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Foreword

The Gottlieb Daimler and Karl Benz Foundation explores as models new paths
of interdisciplinary research, accompanied by a continuous dialogue between the-
ory and practice. In the projects for clarifying the “Interplay between Humanity,
Technology and the Environment” sponsored by the foundation, the search for solu-
tions to societally relevant questions is combined with new research methods which
are integrated in networks.

Interdisciplinary studies in the “Ladenburg Collegia” stand in the programme’s
centre of interest and have investigated, among other subjects, “Group Interaction in
High-Risk Environments”, the “Zwischenstadt” (City in Between) or the relation-
ship between the “Internal Clock and Shift-Work™.

In the “Ladenburg Discourses”, the foundation discusses new research projects,
together with scientists and experts from practice. In just such a discourse, the
authors of this volume have concerned themselves with the subject of “Engineered
Nanoparticles — An Issue for the Next Decades”. Conferences — like the “Berlin
Colloquium” — and lectures open to the public additionally bring current scientific
topics to the attention of a broader public.

Encouragement of young scientists and aid to developing nations are further
points of the foundation’s concentration: a fellowship programme finances the stay
for doctoral students from all subject areas at research centres abroad, respec-
tively, in Germany. Seminars in Vietnam, North Korea, and Myanmar bring German
scientists together with colleagues from these countries.

Ladenburg, Germany Gottlieb Daimler
and Karl Benz Foundation



Preface

Colloids have been addressed as neglected phase. And indeed the borderline
between purely dissolved molecules and particulates was for a long time not too well
defined. The non-availability of powerful characterisation methods and a limited
field of colloid-based daily life products may be reasons for that. This has dramat-
ically changed during the last two decades. Engineered NanoParticles (ENP) with
promising properties were tailored and produced in technical scale. They found their
way as advanced materials in broad application, e. g. in surface treatment, catalysis,
paints, medicine and personal care products. The impact of ENP-based products on
our life style has even led to the expression of the “Nano Age”.

Unfortunately the fascination of the great possibilities of the nanoworld has not
reached so far as to care about the life cycles of most of its products. That is to
say, the fate of ENP after use and their function in the environment are still broadly
unknown. Only air pollution by nanoparticles has found some attention, and the
availability of quantification methods has even led to the enforcement of legal limits.
Concerning aquatic systems, the situation is less clear.

Nanoparticles in the water cycle have been identified as timely subject for dis-
cussing the state of art, the possibilities and the needs for their sound assessment.
A selected group of scientists has come together to interdisciplinarily address this
issue. The result is given in this volume. The first section deals with basic aspects of
nanoparticles and their function in air, water, soil and water treatment. The second
part contains examples for the application of advanced instrumentation for quantifi-
cation and characterisation of nanoparticles with special respect to aqueous samples.
Bioeffects of nanoparticles in water are elaborated in the third section, and finally
standardisation activities for the assessment of nanoparticles in the aquatic environ-
ment are presented. We thank all the authors and the reviewers for their fine work
and enthusiasm they put into this project.

The content of this book could not have been assembled without the generous
support by the Gottlieb Daimler and Karl Benz Stiftung which also hosted the two
workshops for the topic and funded the editing of the book. The great personal inter-
est of Prof. Dr. zu Putlitz and Prof. Dr. Dietrich acting as chairmen of the foundation
as well as Dr. Klein, Frau Hallenberger and Herr Schmitt from the foundation’s
administration made the days in Ladenburg a wonderful experience of science and
enjoyment for the participants of the workshops.

vii



viii Preface

We also want to thank Markus Delay and Luis Tercero for the excellent work
they put into author contacts and manuscript handling.

Karlsruhe, Germany Fritz H. Frimmel
Miinchen, Germany, Reinhard Niessner
February, 2010
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Chapter 1
Introducing the “Nano-world”

Fritz H. Frimmel and Markus Delay

1.1 Setting the Scene

“Nano” means 107, consequently, the diameter of nanoparticles (NP) lies in the
range of 1077 to 10 m. The atomic dimension lies around 10~'® m which is equal
to the old unit 1 A.

