to either the r of the AWI (varies with
0) or dso. Equations, input parameters and constants used for the calculations are

given in the Supplementary data (Appendix A).

3.3.6 Analysis of breakthrough curves
3.3.6.1 Tracer BTCs

The BTCs and model results obtained for the inert solute (KBr solution) are de-
tailed in Kumahor et al. [50]. The travel distance z [L] is 10 ¢cm which is more than
two orders of magnitude larger than the characteristic length of the pore structure
(i.e., dso = 0.2 mm) and hence, a meaningful analysis of transport characteristics

can be expected. Modeling of tracer BTCs was based on a 1-D analytical solu-
tion of the CD equation using CXTFIT module [88] in STANMOD [103]. The
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dispersion coefficients (D.sf) of inert solute corresponding to the three j, values

are listed in Figures 3.5-3.7 (see figure captions).

3.3.7 Model formulation: unsaturated transport of silver

nanoparticles

We propose a model formulation which is motivated by the qualitative interpre-
tation of the BTCs. There is a steep initial breakthrough followed by a long
tailing as typical for non—equilibrium sorption but at the same time the initial
breakthrough is shifted in time with respect to the tracer as typical for a simple
retardation at equilibrium. Hence, the BTCs suggest two parallel processes con-
trolling NP transport: (i) retardation of NPs relative to the tracer which can be
represented by a retardation factor R [-] in analogy to equilibrium sorption and
(ii) a non—equilibrium process depicted as unbalanced attachment and detachment
rates. With this, we modeled the transport of the citrate-coated Ag NPs using a

1-D form of the CD equation in combination with a reaction term given as:

90RC 9*)C 9C  0S,,
Tor PergE T Ty @1)

where C' [ML73] is the concentration of NPs in the aqueous phase, ¢t [T] is time
and Sy, [-] is the amount of attached NPs. For the special case of linear sorption,

R relates to an equilibrium sorption coefficient (K.,) given by:

pbKeq
0

R=1+ (3.2)

where K., =5;,,/C and Sy, is the amount of NPs sorbed under equilibrium condi-
tions. This special case (assumption) holds for the attachment of citrate—stabilized
Ag NP to quartz at concentrations of up to 40 ¢ L ™! [2]. For higher NP concentra-
tions, a Langmuir type of Ag NP sorption as observed for bare Ag NP [2] should be
expected. The reaction term, illustrated by attachment ku; [T~!] and detachment
kger [T~ coefficients, accounts for the non—equilibrium mass transfer between the

aqueous phase and the collector:

OSnp
Pb It

= 0katt¢0 - pbkdetsnp (33)
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The relation (Eq. 3.4) incorporates a dimensionless time and depth dependent

straining function, ¢ [-]:

Sn d50 +z =8
=(1= P 3.4
w ( Snp,ma;r ) ( d50 ) ( )

where Sy mas [-] 1s maximal attainable amount of NPs attached for a given chem-

ical boundary and § [-] is a shape factor for retention along the flow path. Hence,
the first and second terms on the right hand side of Eq. ( 3.4) represent temporal
dynamics and depth dependent interaction of NPs respectively [59, 60, 89]. When
B = 0, the transport process is strictly time-dependent. A [ of 0.432 was con-
sidered for sand [60, 89] and 1.532 for undisturbed loamy sand soil [59]. We note
that 8 should depend on factors such as pore geometry, geometry of the flow field

(varies for unsaturated flow), NP geometry and pore—water chemistry.

3.3.8 Parameter estimation

The parameters jy, 0, Dess , Katt 5 Kdet, R, Snpmar and [ were either obtained
directly from the experiments or estimated via inverse modeling. Flow rate and 6
were directly obtained from the transport experiments while D, ;s was obtained by
fitting a 1-D analytical solution of the CD model to tracer BTCs [50]. The S, max
was determined from the RPs. Based on the chosen model (Egs. (3.1-3.4), the
remaining parameters k., kqet, 2 and [ were obtained via parameter estimation
using the Levenberg—Marquardt Algorithm with sensitivities derived by numerical
differentiation. The forward model solves the transport equation for the NPs in the
aqueous phase (Eq. 3.1) together with the reversible attachment models (Eq. 4.3)
and (Eq. 3.4) with given initial concentrations (e.g., [38]). In order to minimize
numerical errors, the 10 cm 1-D domain was discretized into 512 elements for
cell-centered finite volume simulation (e.g., [38]). The concentration in the last

element was taken as outflow concentration in each time step.
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3.4 Results and discussion

3.4.1 Size and colloidal stability of citrate—coated Ag nanopar-

ticles

Figures A.1(a) and A.1(b) (in Supplementary data) show the dependence of hqy
and ( potential, respectively, on pH in the range of pH = 2 to pH = 11. For pH
= 6 and above, hy is 40 + 0.4 nm whereas below pH = 6, h, increases up to 189
+ 8 nm (HyS0,) and 143 £ 5 nm (HNOj) at pH = 2. Thus, slight and significant
aggregation should be taken into account for pH = 5 and pH < 5 respectively. For
7 < pH < 11, ¢ potential varies between —40 mV and —65 mV and then increases
with decreasing pH to +4mV (H2SO,4) and +7 mV (HNOj) at pH = 2. At pH
< 4 where significant aggregation is apparent, the absolute ( potential value is
below 20 mV. Our finding is in line with Tourinho et al. [91] who noted that a
suspension of homogeneously charged particles will remain stable as long as the
absolute ¢ potential value is greater than 30 mV. Badawy et al. [27] reported no
aggregation of citrate-coated Ag NPs in 10mM NaNOj solution for 6 < pH < 9
which is consistent with our results. We note that between pH = 3 and 5, the (
potential profiles differ depending on the acid used. The ( potential value is more
positive and hg is smaller with the use of HNO3 compared to the use of HySOy
at pH = 3. Additionally, a slightly different point of zero charge (pHpzc) was
observed for HySOy (ie., pHpze around = 3) compared to HNOj (i.e., pHpzc
around = 4). We suggest that at pH = 3, moderate oxidation by excess NO3
from HNO3; may lace Ag NPs surfaces with Ag' and this could explain the more

positive ¢ potential and the smaller hy.

3.4.2 Consequence of silver nanoparticle hydrodynamic size

and attachment properties on transport

The duration of measurement of both hy and { potential including sample prepa-
ration was about 30 minutes while the transport experiments lasted for about 3.5,
5 and 11 hours corresponding to j, values of 17, 9.7 and 2.4 cm h™! (Fig. 3.2).
Due to the slight aggregation observed at pH = 5 (Fig. A.la) and with regard to
duration of the transport experiments, there is a tendency of Ag NP aggregation

during transport. This should be considered relevant for the longest transport
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experiment which lasted for about 11 hours (i.e., j, = 2.4 cm h™!) and with A4 to
pore diameter, d,, [L] ratio [-] of about 0.005 and higher. This value is greater than
the critical hq/d, (= 0.002) above which colloid straining is reported to be rele-
vant [13]. On the contrary, hy may remain constant for the transport experiments
conducted at pH = 9.

Applying the classical DLVO theory for Ag NP—collector interaction suggests no
secondary minimum and a repulsive energy barrier at both collectors (Fig. 3.3a).
A repulsive energy barrier at SWI-NP distances ranging between 1 and 2 nm is
lower at pH = 5 (55 kT') than at pH = 9 (84 k7). Diffusion controlled activation
energies generally range from 20-40 kJ mol™! (e.g., [7]), which corresponds to 8-16
ET. An energy barrier above this range can be considered high enough to prevent
immediate attachment to the primary minimum. Also, colloidal suspensions are
usually considered very stable if the energy barrier exceeds 20 kT [29]. At the
AWI, the classical DLVO profiles suggest no attachment due to the absence of a

primary minimum.

The DLVO theory extended for hydrophobic interactions indicates a repulsive
energy barrier for attachment at both collectors and a secondary minimum at
the AWI (Fig. 3.3b). The profile characteristics for the SWI suggest kinetically
controlled and partly irreversible Ag NP attachment in the primary minimum, in-
dependently of whether hydrophobic forces are considered or not. In contrast, the
consideration of hydrophobic interactions is relevant for the AWI, where it clearly
modifies the DLVO profiles and results in formation of a secondary minimum. For
pH = 9, the secondary minimum at the AWI (separation distance = 44 nm and
depth = 3.4 kT") may permit weak but reversible attachment as discussed by Zhou
et al. [116] for inter-particle interaction. The repulsive maximum (39 £7") and the
activation energy required to proceed from the secondary minimum to the primary
minimum (42.4 k7' is high enough to prevent fast attachment in the AWI primary
minimum. For pH = 5, a secondary minimum of 5.1 k7T and an energy barrier
of 4.5 kT at the separation distances of 33 nm and 7 nm, respectively, also may
suggest a weak but reversible attachment in the AWI secondary minimum. We
are however cautious to fully exclude irreversible attachment in the primary mini-
mum since NP with sufficient thermal energy may overcome the 9.6 kKT activation

energy required to proceed to the AWI primary minimum.
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FIGURE 3.3: Dimensionless DLVO (a) and extended DLVO (b) interaction

energy profiles for citrate— coated Ag NPs versus solid—water interface (SWI)

and air-water interface (AWI) at pH = 5 and pH = 9. The extended DLVO

profiles account for hydrophobic interactions. The insert Figures in (a) and (b)

represent a section of the interaction energy profiles in order to visualize the
absence or presence of secondary minimum.