Regarding the world of small particles, colloids have a long tradition in chemistry
and physics and also in chemical engineering. Originally, glue or lime were the
first representatives of that specific state of matter which is characterized by the
particularly fine distribution of very small particles. Another famous example from
the old days is the ruby glass which contains colloidal gold clusters of 20—100 nm
size.

In the meantime, the classical colloids have got brothers and sisters. They are rep-
resented by the new matter called nanoparticles and also include engineered ones.
This booming field of production and application is of great influence on our daily
life, in industry, biology, farming, food production, and medicine.

There is no question, colloidal and nano systems have been present in nature
from the beginning. The structure and function of shells is based on small CaCO3
particles of about 200 nm size combined with proteins. A principle which is used in
new synthetic materials. Or the fascinating color of butterfly wings: It is the result
of light scattering and interferences on nano scale matter. This has been imitated in
innovative coatings in which the nanoparticle size determines the color.

The application of modern engineered nanoparticles (ENP) includes colors,
self-cleaning surfaces and scratch-resistant coatings, sunscreens and UV blocking
clothes, fibers and fascicles in fabrics, high-performance insulation, and the broad
field of food technology where dispersibility and particle size distribution are impor-
tant not only for the optical appearance of many products but also for their taste
(Paschen, 2004; Wiesner et al., 20006).

F.H. Frimmel (=)

Engler-Bunte-Institut, Chair of Water Chemistry, Karlsruhe Institute of Technology (KIT),
Engler-Bunte-Ring 1, D-76131 Karlsruhe, Germany

e-mail: fritz.frimmel @kit.edu

F.H. Frimmel, R. Niessner (eds.), Nanoparticles in the Water Cycle, 1
DOI 10.1007/978-3-642-10318-6_1, © Springer-Verlag Berlin Heidelberg 2010
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Fig. 1.1 Size ranges for ENP and colloids in aqueous systems (modified from Lead and Wilkinson,
2007; Nowack and Bucheli, 2007)

It is interesting to look for the key aspects responsible for the special properties
of both colloids and ENP in aqueous matrices.

According to ASTM Standard E2456-06 (2006), nanoparticles are ultrafine par-
ticles with lengths in two or three dimensions greater than 1 nm and smaller than
about 100 nm. Figure 1.1 shows some examples for colloids and nanoparticles in
between the range of molecular distribution on the lower side and larger particles as
aggregates, flocs cells, etc., on the higher side.

1.2 Surface Area and Surface Properties

As a consequence of small particles size, the mass-specific surface of NP is quite
high. This can easily be demonstrated with a theoretical experiment in which a
cube of given volume (V) and mass is cut into smaller cubes with bisecting sides.
Repeating this again and again leads to a fast increase of the surface (A) of all pro-
duced cubes at constant total volume and mass. Increasing surface also means more
molecules or atoms of the matter of the initial cube are in the surface compared to
inside (Fig. 1.2).

The energy necessary to create a new unit area of surface (A) is given according
to Eq. (1.1) (Everett, 1988):

AG = AW = 25%4 (1.1)
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Fig. 1.2 Mass-specific surface areas of divided cubes (modified from Everett, 1988)

with

AG: increase of free energy,

AW:work needed to separate the pieces reversibly against the forces of
attraction,

89: proportionality factor (surface or interfacial tension).

The surface tension 89 of the free surface is reduced by As® on immersion in a
fluid medium, e.g., in water compared to the situation in vacuum.

These interactions are crucial for the stability of the disperse systems and depend
on the special chemical composition of the surfaces. The interactive forces are a
result of the LONDON-VAN DER WAALS molecular forces and BORN repulsion.
Experiments and the calculated interactive forces between particles suggest that the
energy of interaction falls off much less with their distance in comparison to single
molecules (Brezesinski and Mogel, 1993).

1.3 Surface Charge

Figure 1.3 shows some examples for simplified NP surfaces of different chemical
composition. It is obvious that surfaces in which oxygen atoms are involved mostly
have negative charges and that the surface charges are strongly dependent on the pH
value of the liquid phase.