3.4.3 Tracer and nanoparticle transport characteristics
3.4.3.1 Experimental breakthrough curves and modeling

Figure 3.2 shows the observed # and h,, during the citrate-coated Ag NP trans-
port experiments for the various j, values and pH levels. The established 6 and
hy, depict well-defined unsaturated flow conditions (i.e., uniform # and constant

hp,) while flow is gravity driven. The NP BTCs and the corresponding RPs are
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shown in Figs. 3.5 to 3.7. The experimental results and model outputs are indi-
cated as points and lines respectively. All the BTCs could be modeled reasonably
well (goodness of fit given by the coefficient of determination, r* values are listed
in Table 3.1) except for the lowest j, (2.4 cm h™') at pH = 5. Under these con-
ditions, NPs were almost completely retained within the column. We obtained
a consistent mass balance for this experiment with slight overestimation at the
solid phase as shown in Table 3.1. The BTCs depict a non-linear increase in
mobility with increasing j,, and #, and lower NP mobility at pH = 5 compared
to pH = 9. The presence and absence of a secondary minimum at the AWI and
SWI, respectively, justify coupling of equilibrium sorption for the AWI with an
attachment—detachment model for SWI as represented by the chosen model (Egs.
(3.1)—(3.4)). The resulting differences in kq: and kger (Table 3.1) suggest interme-
diate to fast attachment to the SWI but slow detachment. This non—equilibrium
interaction at the SWI is in line with the suggestions from the DLVO and ex-
tended DLVO profiles. This conclusion is further supported by the observation
that saturated NP transport, with mainly NP-SWTI interactions, can be described
solely with an attachment—detachment kinetics (e.g., [13]). In some cases, experi-
mental data was described with only an attachment process (e.g., [60]) suggesting
negligible detachment. The retardation term required to describe the BTCs is an
added feature and has not been typically observed for saturated transport. We
acknowledge few data points but we suggest that the equilibrium sorption may be
linked with the AWI and its surface area (Fig. 3.4). The presence of the secondary
minimum and of a repulsive energy barrier (Fig. 3.3b) supports this suggestion
although pH = 5 presents a lower limit (9.6 kT') for irreversible sorption. For
instance, Hu et al. [39] reported an irreversible sorption of citrate—coated Ag NPs
to the AWI. This suggests that reversibility of attachment to the AWI is sensitive
to the properties of the AWI and the Ag NPs as influenced by the solution chem-
istry. Therefore, the exact knowledge of these physicochemical properties for the

respective experiments is required for final evidence.

3.4.4 Influence of flow regime on transport

For higher j,, and 6, a broader spectrumof pores is activated leading to much faster
NP breakthrough compared to lower j,, and . Kumahor et al. [50] observed that
dispersivity A[L] increased non-linearly with decreasing 6. This was interpreted as

a change in the geometry of the flow field when 6 is reduced. This is characterized
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FIGURE 3.4: Equilibriumsorption coefficient (K.,) as a function of area of the
air-water interface (AWI).

by an increased proportion of hardly accessible regions connected to the main flow
paths via bottle necks of low hydraulic conductivity [50]. We hypothesize that
within such flow regimes, water film straining should be significant and this is
reflected by the increased NP retention with decreased j,, and 6. This is further
supported by the hy/d, of about 0.005 or greater for j,, = 2.4 cm ~! and this value
is greater than the critical hq/d, reported for straining to be a relevant transport

process [13].

After the main breakthrough, Ag NPs concentrations start to oscillate (Figs. 3.5
3.7) for the higher flow rates (j, = 9.7 cm h™ and 17.0 cm h™'). Such oscillations
were also observed by others (e.g., [47, 73]) but no plausible explanation has been
suggested so far. Based on a joint evaluation of the hydraulic state variables mea-
sured during our experiments (Fig. 3.2), these oscillations have to be considered
as real features and not artifacts of the experimental setup. The attachment and
detachment model (e.g., [89]) could not describe this phenomenon. Furthermore,
the optimized kg4; which ranges between 0 and 0.038 h™! (Table 3.1) can be ne-
glected at least in our study. Further research is therefore needed to unravel the

reasons for this phenomenon.
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FIGURE 3.5: Experiment breakthrough curves, BTCs (a) and retention profiles,
RP (b) for citrate-coated Ag nanoparticles, NPs (j, = 2.4 cm h™!; pH = 5
and pH = 9). The symbols and lines represent experimental outcomes and
model results respectively. The result of tracer experiment [50] are shown in
black symbols (experiment) and line (model result) for j, = 2.4 cm h=!. The
dispersion coefficient, D.rs = 14.15 cm? h™! for j,, = 2.4 cm h™!, of the tracer
experiment was fixed for NP parameter estimation. The inset Figure zooms in
on the shape of NP BTCs.
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RP (b) for citrate—coated Ag nanoparticles, NPs (j, = 9.7 cm h—1; pH = 5

and pH = 9). The symbols and lines represent experimental outcomes and

model results respectively. The result of tracer experiment [50] is shown in

black symbols (experiment) and line (model result) for j, = 9.7 cm h~!. The

dispersion coefficient, D.¢r = 6.95 cm? h™! for j, = 9.7 cm h™!, of the tracer
experiment was fixed for NP parameter estimation.
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FIGURE 3.7: Experiment breakthrough curves, BTCs (a) and retention profiles,
RP (b) for citrate-coated Ag nanoparticles, NPs (j, =17 cm h™!; pH = 5
and pH = 9). The symbols and lines represent experimental outcomes and
model results respectively. The result of tracer experiment [50] is shown in
black symbols (experiment) and line (model result) for j,, =17 cm h™t. The
dispersion coefficient, D.yr = 6.48 cm? h™! for j, =17 cm h™!, of the tracer
experiment was fixed for NP parameter estimation.
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3.4.5 Effect of surface charge on transport

Mobility increased with j,, and 6 and a generally lower NP breakthrough was ob-
served at pH = 5 compared to pH = 9 for a given j,, and 6 (Table 3.1). This goes
along with a less negative ¢ potential value (Fig. A.1) and a resulting reduced
colloidal stability of the Ag NPs. At pH = 5, the carboxylic groups of citrate may
protonate and this is expected to decrease the collector—-NP repulsive forces. We
therefore expect greater retention at pH = 5 compared to pH = 9. This suggests
that physical constraints (e.g., equivalent pore radius, hydrodynamic drag, geom-
etry of flow field and hd of the Ag NPs) and chemical factors (e.g., pH and surface
charge) may be coupled during transport as suggested by Chen and Flury [16].

3.4.6 Retention profiles

The prognosis of the DLVO theory is unfavorable conditions for deposition onto
the collectors (Fig. 3.3). However, maximum retention was observed close to the
column surface (Figs. 3.5-3.7). For much larger colloids than used in our study,
retention was also observed under unfavorable conditions and straining was sug-
gested to be a dominant mechanism (e.g., [14, 89]). Our model parameterization
could mimic the influence of j,, and 6 on the NP transport given by a higher k.
for lower 7, and 0 for a given pH level. Also, the greater k,; obtained at pH =
5 compared to pH = 9 is consistent with the lower repulsive electrostatic interac-
tions at pH = 5. Hence, the model concept is sensitive to the investigated flow
dynamics and the delineated chemical boundaries. The magnitude of NPs retained
at the column surface is highly sensitive to j,, and pH. This ranges from almost no
retention for the highest 7, at pH = 9 to almost complete retention for the lowest
Jw at pH =5 (Figs. 3.5-3.7). This suggests that flow dynamics and chemical forces
are coupled to determine the shape of the RPs. It is however noted that filtration
theory is not always valid for deposition under unfavorable conditions ( [92]) and

probably unable to mimic coupled physical and chemical processes.

The NPs were delivered onto the column surface via 19 hypodermic needles as
uniformly distributed droplets into a partly saturated sand and we assume unifor-
mity in flux density of water and NP application concentration over the column
surface. Within the first few millimeters close to the column surface (referred to

as “critical zone”), the input suspension is distributed within the water filled pore
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space and this depends on j,, and #. During this transition, some NPs may partly
be strained depending on charge or pH and the local geometry of the flow field
while others are released to efficient flow paths. This is another piece of evidence
that physical constraints and chemical factors may be coupled during straining.
We suggest that some NPs made it across the energy barrier and this tendency
is much higher at pH = 5 due to the reduced repulsive electrostatic interactions
(Fig. 3.3) while another group of NPs was held weakly. The weakly held NPs
could be dislodged when the suspension load was decreased (e.g., application of
NP—free background electrolyte solution) or when a higher hydrodynamic drag is
applied or the net charge is altered.

3.5 Conclusion

The transport of citrate—coated Ag NPs has been investigated in unsaturated sand.
For the established chemical conditions, the BTCs and their corresponding RPs
suggest non—equilibrium interaction at the SWI. Attachment is pronounced close
to the column surface where the particles enter the flow field and much less further
along the flow path. Additionally, a reversible attachment process described as
equilibrium sorption led to NP retardation and is attributed to the AWI. Thus,
the BTCs could be modeled based on interaction kinetics far from equilibrium
in combination with an effective retardation factor. The NPs will generally not
sorb onto the AWI considering the classic DLVO interaction. However, the DLVO
model augmented for hydrophobic interaction suggests unfavorable attachment
conditions and a secondaryminimum at the AWI. Therefore, the equilibrium pro-
cess is related to € and herewith to the area of the AWI. The non—equilibrium
process attributed to the SWI has been observed by others under water saturated
conditions. The retardation observed in this study seems to be an additional
feature of unsaturated transport explained by the presence of AWI. Our model
concept can be extended to natural soil where NOM coatings may render the Ag