The surface charge of the NPs is of great influence on their water solubility
and on the stability of their suspensions. The resulting attractive (+—) and repulsive
(++ or — —) forces are dependent on the intervening medium, its pH value, and the
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Fig. 1.3 Surface charges and their generation (modified from Everett, 1988)

kind and concentration of its electrolytes. In addition, the concentration of the NP
forming agents, the presence of polymers, and the temperature influence the stability
of suspensions. Figure 1.4 shows the pH dependence on the formation of colloidal
metal hydroxides and the relevant hydrolyzed species. The lowest solubility of the
hydroxides is at the pH value of their electro-neutral formulation.

The effect of electrolytes on the agglomeration of charged NPs can be explained
with the help of the model of diffuse double layer (Fig. 1.5).

The negative surface charge of NP attracts the cations of the electrolyte more
than its anions. This leads to a partial neutralization of the surface and the result-
ing potential decreases exponentially from the NP’s surface into the bulk solution
(GOUY-CHAPMAN layer) with direct influence on the stability of the suspen-
sion. It is reasonable to assume that increasing concentrations of electrolyte and
increasing cation charge both result in a steeper decrease of the potential, i.e., in a
compression of the GOUY-CHAPMAN layer. The consequence is a stimulation of
aggregation and floc formation.

There is the empirical SCHULZE—-HARDY rule (Eq. 1.2) which allows the estima-
tion of salt concentrations of differently charged cations necessary to reach a similar
destabilization effect of a NP system (Crittenden, 2005):

1N\ /1\® /1)\°
c(Me+):c(M62+):c(Me3+)=(T> :<§> :<§> (1.2)
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In water treatment, realistic concentrations for the removal of geogenic colloids
by floc formation are 20-150, 0.5-3, and 0.01-0.1 mmol/L. for mono-, di-, and
trivalent cations, respectively.
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1.4 Water Cycle

There are several hot spots in the water cycle for NPs and their interaction with other
water constituents. Table 1.1 gives an overview of the different domains of aquatic
systems and examples for the NPs to be expected.

It is clear that the broad application of ENP is closely related to the water cycle
by the fact that we use water for drinking, cleaning, production, and even for leisure
purposes. Tracing the NP there is not easy due to the manifold other water con-
stituents. Interactions are to be expected including coating, mixed agglomerations
and flocculation, sorption onto surfaces and cell walls, uptake in biofilms, and bio-
transformation. It is a great challenge to apply and develop the analytical tools for
seeing the fate of the ENP in this complex environment. To learn about their dis-
tribution, reactions, and functions will hopefully bring us to a better understanding
of the downside of their application and by this open the doors for an even better
tailoring and selection of the products and the best kind of their use.

There is the ubiquitous geogenic refractory organic matter called humic sub-
stances, a kind of higher molecular polyelectrolyte and, by this, polyfunctional
member of the NP-family. There are many mineral-derived NP of silicate, carbon-
ate, or metal oxide structure. There is the large zoo of xenobiotics which can adsorb,
react, or interact in a complex way (Frimmel et al., 2007).

Table 1.1 Occurrence of nanoparticles and colloids in the water cycle

Nanoparticles and

Domain colloids Topic of interest
Atmosphere, Aerosols Cloud formation,
precipitation transport
Infiltration, Airborne NP Soil interaction
groundwater
Dry deposition Crop interaction
Geogenic NP Fate in aquifers
Rivers/lakes Airborne NP Transport
Geogenic NP Sedimentation
NP from waste water Bio-uptake
(treated) Bio-transformation
Photo-transformation
(Waste) Water Geogenic NP Sedimentation
treatment
ENP Bio-uptake
Technical NP (to be Elimination processes

eliminated, to be used)

Advanced treatment
methods
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1.5 Analytical Tools and Characterization Systems

Good analytical methods are meant to be powerful in identification and quantifi-
cation. Their direct application for the characterization of analytes in complex
matrices, however, is often limited and lead to data with low accuracy. This also
applies to many environmental samples which on the other hand should be analyzed
without major changes to avoid contamination and artifact formation. Needless
to say that low concentrations which are quite normal for aqueous samples bear
another challenge for the method development and the operator.

In Table 1.2, some important NP parameters and suitable methods for their
determination in aqueous samples are given (see also Hofmann et al., 2003).

As often in analytical chemistry the accuracy of data and their meaning can be
improved by combination of powerful separation methodology with sensitive iden-
tification tools. Practicability increases in cases with direct on-line coupling of the
two approaches.

(Asymmetrical) Flow field-flow fractionation ((A)F*) has turned out to be a
highly promising method for aqueous NP characterization and particle separation
especially when coupled with highly sensitive detection methods like inductively

Table 1.2 Methods to characterize NP in aqueous samples

Direct
application to

NP parameter Method water samples
Hydrodynamic radius Field-flow fractionation (FFF) Yes
Size distribution — flow field
Concentration — sedimentation
— thermal field
— electric field
Multi-angle laser light scattering Yes
(MALLS)
Electrophoretic mobility Photon correlation spectroscopy Yes
Zeta-potential (PCS)
Point of zero charge (PZC) Electrophoresis
Sedimentation potential
Chemical composition Scanning electron microscope No
(SEM)
Energy-dispersive X-ray No
spectroscopy (EDX)
X-ray absorption spectroscopy No/Yes
(XAS)
Size distribution and elemental Asymmetrical flow field-flow Yes

composition

fractionation or size exclusion
chromatography coupled with
inductively coupled plasma
mass spectrometry
(SEC/ICP-MS or AF*/ICP-MS)




8 FE.H. Frimmel and M. Delay

Parabolic flow profile ————> Diffusion
— | w
Soe
Nano filtration membrane - o / (

—_.-'.-v_;'.".—.-'..';.-.".—.F-'_.';-;".—.'.';-.;-'.-!

Ceramic frit —— [/ A 4 VA VWA A

RN

Cross flow

Separation is based on the hydrodynamic diameter of the analyte particles.

Retention parameter \ppre k  Boltzmann‘s constant
T  Absolute temperature

i KTVO v? Geometric volume of the channel
MFFFF = — = —————— 5 Dynamic viscosity of the fluid
w  3mV.dw

n
V.  Volumetric rate of cross flow

o

d  Hydrodynamic diameter of the particle
w  Channel thickness

Fig. 1.6 Asymmetrical flow field-flow fractionation (AF*)

coupled plasma mass spectrometry (ICP-MS). The (A)F* method is based on non-
turbulent flow with parabolic profile in a thin layer cell which often is followed
by a cross flow to the main flow direction through a membrane at the cell bottom
(Schimpf et al., 2000). The principle of the method is given in Fig. 1.6.

In case of the sedimentation FFF, a gravity field (G) is used instead of the cross
flow. By this, the retention time of particles of diameter d is proportional to &> and
this is proportional to 1/G.

The applicability of the two methods is given in Fig. 1.7.

Flow FFF is normally more powerful than sedimentation FFF, the application of
which can be pushed to lower particles sizes by increasing the density difference
between NP and liquid phase. This can be a limitation for unknown suspensions on
the one hand, but can lead to specific information about mixtures on the other hand.

on-line detection after high-resolution separation with the so-called hyphenated
systems is of special value for the characterization of complex mixtures. This also
includes aqueous samples of NP. It is of great advantage if those systems run in
standardized mode. There should be a sample injection port possibly fed by an
automated sample provider, the separation unit can be an analytical column or frac-
tionation device or optional even a packed column with real-life porous material
like sand. For precise results the on-line detection system has to include an inter-
nal standard addition device to calibrate the data obtained. It is essential to run and
control the whole system by a data system. A scheme of such a setup is shown in
Fig. 1.8.
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An example for the characterization of several monodisperse NP standard
suspensions (polystyrene particles) with different diameter is given in Fig. 1.9.

Calibration of unknown NP has to be done cautiously for often authentic cali-
bration samples are not available or cannot be assumed due to unknown or altered
functional structure of the samples.