NPs more hydrophobic and the AWI more negative.
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Transport of soil-aged silver

nanoparticles in unsaturated sand

4.1 Abstract

Engineered nanoparticles released into soils may be coated with humic substances,
potentially modifying their surface properties. Due to their amphiphilic nature,
humic coating is expected to affect interaction of nanoparticle at the air-water
interface. In this study, we explored the roles of the air—water interface and solid—
water interface as potential sites for nanoparticle attachment and the importance
of hydrophobic interactions for nanoparticle attachment at the air—water interface.
By exposing Ag nanoparticles to soil solution extracted from the upper soil horizon
of a floodplain soil, the mobility of the resulting “soil-aged” Ag nanoparticles was
investigated and compared with the mobility of citrate-coated Ag nanoparticles
as investigated in an earlier study. The mobility was determined as a function of
hydrologic conditions and solution chemistry using column breakthrough curves
and numerical modeling. Specifically, we compared the mobility of both types of
nanoparticles for different unsaturated flow conditions and for pH = 5 and pH =
9. The soil-aged Ag NP were less mobile at pH = 5 than at pH = 9 due to lower
electrostatic repulsion at pH = 5 for both types of interfaces. Moreover, the phys-
ical flow field at different water contents modified the impact of chemical forces

at the solid—water interface. An extended Derjaguin-Landau—Verwey—Overbeek

This chapter has been submitted to Elsevier Journal of Contaminant Hydrology: Kumahor,
S.K., P. Hron, G. Metreveli, G. E. Schaumann, S. Klitzke, F. Lang, H.—J. Vogel. 2016. Transport
of soil-aged silver nanoparticles in unsaturated sand.
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(eDLVO) model did not provide satisfactory explanation of the observed transport
phenomena unlike for the citrate—coated case. For instance, the eDLVO model as-
suming sphere—plate geometry predicts a high energy barrier (> 90 kT) for the
solid—water interface, indicating that nanoparticle attachment is less likely. Fur-
thermore, retardation through reversible sorption at the air-water interface was
probably less relevant for soil-aged nanoparticles than for citrate—coated nanopar-
ticles. An additional cation bridging mechanism and straining within the flow
field may have enhanced nanoparticle retention at the solid—water interface. The
results indicate that the mobility of engineered Ag nanoparticles is sensitive to so-
lution chemistry, especially pH and the concentration of multivalent cations, and to
the unsaturated flow conditions influencing particle interaction at biogeochemical

interfaces.

Keywords: Unsaturated transport, water dynamics, cation bridging,
amphiphilic, eDLVO.

4.2 Introduction

Exposure of the derivatives of nanotechnology to the environment is burgeon-
ing [1, 40]. Examining the fate of engineered nanoparticles (NPs) is therefore
useful to formulate strategies to protect the environment. Upon release to the en-
vironment, the mobility of engineered NPs will depend on their properties and on
their interactions with the host media, which are strongly influenced by host media
properties. In soils and surface waters for instance, humic substances may coat
engineered NPs, potentially impacting their stability [3, 5], mobility (e.g., [46])
and toxicity [80, 81]. Hydrodynamic diameter, hy [L], of NPs and wettability and
surface charge of both NPs and pore surfaces [43] are properties that may alter
upon organic matter (OM) sorption. Stability of NPs in aqueous solution due
to electrostatic and steric effects of OM may depend on the interplay among: (i)
dissolved OM content [110], (ii) ionic strength [5, 28], (iii) cation valence [40, 65],
(iv) anion composition [112], (v) pH [28], (vi) concentration of NPs [8, 65] and
(vii) exposure time [10, 28, 49]. For instance, high ionic strength destabilizes and
lowers mobility of NPs [32] via compression of the electric double layer (EDL).
High concentration of multivalent cations (e.g., Ca*" and Mg®") may oppose the
electrostatic and steric effects of OM on NPs via cation bridging complexation and

flocculation [69]. Furthermore, reduced electrostatic and steric effects of OM on
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NPs can result from lowering pH [91], which may lead to coiling of OM structure.
All these possible effects of OM coating on surface properties and stability are
supposed to be relevant for the transport of NPs in porous media. The impact
of humic substances on transport has been investigated extensively for saturated
porous media, whereas much less is known about the impact of soil-borne OM on

unsaturated transport.

Besides the properties of NPs, solution chemistry controls particle transport [32,
82]. For example, increase in ionic strength from 1 to 50 mM significantly enhanced
the retention of TiO, NPs for both saturated and unsaturated transport in sand,
and this was attributed to aggregation of NPs and enhanced straining [32]. The
relation of hg [L], to pore diameter, d, [L]|, and/or water film thickness, W, [L], is
expected to be relevant for straining [15]. Thus, above a critical threshold for hq/d,
enhanced straining was observed (e.g., [15]). The ratio, hq/d,, has been found in
the range between 0.002 and 0.2 [15, 58, 82]. Shen et al. [82] noted that variation
in ionic strength may account for this range explainable by an additional straining
induced via compression of the EDL at high ionic strength. Aggregation of NPs
and subsequent increase in hq/d, [28, 49] is, thus, expected to enhance straining.
For unsaturated flow, the thickness of water film may decrease to the size range of
hg [11], which might render straining relevant [77]. Overall, the colloidal state of
NPs, the structure of pores and the surface properties of collectors (i.e., air—-water,
AWT and solid—water interfaces, SWI) formed during unsaturated flow govern the
mobility of NPs [51]. These complex interactions have not yet been explored

sufficiently to predict transport of NPs in unsaturated soil.

Another aspect to consider for transport is the influence of degree of hydrophobic-
ity of NPs in relation to the properties of collectors. For example, Wan and Wil-
son [104, 105] observed that hydrophobic latex particles showed reduced mobility
with increase in air content in repacked glass beads compared to hydrophilic latex
particles. This was attributed to the enhanced interaction of the latex particle at
the AWI. Based on an extended Derjaguin-Landau—Verwey—Overbeek (eDLVO)
analysis, Kumahor et al. [51] also found that citrate-coated Ag NPs attached
reversibly to the AWI for unsaturated flow in sand. However, the eDLVO (ac-
counting for hydrophobic interaction) calculations showed that an energy barrier
and the relevance of a secondary minimum in the attachment profile strongly de-
pend on the water contact angle of the NPs. Consequently, small changes in the

water contact angle of the NPs can induce a change from reversible to irreversible
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attachment or render attachment improbable [51]. Therefore, it is still open as to
what extent and by which type of attachment Ag NPs coated with other organic
matter will interact with the AWI interface and how this will affect their transport

in unsaturated porous media.

In this work, transport of soil-aged Ag NPs in unsaturated sand was studied with
focus on the combined effects of divalent cations, pH, soil-borne dissolved OM
and hydraulic states. The latter is related to the chosen unsaturated flow rate, j,,
[LT~!] leading to different water contents, 6 [-] and pressure heads, h,, [L]. Mea-
sured breakthrough curves (BTCs) of the soil-aged Ag NPs were used to validate
a model based on the classical convection—dispersion (CD) approach accounting
for different interaction mechanisms at the AWI (i.e., reversible sorption) and the
SWI (i.e., irreversible sorption) as proposed by Kumahor et al. [51]. We further
explored to what extent the results are in accordance with the eDLVO model for
the given experimental conditions in terms of hydraulic states, aqueous chemistry

and pore structure.

4.3 Materials and methods

4.3.1 Aging of Ag nanoparticle in soil solution

The procedure for the aging of the Ag NPs in soil solution was modified according
to Klitzke et al. [49]. In summary, disturbed soil obtained from the upper horizon
of a floodplain soil (Rhine valley near Leimersheim, Germany) was wet sieved
to obtain < 2 mm fraction and stored field-moist at 4 °C. The sieved soil was
equilibrated in deionized water at a gravimetric solid—to—solution ratio of 1:10 by
shaking at 20 revolutions per minute (rpm) using an end-over—end shaker (GFL
3040) for 16 h and subsequently filtered over a 1.2 ym cellulose nitrate membrane
(Sartorius, Type 11303). The filtrate was ultra—centrifuged at 132750 g for 4 h to
minimize the formation of heteroaggregates between Ag NPs and soil colloids by
removing soil-borne colloids larger than 16 nm. Calcium was the dominant cation
of the watery extract from the floodplain soil (61 mg Ca L™, [49]). The citrate—
coated Ag NPs were synthesized in AgNOj3 and trisodium citrate solution at 100
°C and pH = 11 using citrate reduction method (refer to Metreveli et al. [65] for
synthesis procedure). Then, 100 mg L~ dispersion of citrate—coated Ag NPs with
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primary particle size of about 40 nm was mixed with the soil solution to obtain a
concentration of about 5 mg L~!. The resulting dispersion was shaken at 20 rpm
for 24 h and thereafter referred to as soil-aged. The dispersion was then diluted
with deionized water to attain about 1 mg L.~! concentration and the pH adjusted
to either pH = 5 (using 65 % HNO3; Suprapur, MERCK) or pH = 9 (using NaOH,;
pure, MERCK) for the transport experiments.

4.3.2 Porous media and transport experiments

This study follows up on an earlier study on transport of citrate—coated Ag
NPs [51]. The same porous media, i.e., quartz sand with 0.1-0.3 mm grain size
distribution and bulk density, p, [ML™3] of 1.52 g cm ™3, was used. The experimen-
tal column (diam.: 16.2 cm and depth: 10 cm) was preconditioned by percolating
5 pore volumes (PV) of soil solution free of NPs (i.e., the same soil solution as
previously used to “age” the NPs) at the same j, as applied in the subsequent
experiment. The solution was adjusted to either pH = 5 or pH = 9. For each
Jw (Table 4.1, quasi—steady state and gravity flow conditions were established to
ensure that h,, and 6 were constant along the length of the column (Fig. B.1).
Without changing the flow conditions, about 8 PV of soil-aged Ag NPs disper-
sion were infiltrated. The transport experiment was finished by infiltration of soil
solution free of Ag NPs (adjusted to either pH = 5 or pH = 9). After the trans-
port experiments, retention profiles (RPs) were measured following a procedure
detailed in Kumahor et al. [51]. The BTCs and RPs were integrated to establish
a mass balance. In total, six transport experiments at two different pH values
and three different flow rates were conducted (Table 4.1). The experiments were
not replicated since the porous media is well defined and macroscopically homoge-
neous. In this case, the different physical and chemical conditions explored for the
identical porous media should provide a solid basis for a consistent interpretation

of the results.

4.3.3 Characterization of the flow field

A decrease in j,, results in a decrease in # of the porous medium. Consequently, the

structure of the microscopic velocity field changes, since water flow is restricted to
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TABLE 4.1: Description of the soil-aged Ag NPs transport experiments con-

ducted at the various flow rates (j,) corresponding to the measured water

contents (#) and pH values. The experiments, Expl and Exp2, have slightly

different flow rates and this could be captured because the specified (based on

pump calibration) and actual (obtained from balance reading) flow rates were
monitored.

Experiments Jw pH 0

[em ™[] []
Expl 2.7 5 0.17
Exp2 2.4 9 0.17
Exp3 9.7 5 0.29
Exp4 9.7 9 0.29
Expb 17 5 0.35
Expb6 17 9 0.35

smaller pores and the total area of the AWI increases when starting from flow con-
ditions close to water saturation. Both aspects are deemed relevant for macroscopic
transport. The 3-D pore structure of the material (quartz sand) was obtained us-
ing X-ray micro—tomography (X-Tek HMX 225), and the distribution of water
and air was calculated at the pore scale for different pressure heads as measured
during the experiments. This was done based on the Young-Laplace-Equation
relating h,, to the curvature of the AWI as detailed in Kumahor et al. [51]. This
approach provides an estimation of the total extent of AWI as potential collector

surface during unsaturated flow conditions.

4.3.4 Characterization of pore-water chemistry

Pore-water composition (Table B.2) was determined in column eluates sampled
between the 7th and 8th PV. Major cations (Ca®", Mg?™, KT, and Na™) and anions
(C1=, SO3~, NO3) were determined using ion chromatography (881 Compact IC
pro, Metrohm), whereas dissolved organic carbon (OC) (particles > 0.1 pum were
filtered out) was determined using TOC analyzer (multi N/C 2100, Analytik Jena
AG).
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4.3.5 Hydrodynamic diameter, zeta potential and interfa-

cial interaction energy

The hydrodynamic diameter (hq) and zeta (¢) potential of the soil-aged Ag NPs
were measured at pH = 5 and pH = 9 according to Kumahor et al. [51]. The
measurements were made in soil extract with 5 mg L' soil-aged Ag NPs. The
interaction energy profiles between soil-aged Ag NPs and collectors were calculated

based on the eDLVO model as shown in the supplementary information (Appendix
B).

4.3.6 Model formulation

A model concept proposed for transport of citrate—coated Ag NPs in unsaturated
sand [51] was used to evaluate the soil-aged Ag NPs BTCs. This model concept
considers two collector types: one with a reversible interaction in equilibration with
the solution (supposed to be applicable to AWI) and another one characterized
by an irreversible interaction far from equilibrium (supposed to be applicable to
SWI). The model is based on 1-D form of the convection—dispersion (CD) and

reaction equation:

0RC 92Cc  oC oS
Y _op,,, L 5 O, o
ot oz T, TP

(4.1)

where C' [ML™?] is the concentration of NPs in the aqueous phase, D s [L*T!]
is the effective dispersion coefficient, z [L] is the travel distance, ¢ [T] is the time
and Sy, [-] is the amount of attached NPs to the solid phase. For the special case
of linear sorption [1, 51], the retardation factor (R) [-] of the soil-aged Ag NPs

relates to an equilibrium sorption coefficient (K,,) [L*M™] :

R=1+" "I;‘f‘? (4.2)
where K., = S;,,/C and Sy, is the amount of soil-aged Ag NPs sorbed under

equilibrium condition. The reaction term, the last term on the right hand side of
equation (4.1), describes the dynamics of attachment and detachment and here-
with accounts for the non—equilibrium mass transfer between the aqueous phase
and the SWI:
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OSnp
Po It

where k. [T71] is the attachment coefficient and kg [T7!] is the detachment

= gkattwc - pbkdetSnp (43)

coefficient. Equation (4.3) incorporates a dimensionless time and depth dependent

straining function, ¢ [-]:

Sn d50 +z =B
=(1- P 4.4
v ( Snp,mam> ( dso ) (44)

where ds L] is the mean grain diameter, S, mq: [] is the maximal attainable

amount of soil-aged Ag NPs attached for given chemical and hydrologic boundaries
and [ [-] is a shape factor for retention along the flow path. The first and second
terms on the right hand side of equation (4.4) correspond to the temporal dynamics
and depth dependent retention of soil-aged Ag NPs at the SWI respectively [60,
89]. While § values of 0.432 and 1.532 were considered for sand [60, 89] and
undisturbed loamy sand soil [59] respectively, Kumahor et al. [51]) optimized
for the transport of citrate—coated Ag NPs in sand since the measured RPs show

sensitivity to 7, and pH.

4.3.7 Parameter estimation

The model was parameterized as described by Kumahor et al. [51]. Thus, j,, (flux
boundary condition) and § (measured using a balance) were directly obtained from
the transport experiments, D.;; was obtained by fitting a 1-D analytical solution
of the CD model to tracer BTCs [50] and Sy max Was obtained from the measured
RPs. Additionally, we allowed flexibility in S, mq, and reoptimized one of the
experiments of Kumahor et al. [51] conducted at j, = 17 cm h™' and pH = 5
to improve the prediction of RPs. The remaining parameters kg, kqer, R and
were obtained via parameter estimation [51]. The 1-D model domain (10 cm in
length) was discretized into 512 elements following a cell-centered finite volume

scheme [38] and the last element taken as outflow concentration in each time step.
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4.4 Results and discussion

4.4.1 Porous media properties and hydraulic state during

transport

The hydraulic states (i.e., j,, 0 and h,,) for the different unsaturated flow condi-
tions are shown in Figure B.1. For each j,, 6 and h,,, were stable within a narrow
range such that the structure of the flow field is expected to be the same along
the entire flow path. The structure of the flow field and extent of the AWI at
different flow rates were reported by Kumahor et al. [51]. Considering a p;, of
1.52 g cm™3 (packing density) and a particle density (p,) of 2.65 g cm™ for min-
eral soils, a total porosity of 0.42 (volume basis) was obtained which was in good
agreement with the porosity from structure analysis (Fig. B.2). The proportion
of water—filled pores decreased with 6 (Figs. B.1 and B.2) and the total area of
AWT is expected to increased as j,, and 6 decreased. Kumahor et al. [50] found
for the same material and similar flow rates that dispersivity, A(f) [L], of inert
solute increased as 6 decreased. This was explained by the geometry of the water
phase forming an increasing contrast between well connected pathways and more
isolated clusters connected via water films or regions of relatively low hydraulic
conductivity. This was observed to impact the transport of citrate—coated Ag
NPs at low j,, and 6 [51] and we expect that this situation generally reduces the
mobility of NPs.

4.4.2 Properties of nanoparticles

In Table 4.2, the properties of soil-aged Ag NPs are compared with citrate—coated
Ag NPs investigated by Kumahor et al. [51]. We expect that dissolved OM would
coat the Ag NPs as observed by Klitzke et al. [49]. Lau et al. [54] also noted a
possible displacement of Ag NPs capping agents by natural organic matter. In
contrast to the citrate—coated Ag NPs, the soil-aged particles had a considerably
larger hy (about factor 5) and a lower ¢ potential (about factor 2). This is the same
for both pH values. Obviously, the soil-aged Ag NPs are more aggregated and
less charged than the citrate—coated Ag NPs. The differences in hydrodynamic
sizes as well as ( potentials of soil-aged Ag NPs and citrate—coated are discussed

in detail by Klitzke et al. [49]. In short, multivalent cations (Fig. 4.1) may have
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TABLE 4.2: Properties of soil-aged Ag nanoparticles versus citrate—coated Ag
nanoparticles.

Dispersion ~ Hydrodynamic diam. (hg) Zeta (¢) potential

[nm] (mV]
pH=5 pH=9 pH=5 pH=9
Soil-aged 213 £ 7 201 +9 -14+4 21+4
Citrate—coated 48 +1 40 + 1 25 +4 52+ 2
12 1.2
:_mj 10 1
E —
Q =
O 8 -4 0.8 é
3 5
S 6 H06 £
7 4r 4 04 2
o o
s o
+ 2+ - 0.2
N!U
o]
0 & & & & & & 0
B, o by o, oy T
lonic strength (Citrate-coated Ag NPs)
lonic strength (Soil-aged Ag NPs) I
Dissolved OC
Ccalt I
Mg2+

FIGURE 4.1: Dissolved organic carbon (OC) content, concentration of Ca%™
and Mg?T and ionic strength measured in column eluate sampled between the
7" and 8 pore volume (PV). The horizontal line (in black) indicates 1 mM
KNOg3 solution used as electrolyte for the citrate—coated Ag NPs transport
experiments. The labels of x—axis are described in Table 4.1.

screened carboxyl and other functional groups of dissolved OM, compressed the
EDL and led to less negative ( potential values for the soil-aged Ag NPs. Further,
the larger hd of soil-aged Ag NPs suggests that aggregation of NPs progressed
alongside charge screening [49]. At pH = 5, electrostatic repulsion between NPs
on the one hand and collectors versus NPs on the other hand should be lower
than at pH = 9 and this should further enhance aggregation and deposition. The
differences in  potential and aggregation status are expected to result in different

transport properties of soil-aged Ag NPs compared to the citrate—coated case.
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4.4.3 Experimental breakthrough curves and soil-aged Ag

nanoparticle transport

Figures 4.2-4.4 show observed (points) and modeled (lines) BTCs for soil-aged
(this study) and citrate-coated Ag NPs [51]. Errors in mass balance derive largely
from the quantification of mass sorbed to the solid phase (Table 4.3). The trans-
port model [51] which includes both reversible and irreversible attachment sites
was found to be appropriate to discriminate the observed parallel processes: (i) a
shift in time of initial breakthrough as compared to tracer which suggests equi-
librium sorption to one collector along the flow path and (ii) a tailing depicted
as imbalanced attachment and detachment to another collector along the flow
path. The shift in time and tailing are considered as equilibrium retardation and
non—equilibrium retention respectively. The soil-aged Ag NPs showed lower break-
through at pH = 5 compared to pH = 9. At the lowest j,, (2.4 cm h™!) and at
pH = 9, retention of soil-aged Ag NPs was lower compared to the citrate-coated
case (Fig. 4.2). More retention of the soil-aged Ag NPs is however apparent for
the intermediate (9.7 cm h™') and highest (17 cm h™!) flow rates (Figs. 4.3-4.4).
The results clearly suggest that the mobility of soil-aged particles is not only in-
fluenced by j,, but a combined effect of solution chemistry and properties of the
NPs. For instance, coupling between physical and chemical processes during in-
teraction at the SWI is depicted by comparing Exp2 (pH = 9; j,, = 2.4 cm h™!;
ionic strength = 0.39 mM) versus Exp5 (pH = 5; j, = 17 cm h™!; ionic strength =
1.07 mM) which both led to similar breakthrough curves. Thus, slow transport in
relatively small pores at lower j,, and 0 for Exp2 compared to Exp5 (Fig. B.1) was
counteracted by low ionic strength (i.e., less compressed EDL) and high electro-
static repulsion, leading to reduced interaction and enhanced mobility. Contrarily,
fast transport in relatively large pores at higher j,, and 6 for Exp5 compared to
Exp2 (Fig. B.1) was counteracted by high ionic strength (i.e., more compressed
EDL) and low electrostatic repulsion, leading to efficient interaction and enhanced

retention.

The sensitivity of transport to pH with considerably lower mobility at pH = 5 was
similar for both types of particles. This will be elaborated further in the session
on the eDLVO theory. At pH = 5 and the highest j,, (17 cm h™'), the observed
retardation is comparable for both particles whereas for the intermediate 7, (9.7
cm h™'); the soil-aged Ag NPs were weakly retarded (Fig. 4.5). It should be noted

that for the lowest j, (2.7 cm h™!) at pH = 5, no retardation value was reported



Chapter 4 58

since the experiment was not modeled. Then again, at pH = 9 increase in the area
of the AWI produced some effect for soil-aged Ag NPs at the lowest j,, (2.4 cm
h™'). The result suggests that the reversible attachment process is less relevant
for the soil-aged Ag NPs and, given that this process is related with the AWI,
this matches with the observation that the impact of the AWI on retardation is
weaker for the soil-aged Ag NPs compared to the citrate—coated case. The results
however, partly agree with that of Wan and Wilson [104, 105], who observed
reduced mobility of hydrophobic latex particles compared to hydrophilic latex
particles due to enhanced sorption of the former at the AWI. Since the soil-aged
Ag NPs were still retarded compared to a tracer (Figs. 4.2-4.4), an additional

process may account for the observed retardation and this requires further enquiry.

4.4.4 Retention profiles

The RPs were predicted reasonably well by the chosen model concept (Figs. 4.2—
4.4). Similar to the citrate—coated case, a greater proportion of the soil-aged Ag
NPs were retained close to the top of the column. Kumahor et al. [51] noted
that redistribution of infiltrating droplets by capillary forces generally favored
straining of NPs at the top of the column. This should be absent or less pronounced
for saturated transport as observed by Wang et al. [106]. Reduced electrostatic
repulsion and steric effects expected at pH = 5 as compared to pH = 9 also
favoured more retention of soil-aged Ag NPs at pH = 5. This would be discussed
in more detail in the section on eDLVO interactions. Further, slightly larger h, at
pH = 5 (Table 4.2) enhanced straining of NPs especially at the top of the column
(Figs. 4.2-4.4). Straining becomes more enhanced at lower j, (Figs. 4.2-4.4),
thus lower 0, where transport is shifted towards smaller pores (Figs. B.1 and B.2)
with shorter distances to the SWI and more time is available for diffusion and

interaction. Clearly, both chemical and physical factors constrain transport.

4.4.5 Consequence of pore—water chemistry on transport

In the following sections, solution chemistry (i.e., dissolved organic carbon content,
multivalent cations and ionic strength; Fig. 4.1) is discussed in relation to relevant
chemical controls on transport. It should be noted that the column was flushed

with 5 PV of soil solution free of NPs adjusted to either pH = 5 or pH = 9 prior to
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FIGURE 4.2: Experiment breakthrough curves, BTCs (a) and retention profiles,
RPs (b) for soil-aged Ag nanoparticles, NP (j, = 2.7 cm h~! at pH = 5 and
juw = 2.4 cm h™! at pH = 9). The symbols and lines represent experiment and
model results respectively. The BTCs for soil-aged (this study) and citrate—
coated Ag NPs [51] are compared. The results of the tracer experiment [50] are
shown in black symbols (experiment) and line (model result) for j,, =2.4 cm
h~!. The dispersion coefficient, Deyy = 14.15 cm? h™! for j, = 2.4 cm h™!, of
the tracer experiment was fixed during parameter estimation for the soil-aged
Ag NPs.
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FIGURE 4.3: Experiment breakthrough curves, BTCs (a) and retention profiles,
RPs (b) for soil-aged Ag nanoparticles, NP (j, = 9.7 cm h™!; pH = 5 and pH
= 9). The symbols and lines represent experiment and model results respec-
tively. The BTCs for soil-aged (this study) and citrate—coated Ag NPs [51] are
compared. The results of the tracer experiment [50] are shown in black sym-
bols (experiment) and line (model result) for j,, = 9.7 cm h~!. The dispersion
coefficient, Deyrr = 6.95 cm? h™! for j, = 9.7 cm h™!, of the tracer experiment
was fixed during parameter estimation for the soil-aged Ag NPs.
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FIGURE 4.4: Experiment breakthrough curves, BTCs (a) and retention profiles,
RPs (b) for soil-aged Ag nanoparticles, NPs (j, = 17 cm h™!; pH = 5 and pH
= 9). The symbols and lines represent experiment and model results respec-
tively. The BTCs for soil-aged (this study) and citrate—coated Ag NPs [51] are
compared. The results of the tracer experiment [50] are shown in black sym-
bols (experiment) and line (model result) for j,, = 17 ecm h™!. The dispersion
coefficient, D.pr = 6.48 cm? h~! for j, = 17 cm h™!, of the tracer experiment
was fixed during parameter estimation for the soil-aged Ag NPs. The data
(BTCs and RPs) for citrate-coated Ag NPs at j, = 17 cm h™! and pH = 5
were reoptimized by allowing flexibility in fitting Syp maz-
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FIGURE 4.5: Equilibrium sorption coefficient (Kcq) of soil-aged Ag NPs versus

area of the air—water interface (AWI). The red and blue points (data) and line

(trend) refer to citrate—coated (Kumahor et al. [51]) and soil-aged Ag NPs (this

study) respectively. The data (BTCs and RPs) for the citrate—coated Ag NPs

at j, = 17 cm h™! and pH = 5 (refer to key) were reoptimized by allowing
flexibility in fitting Sppmaer (represented as cross).

the infiltration of soil-aged Ag NPs. Therefore, the measured solution chemistry

should reflect the chemical conditions for each experiment.

4.4.5.1 Dissolved organic carbon

The concentrations of dissolved organic carbon (OC) for the experiments are shown
in Figure 4.1. Flushing the column with soil solution prior to the infiltration of
the soil-aged Ag NPs may coat pore surfaces with OM, a situation that has been
reported to favor deposition of NPs in the presence of Ca?* [52]. Dissolved OM
is also expected to coat the NPs inducing an increase of the colloidal stability of
NPs due to electrostatic and steric stabilization [49]. Due to their amphiphilic
property, the organic matter coated NPs are expected to interact with the AWI
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in a reversible fashion as observed for citrate—coated Ag NPs [51]. However, the
reversibility of sorption to the AWI due to the amphiphilic coating provided by
OM is less relevant for the soil-aged Ag NPs (Fig. 4.5). It could be suggested that
other factors especially the hydrodynamic size of the soil-aged Ag NPs and the
area of the AWI played a role in this expected reversible attachment process. We
note in passing that dissolved OM sorption onto Ag NPs presumably suppresses
Ag™ release and may stabilize or destabilize Ag NPs depending on the interplay
among dissolved OM content, the concentration of Ag NPs and the concentration

of divalent cations such as Ca®" in solution [49].

4.4.5.2 Impact of multivalent cations and ionic strength

The influence of Ca®T and Mg** (Fig. 4.1) on transport is addressed due to their
valence and concentrations. Moreover, multivalent ions control ionic strength and
modulate the structure of EDL more strongly than monovalent ions, thus, ions
with higher valence compress the EDL more. Higher Ca*" and Mg®™ (Fig. 4.1)
concentrations and ionic strength measured at pH = 5 than at pH = 9 trans-
late into a more compressed EDL and this partly explains the enhanced retention
of NPs at pH = 5. Meanwhile, ionic strength is generally lower in the experi-
ments conducted with soil-aged Ag NPs than for the citrate—coated Ag NPs (1
mM KNOj). Additional effects are that, Ca*" and Mg?" may: (i) be complexed
by soil-aged Ag NPs (via carboxyl groups) leading to charge screening [49], (ii)
bridge soil-aged Ag NPs referred to as aggregation [49] and (iii) bridge soil-aged
Ag NPs (via carboxyl groups sorbed onto NP surface) and the SWT (via carboxyl
groups of dissolved OM sorbed onto pore surface) referred to as cation bridg-
ing [90]. Aggregation and bridging effects are expected in the presence of divalent
cations because, part of the constituents of dissolved OM are expected to behave as
charged polyelectrolytes at both pH = 5 and pH = 9 [85]. For example, Torkzaban
et al. [90] found that cation bridging is absent in the presence of Na™ in contrast to
the presence of Ca?* for the transport of quantum dots and carboxylate-modified
latex particles in acid—treated Accusand. Cation bridging is also absent in the
transport experiments conducted with the citrate-coated Ag NPs [51] since only
K* (monovalent) ions were present in solution. Slightly higher concentration of
cations measured at pH = 5 than at pH = 9 (Fig. 4.1) favored charge screening
and cation bridging [49, 90] at pH = 5.
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4.4.6 Extended DLVO energies and their controls on trans-
port

Figure 4.6 shows eDLVO (electrostatic, van der Waals and hydrophobic energies)
profiles for the interaction between the soil-aged Ag NPs and the collectors (refer
to the supplemental material for details). Contact angle is a sensitive parameter
for the calculation of the hydrophobic interactions [51]. To the best of our knowl-
edge, no established methodology exists to directly measure the water contact
angle of NPs. The contact angles of NPs are determined either by theoretical cal-
culation [56] or experimentally after spreading of NPs on the AWT using aqueous
solution containing 35% isopropanol [6] and this can modify the interface proper-
ties and contact angle of NPs. Therefore, the eDLVO calculations are based on
a contact angle of 40° given by Hu et al. [39] for Ag NPs, as well as for slightly
lower (30°) and higher (50°) values.

At the AWI, variations in water contact angle of NPs resulted in a transition from
reversible to irreversible attachment (Figs. 4.6a, b, ¢). At pH = 5, the profiles
predicted a secondary minimum at the AWTI for a contact angle of 30° (Fig. 4.6a)
but not for 40° (Fig. 4.6b) and 50° (Fig. 4.6¢). But then at pH = 9, the profiles
predicted a secondary minimum at the AWI for contact angles of 30° (Fig. 4.6a)
and 40° (Fig. 4.6b) but not for 50° (Fig. 4.6¢). Although the chosen contact
angles were not directly measured, reversible attachment to the AWI cannot be
fully excluded, especially for pH = 9. In any case, the K., values showed weak
dependence on the area of the AWI especially for pH = 9 (Fig. 4.5) and hence a
partial impact of AWI on the retardation of soil-aged Ag NPs is probable.

For the SWI (Figs. 4.6d, e, f), the profiles are unaffected by hydrophobic interac-
tions. Increased protonation of the NPs and the SWI as well as higher concentra-
tion of Ca?T and Mg?" and ionic strength lowered the energy barrier at pH = 5
(92-96 kT at about 2 nm; Expl, Exp3, Exp5) compared to pH =9 (163-173 kT at
about 2 nm; see Exp2, Exp4, Exp6). The energy required by the soil-aged Ag NPs
to attain a primary minimum at the SWI (> 92 £T') is substantially higher than the
energies induced by Brownian motion of the particles (< 20 kT") [29]. Therefore,
an irreversible attachment of the soil-aged Ag NPs to the SWI seems improbable.
Thus, the eDLVO profiles do not sufficiently account for the attachment of the Ag
NPs to the SWI. The retention of NPs as opposed to the high eDLVO barrier at
the SWI, however, agrees with Chen and Elimelech [52] who observed that in the
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presence of CaClsy, the deposition kinetics of fullerene NPs onto both humic acid-
and alginate—coated surfaces are relatively high, even at relatively low (0.3 mM)
Ca?* concentration due to complex formation with Ca?*. Therefore, the presence
of the dissolved OM and multivalent cations with the soil-aged scenario could
at least partly explain the larger irreversible retention component than observed
for the citrate—coated Ag NPs. Additionally, the physical flow field (i.e., reduced
transverse distance to the SWI and the formation of water films with decreasing

0) may have facilitated deposition via straining.

The eDLVO predictions have the following deficiencies: (i) both cation bridging
and straining are not considered, (ii) the hy values used for the calculations may be
poorly estimated for aggregates by dynamic light scattering, (iii) the geometry of
aggregates can be variable and therefore the assumption of sphericity and smooth
surface for the NPs may no necessarily be valid (iv) the orientation of aggregated
NPs which plays a role in the interaction is not succinctly accounted for and (v)
there is some uncertainty in the chosen contact angles and the development of a

direct method to measure water contact angle of NPs is required for validation.

4.5 Conclusion

The transport of soil-aged Ag NPs in unsaturated sand was investigated at pH =
5 and pH = 9. The experimental results could be modeled using an approach that
includes equilibrium retardation at the AWI and a non—equilibrium retention at
the SWI. An eDLVO analysis provides a useful module to compliment transport
studies, however, great care is required with its application to the interaction of ag-
gregated particles and in the absence of smooth surfaces and spherical geometries.
In addition to straining, cation bridging is suggested to account for attachment
of the NPs at the SWI. The study provides new insights into unsaturated trans-
port of Ag NPs under under variably saturated condition. Future work would
be dedicated to: (i) measurement of water contact angle of NPs to validate the
relevance of reversible attachment processes, (ii) characterization of the different
qualities of soil-borne dissolved OM with respect to their effect on particle coating
and interaction (iii) extending our knowledge on the role of capillary forces at the
AWT for particle retention and (iv) studying potential release of Ag ions due to
retention of Ag NPs along their transport pathways.



Chapter 5

Conclusions recommendations

and outlook

5.1 Experimental concept

Based on the overarching objectives and working hypotheses stated in Chapter
1, the MS-O and MS-F approaches were used to characterize hydraulic prop-
erty of sand (grain diam.: 0.1-0.3 mm) and extended for measuring tracer break-
through curves (MS-T) within a single experimental setting. Further, the MS-T
was adapted to investigate the transport of nanoparticles as a function of hydro-
logic and chemical factors. The MS-T establishes a constant j, and a uniform
h.,, profile along an experimental column and therefore provides an ideal setup to
investigate the influence of j, on A(). A peculiar property of the sand used in
this study is its similarity to that used in water treatment systems in terms of
grain size distribution. Therefore, the results of this study can be transferred to
water treatment systems to reduce suspension load of nanoparticles in wastewa-
ter. The quartz sand treated of organics and oxides minerals allowed to investigate
influence of air-water interface in addition to solid-water interface on transport.
Morphological synthesis of X-ray CT images provided an additional module to
understand how flow geometry adapts to changes in j,, and 6. Local collector (i.e.,
air-water interface and solid—water interface) versus nanoparticles interaction was

investigated using the DLVO and extended DLVO models.

68
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5.2 Major outcomes

For tracer transport, decrease in 6 at decreasing j,, led to a non-linear increase
in A\. This is linked with the divergence from continuous percolating water clus-
ters (close to saturation) to a combination of both continuous and poorly con-
nected water clusters with decreasing . The tracer breakthrough curves also
suggested that A(€) might be hysteretic. Beyond a critical 6 value, asymmetry
in breakthrough curves is apparent and we approach the limit of applicability of
the convection—dispersion model. Dispersivity values served as input data into the

dispersion and reaction equation to model transport of nanoparticles.

Based on objective 1 and working hypotheses 1 and 2, the transport of citrate—
coated and soil-aged Ag nanoparticles was investigated in the quartz sand used
for the tracer experiments. Two observations are peculiar for both the citrate—
coated and the soil-aged Ag nanoparticles breakthrough curves relative to the
tracer breakthrough curves: (i) a shift in time (retardation) and (ii) reduced area
under the curve (mass loss from effluent by sorption at the solid phase). The re-
tardation is an additional feature of unsaturated transport attributed to reversible
attachment at the air-water interface. Considering the classical DLVO interaction,
the nanoparticles will generally not sorb onto the air-water interface. However,
the eDLVO model offers a framework (thus, an energy barrier and a secondary
minimum at the air-water interface) to suggest reversible attachment. The en-
ergy barrier at the solid—water interface indicates irreversible attachment when
nanoparticles with sufficient thermal energy transit into the solid—water interface
primary minimum. Mobility was generally reduced at pH = 5 than at pH = 9
with almost complete retention for the soil-aged Ag nanoparticles at pH = 5. At-
tachment was more pronounced close to the inflow boundary than further along

the column for both the citrate—coated and the soil-aged Ag nanoparticles.

Based on objective 2 and working hypothesis 3, the breakthrough curves were
modeled based on an interaction kinetics far from equilibrium in combination
with an effective retardation factor (equilibrium process). The non—equilibrium
process attributed to the solid-water interface has been observed by others un-
der water saturated conditions. The retardation which is an added feature was
modeled as equilibrium sorption at the air-water interface. This is motivated
by the occurrence of an energy barrier and secondary minimum at the air—water

interface. The non—equilibrium interaction is largely governed by the physical
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flow field (which promotes straining) and eDLVO forces (which promotes transi-
tion of nanoparticles into the primary minimum) especially for the citrate—coated
Ag nanoparticles. In this case, only nanoparticles with sufficient thermal energy
could attain a primary minimum at the solid—water interface and be irreversibly
attached since an energy barrier is present. An additional chemical process, cation
bridging, aided attachment of the soil-aged Ag nanoparticles to the solid—water
interface. The combination of hydraulic and transport data, state variables dur-
ing transport, morphological analysis, DLVO and extended DLVO models provide
a holistic framework towards the understanding of transport of nanoparticles in
unsaturated porous media. Our modeling approach is applicable for both citrate—
coated and soil-aged Ag nanoparticles given that flow is unsaturated but the
eDLVO (accounting for hydrophobic interactions) analysis shows some degree of

uncertainty especially for the soil-aged Ag nanoparticles.

5.3 Unsaturated transport framework

At the laboratory scale and for repacked granular porous medium, the study there-
fore proposes the following framework to investigate transport of dissolved chem-

icals or nanoparticles:

i. Characterisation of hydraulic properties [i.e., 8(h,,) and K(h,,)] as a first
step. Hydraulic measurements define state variables for the transport exper-
iments and help to evaluate the impact of changing flow field due to change
in . The MS-O and MS-F approaches, which can be performed within a

single experimental setting, serve as valuable tools.

ii. Synthesis of pore structure and the geometry of the flow field at different
values using X—ray computer tomography and morphological analysis. This
permits estimation of flow field based on morphological analysis of the pore
structure (Chapter 2) and the quantification of air-water interfacial area
(Chapter 3 and 4). Morphological synthesis has a limitation; it is performed
at energetic minimum which is rarely achieved in nature due to hydraulic

non—equilibrium.

iii. Measurement and evaluation of tracer and nanoparticles breakthrough curves.
Tracer and nanoparticles breakthrough curves can be measured using MS—

T approach. The MS-T can be performed within the same setting as the
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1v.

MS-0O and MS-F without moving the sample (Chapter 2). For transport
of nanoparticles, the termination of each experiment can be followed by
further activities (i.e., quantification of sorbed nanoparticles on the solid
phase) The convection—dispersion model is adequate to evaluate the tracer
breakthrough curves, but, approaches the limit of applicability at low wa-
ter content. Evaluating the breakthrough curves for nanoparticles requires a
qualitative inspection of breakthrough trends in conjunction with hydrologic
states, solution chemistry and properties of the nanoparticles as a first step

to identify the appropriate process model.

Parameterization of the transport model for nanoparticles. This should be
done in a way such that physical and /or chemical processes controlling trans-
port are well reflected in the set of parameters that are considered. Examples
are presented in chapters 3 and 4. Thus, (a) the parameters j,, 6, were di-
rectly obtained from the transport experiments, (b) D.ss was obtained by
fitting a 1-D analytical solution of the convection—dispersion model and that
defines a length scale variability in velocity field, A(f) (c) the remaining pa-
rameters kuy, kqet, I and [ were obtained via parameter estimation and
(d) the retention profiles are predicted via forward approach and matched
with the observed data. It could be noted that our model parameterization
indicate sensitivity of the shape parameter, 3, to the set the hydrologic and
chemical conditions. This parameter is often fixed during parameter estima-
tion. Also, flexibility in Sy me could be allowed to improve the prediction
of the retention profiles. Further work would suffice to know how inclusion
of the retention data (sorbed nanoparticles on the solid phase) in parameter

estimation could improve our modeling approach.

. Evaluation of DLVO and eDVLO energies. This is applicable for particles

that can interact at the collectors (air-water interface and solid—water inter-
face) during transport due to difference in chemical potential. This should
be informed by the properties (e.g., ( potential, hamaker constants) of collec-
tors and nanoparticles (e.g., ¢ potential, contact angle), solution chemistry,
and the nature of the breakthrough curves. This has been shown in Chapters

3 and 4. The following are however noted:

(a) the hg values used for the calculations of DLVO and eDLVO energies
may be poorly estimated for aggregates by dynamic light scattering.



Chapter 5 72

This is especially true for the soil-aged Ag nanoparticles since they are

aggregated.

(b) for aggregated particles, their geometry can vary widely. The assump-
tion of sphericity and smooth surface for the nanoparticles therefore

requires validation,

(c) the orientation of aggregated nanoparticles which plays a role in inter-

action is not succinctly accounted for and

(d) there is some uncertainty in the chosen contact angles especially for the

soil-aged nanoparticles.

5.4 Outlook

Nanomaterials are naturally present in the environment but the release of engi-
neered forms may be unprecedented. Consequently, detailed monitoring of envi-
ronmental levels is required for decision making. The aquatic—terestrial interface is
vast and cannot be adequately sampled. Column experiments may provide infor-
mation on the expected residence times of nanoparticles and concentration loads
for a given set of hydrologic and chemical conditions. This may provide an option
for upscaling to the wider aquatic—terestrial systems. Due to the ubiquitous pres-
ence of biogeochemical interfaces (oxides and organics) and air-water interfaces in
soils, engineered Ag nanoparticles are expected to be attenuated in the environ-
ment leading to a potential release of Ag ions. This further raises environmental
concerns since studies have found that ions, not particles, are more likely to make
silver toxic to bacteria. The study therefore generates fundamental knowledge for
decision making across science, engineering and policy interface. It also provides
valuable data for mechanistic understanding of the controlling transport processes
while paving way for optimizing particle properties for further applications. Fur-
ther to this would be studies on: (i) whether A\(f) is hysteretic, (ii) quantification
of the pore-scale velocity distribution (accounting for pore connectivity and tortu-
osity), the surface densities of solid—water interface and air-water interface both as
functions of water content. This will provide better estimates for attachment and
detachment coefficients. (iii) the role of capillary forces at the air-water interface
on the retention of nanoparticles, (iv) transport of nanoparticles in natural porous

media, (v) discriminate the different kinds of soil-borne dissolved organic matter
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and their impacts on unsaturated nanoparticle transport, (vi) the use of a pore
scale model to further validate the observed transport processes and (vii) valida-
tion of specific constants (e.g., Hamaker constant) and parameters (e.g., contact
angles) that were chosen from literature and how this modifies the DLVO and

eDLVO profiles.
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Calculation of extended DLVO interactions

The interactions between Ag NPs and collector were calculated according to the
DLVO and extended DLVO models. The van der Waals interaction Energy E
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[ML?>T~2] was calculated under assumption of sphere—plate interaction using fol-

lowing equation [29]:

A132 Np NP s
E . =— In| ——— Al
vdW 6 hs * hs + 27nNP o hs + 27“NP ( )

where Aj3; [ML?T~?] is the Hamaker constant in the used system (nanoparticles

and collectors in aqueous solution), ryp [L] is the radius of NP and hg [L] is the
separation distance between NP and collector surface. The Hamaker constant used

in equation B.2 is calculated according to the following expression [29]:

Ayzp ~ (\/All - \/A33> (\/A22 - \/A33> (A.2)

where Ay; [ML2T~?] is the Hamaker constant of the nanoparticle, Agy [ML*T 2]
is the Hamaker constant of the collector and Azz [ML*T~?] is the Hamaker con-
stant of the aqueous solution. The electrical double layer interaction energy E%
[ML?>T~2] was calculated under assumption of sphere (NP)-plate (collector) inter-

action according to the linear superposition approximation [11]:

exp [ ZCONPN o (ZaePar ) L
k:T>2 P\ 7okt P\ "ok

zae®eor zaePcor
p< okT )_16Xp< kT >+1
(A.3)

where € [-] is the dimensionless dielectric constant of the aqueous solution, ¢,
IMTIL73T*A?] is the permittivity of vacuum, k [ML?*T~2K~!] is the Boltzmann
constant, T' [K] is the absolute temperature, z. [-] is the charge number of the
electrolyte, e [TI] is the charge of an electron, ®yp [ML2T2A~!] is the surface
potential of the nanoparticles, ®c; [ML*T3A~!] is the surface potential of the

_ hs
e exp (—rhy)

Eppy = 64mee,rnp <

collector and x [L.™!] is the Debye-Hiickel parameter, which is estimated from the

following expression [11]:

1000€2N 4 ,
= — 2 4
K \/ p—t Z i (A.4)

where N4 [N] is the Avogadro constant, ¢; [NL™%] is the molar concentration of
the ion ¢ and z; [-] is the charge number of the ion i. The hydrophobic interaction

energy Eyyp [MLQT_Q] between nanoparticles and collector surface was calculated
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using following equation [114]:

_100.5a(cos Onp + cos @CL) +b
E}IYD = h rnNp (A5)

where ©np [-] is the contact angle of the nanoparticle-water surface, O¢p [-]
is the contact angle of the collector—water surface and a and b are the system—
specific constants. The dimensionless van der Waals (E,qw ), electric double layer
(Egpr) and hydrophobic (Egyp) interaction energies are calculated by dividing
E w, Egpr and Eyyp by KT. The dimensionless total DLVO interaction energy
EDLVO was calculated as the sum of dimensionless van der Waals and electric

double layer interaction energies:
Eprvo = Ewaw + EgpL (A.6)

The extension for hydrophobic interaction is justified by the presence of AWI and
citrate which is amphiphilic. The dimensionless total extended DLVO interaction
energy E.pryo was calculated as the sum of dimensionless van der Waals, electric

double layer and hydrophobic interaction energies:
Eeprvo = Evaw + Egpr + Enyp (A7)

A sphere (NP)—plate (collector) interaction (e.g., [11, 29, 89] was considered given
a small dj, of Ag NP (about 40 nm) relative to either the r of the AWI (varies with
0) or dsp. Constants and input parameters used for the calculation of the DLVO

and eDLVO interaction energies are listed in Table A.1.
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FIGURE A.1: (a) Hydrodynamic diameter (hg) of citrate-coated Ag nanopar-
ticles (NPs) as a function of pH. The dispersion pH was adjusted in the range
from neutral (pH = 7) to basic (pH = 11) using NaOH (black) while in the
acidic (pH 2 to 6) range using either HNO3 (red) or HoSO4 (blue). The average
hq value was calculated from 6 values obtained from 2 measurements (thus each
measurement is repeated three times (b) Zeta (¢) potential of citrate-coated Ag
NPs as a function of pH. The dispersion pH was adjusted in the range from
neutral (pH = 7) to basic (pH = 11) using NaOH (black) while in the acidic
range (pH = 2 to 6) using either HNO3 (red) or H2SOy4 (blue). The average
¢ potential value was calculated from 6 values obtained from 2 measurements
(thus each measurement is repeated three times).
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Supplementary data

The section on the calculation of extended DLVO interactions was modified after
Kumahor et al. [51]
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E-mail addresses: samuel. kumahor@ufz.de (S.K. Kumahor), pavel.hron@iwr.uni-
heidelberg.de (P. Hron), metreveliQuni-landau.de (G. Metreveli), schaumann@uni—
landau.de (G.E. Schaumann), Sondra.klitzke@tu-berlin.de (S. Klitzke),
friederike.lang@bodenkunde.uni—freiburg.de (F. Lang), and hans—joerg.vogel@ufz.de
(H.—J. Vogel).

Calculation of extended DLVO interactions

The following text, dedicated to calculation of extended Derjaguin-Landau—Verwey—
Overbeek (eDLVO) interaction, was modified after Kumahor et al. [51]. Interac-
tion between collector (i.e., air-water, AWI and solid—water interfaces, SWI) and
soil-aged Ag nanoparticles (NPs) was calculated according to the eDLVO model.
The eDLVO model includes (i) van der Waals (£ ), (ii) electrical double layer

(Eypp) and (iii) hydrophobic (EYy ) interaction energies.

The van der Waals interaction Energy E!,;;, [ML?T~?] was calculated under as-

sumption of sphere—plate interaction using following equation [29]:

Ase [Tnp NP D
E' = — In| ——— B.1
vdw 6 hs + h3+27“Np tin hs+27nNP ( )

where Az [ML*T~?| is the Hamaker constant in the used system (nanoparticles
and collectors in aqueous solution), ryp [L] is the radius of NP and hg [L] is the
separation distance between NP and collector surface. The Hamaker constant used

in equation B.2 is calculated according to the following expression [29]:

Ayzp ~ (\/Au - \/A33> (\/A22 - \/A33) (B.2)

where Aj; [ML2T~2] is the Hamaker constant of the nanoparticle, Asy [ML*T 2]
is the Hamaker constant of the collector and Az [ML?T~?] is the Hamaker con-
stant of the aqueous solution. The electrical double layer interaction energy Ef ;.
[ML2T~2] was calculated under assumption of sphere (NP)-plate (collector) inter-

action according to the linear superposition approximation [11]:
Zeq€®Pnp Zee®Pnp

—1 1

kT)QeXp( 2KT ) eXp( oKT )+

zaePor zaePcr,
-1 —_— 1
p( KT ) eXp( KT >+

ELp = 64mee,rnp
Zel€
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where € [-] is the dimensionless dielectric constant of the aqueous solution, €,
[IMT'L73T*A?] is the permittivity of vacuum, & [ML?T—2K~'] is the Boltzmann
constant, 7' [K] is the absolute temperature, z, [-] is the charge number of the
electrolyte, e [TI] is the charge of an electron, ®yp [ML2T3A~!] is the surface
potential of the nanoparticles, ®¢r [ML*T3A~1] is the surface potential of the
collector and x [L.™!] is the Debye-Hiickel parameter, which is estimated from the

following expression [11]:

1000e2N 4 )
= —— 2 B.4
8 \/ ee kT Z % (B-4)

where N4 [N] is the Avogadro constant, ¢; [NL™3] is the molar concentration of
the ion 7 and z; [-] is the charge number of the ion i. The hydrophobic interaction
energy Eryp [ML*T~?] between nanoparticles and collector surface was calculated

using following equation [114]:

_109-5a(cos ©Onp + cosOcyr) + b

where Oy p [] is the contact angle of the nanoparticle-water surface, ©¢y, [] is the
contact angle of the collector—water surface and a and b are the system—specific
constants. The dimensionless van der Waals (E,qw ), electric double layer (Fgpr)
and hydrophobic (Enyp) interaction energies are calculated by dividing E! ;.

wpr and Eyyp by ET. The dimensionless total extended DLVO interaction
energy, FE.prvo, is therefore a sum of the dimensionless van der Waals, electric

double layer and hydrophobic interaction energies:

Eeprvo = Evaw + Egpr + Enyp (B.6)

The input parameters and physical constants used in the calculations are listed in
the Table B.1. Additionally the solution chemistry is are listed in Table B.2



82

Appendiz B

"OINYRIS] O} WO (,0F) O[Sue 30BJU0D oY} 03 pareduwod OYSIY pur I1omO[ A[JYSI[S S UISOYD dIoM SON[RA OSOY,,
‘Teryuajod oorjIns oY) 03 Tenbe aq 0y pawnsse sem YOIYM ‘Teryuajod 9 juasaidor senfea o[,

00RJIDIUL IoyeM—IIe [TV,
9ORLIDUT 19YeM—PIOS TG,

[6€] 08T o ] 199 JMV JO o[8ue joejuop)

[s4 0¢ 0 [—] 00 »IMS JO o[3ue 10vIU00)

[6¢] (p0S ,0€) OF 0 [—] dNQ Q0RIINS Iojem—JN SV JO 9[3ur 10RIUO))

[61] 0~ - [—] q JURYSU00 OYods—wo)SAs

L] G- - [—] D JuR)SU0d OYods—wo)sAs

- ¢z0T X 2209 (o IN] VN 1URISTOD OIPRSOAY

2] 2¢L0°0- A (- Ve LIN 0@ 6 Hd 1® (MY Jo [eryuajod ooeying

[2.¢] »090°0- A - Ve Lz TN TO¢p ¢ Hd 38 IV Jo [eruojod vorgmg

[67] 2G60°0- A - Ve LzIIN 0% 6 Hd 12 ,TAS Jo Teriuajod oorIng

[eid 2L¥0°0- A (- VeI TIN L)) ¢ gHd 1e ,IMS Jo Teryuajod ooeIng
[ IOoM ST T, »5020°0- A [—Ve—L TN dN@ 6 Hd e SN 8V jo [erjuejod ooejng
SIom STy T, 2GV10°0- A - Ve LzTIN dNg ¢ Hd 1@ SN 8V Jo [eruojod ooeymg

— 61—-0T X 209'T 0) ing 2 UOI109[0 UR JO 98Iy

- GT'86¢ 1=Mr O] I omjeroduo) 9MOSqy

- e 0% 88T (M [1-0e-1 /1N 4 JIR)SUOD UURTIZ)[OF]

- a-0T X $G8'8 (W D[ [(VyLe-T-IN € wmnoea Jjo A1 ]

— 18 — [—] E) uorpnjos snoonbe o1y} JO JULISUOD DLIPI[ATP SSO[UOISUIUII(]
Aqrom sty 0T X 00°1T w lal dNy 6 Hd 1@ sqN 8V oY) Jo snipey
oM ST, 0T X LO'T w 1] AN G Hd 18 SIN SV o) Jo surpey

[11] 0z—0T X L'¢ r F#ﬁmﬂ\ﬁ ey uomN[os snosnbe o) Jo JURISUOD IO RUWRH
[11] 0 r [ Lz TINJ ca% JAV JO JIRISuod Iosetey
[11] 0z-0T X 69 r [ L TN 9% »IMS JO JURISUOD IOy RWRE
[02] e—0T X 8GG'T r [, Lz TIN] 7 SAN SV JO juR)SUOD Ioyewe[
92IN0g onpeA juN UOISTOUII(] [oquig I0joUIRIR ]
"10399]]09

pue soporredouru Usom)o( ASI9US UOIJIRISUIL [RI0) ) JO UOIIR[NO[RD 9] I0] Posn sjur)suod [eorsAyd pue siojouwrered nduy 1 g d1dVv],



Appendiz B

-50 T T ™= 0.35 -50 T T T ™ 0.35
-40 [ 703 -40 € — ey 0.3
_ - 0.25 _ 4 0.25
E -30 __,_ B 102 - E -30 - 102 -
E 20 b At —— — 0.15 <@ E 20 " hy —— 4 015 @
= =
hpl =——— 1 0.1 iyl -4 0.1
-10 Fjp=27cmht hy, ——— -10 Fjy=24cmh! hy
pH =S5 o — | 005 pH=9 8 0.05
0 | | | | | 0 0 | | | | | 0
0 2 4 6 8 10 0 2 4 6 8 10
-50 T T T T 719 0.35 -50 T T T T T T 1 3 0.35
a0 b 403 40 . 403
- 0.25 0.25
e -30 F e -30 +
E - 02 7 E 402 =T
E opg L - 015 @ E o0 L 4015 @®
£ 20 Al —+— < 20 At ——+—
10 e 10 | bl —— 7 0.1
- F jw=97cmh hy, ——— - rojw=97cmh hy ————
s 0 4 0.05 s b 4 0.05
0 1 1 1 1 1 | | 1 1 0 0 1 1 1 1 1 1 1 | | 0
005115225 335445 005115225 335445
S 7= 0.35 S50 11— J —— . § R 1)
-40 | - 0.3 40 L 4 03
— - 0.25 — - 0.25
§ 30p =R 5 02 T g -3 102 =
£ 20 - At —— 7 0.15 @ £ 20 - bt —+— 7 0.15
10 L Ayl =—— 4 0.1 10 L Al = 2 0.1
- Fjw=17.0cmh hy — - Fjw=17.0cmh hy ——
|;VH=5 g 7 905 |;VH=9 o — 7 005
0 1 | | | 1 1 0 0 | 1 1 1 1 1 0
0 05 1 15 2 25 3 0 05 1 15 2 25 3
Time [h] Time [h]

FIGURE B.1: Hydraulic states during transport. The parameters h,,u, h,,[ and

hy, represent lower, upper and boundary pressure heads respectively while 6,

and j,, are water content and flow rate respectively. Considering a bulk density

(pp) of 1.52 g cm™3 and a particle density (ps) of 2.65 g cm™3 for mineral soils,
the total porosity is calculated to be 0.42 (volume basis).
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FIGURE B.2: Pressure head (red) and size distribution (green) of pores versus

volume fraction of pores derived from X-ray computer tomography (CT) images

and pore structure analysis. The figure was obtained at a state of energetic

minimum assuming spherical air—water interfaces and complete wettability of
the pore surfaces using the Young—-Laplace Equation.
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