Computer

ICP-MS

o Internal standard

(20 pg/L Rh, In, Ir)

Injection valve

i
I
[l
1

% E’ Waste

Sample injection

Cross flow

@ Waste

Fig. 1.8 Coupling of a separation unit (here: AF*) with UV and fluorescence detection (FD) and
ICP-MS
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Fig. 1.9 AF* fractograms of monodisperse particle standards (polystyrene particles)

1.6 Conclusions

Colloids and ENP have great similarities but they can also have specifically dif-
ferent properties. Whereas most geogenic colloids show typically a broad particle
size distribution, ENP often have a narrow distribution and are defined to be
monodisperse. In general, however, the basic properties can be understood for
both species on the same theoretical basis. From this it can be concluded that
also the characterization methods which can be applied are the same in both
cases.

Whereas plenty of information has become available for the properties of ENP
and their production and application, relatively little is known about their fate after
use. It is evitable that ENP have found and will find their way into the environment.
This asks for investigations on the amount, the distribution, the interactions, and
reactions with abiotic and biotic matter.

Many powerful methods have become available for characterization of ENP and
their behavior. Unfortunately a direct application to samples with complex matri-
ces like water, wastewater, sediments, and soil does not lead to meaningful results.
Therefore further development is needed to open the door for tracing ENP in the
dominant phases of their distribution in the environment including living cells.
Hyphenated methods are promising to separate and identify the different nano-sized
species. In addition, the question on their function has to be brought into the focus of
our work. Do the environmentally aged ENP still have the properties of their “clean”
phase of production? With which partners did they affiliate? And which products
came out of that? How much did all this change the properties of the matter? Are
there any bioeffects?

These questions have to be addressed adequately, for they supply the key for a
better understanding of the whole “nano-world,” for tailoring our products and for
using and applying them in the right, i.e., sustainable way.
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Chapter 2

Nanoparticles Acting as Condensation
Nuclei — Water Droplet Formation
and Incorporation

Reinhard Niessner

Obviously the situation is more complex than expressed by the statement “without
particles no precipitation”, but through assessment of the water cycle and identi-
fication of its bottlenecks we will see that nanoparticles definitely play a major
role.

Accepting the fact that water can only be recycled and not newly synthesized
by nature, one has to deal with the water cycle in more detail. Figure 2.1 depicts a
simple scenario for this.

To begin the discussion one should note that water vapour is already present in
the atmosphere to a large extent. Depending on variables such as ambient temper-
ature, the area of free water surfaces, wetted soil surfaces, and plant exhalation,
billions of tons of water in the gaseous state is translocated and dispersed globally
by meteorological factors. This water vapour can be inferred to be the real source
of fresh water through various mechanisms which act to change the water vapour
from the gaseous state to a condensed one; the link being air-dispersed particles,
i.e., aerosols.

Cloud or fog formation is not possible without the existence of submicron-sized
particles. This had already been recognized in previous centuries, and Paul-Jean
Coulier (1875) was the first to develop an experimental setup to visualize aerosol
particles by condensing water on them. Many obscure ancient technologies includ-
ing the use of large cannons in Styria (Austria) or the still-present technology of
cloud seeding (to prevent hailstorm formation) by spreading artificially generated
silver iodide aerosols into the cloud base, had the aim of modifying the weather,
namely precipitation events.

In order to understand the role of nano-engineered particles within the natural
water cycle we need to have greater knowledge of the transition of water vapour to
the condensed state.
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Fig. 2.1 The total water cycle and its bottlenecks. The numbers show the transported water
volumes for 1,000 km? per year

2.1 Condensation of Water Vapour onto Aerosol Particles

Many reviews are available giving some insight into the different peculiarities of
the condensation process within a cloud (or fog). The most comprehensive standard
textbook on this was written by Pruppacher and Klett (1997).

For the evaluation of the role and impact of nano-engineered particles some
requirements have to be fulfilled:

The ambient atmosphere often becomes slightly water supersaturated. This typ-
ically occurs as air masses become elevated when crossing higher orographic
obstacles, for example accessing a mountain from the direction of the sea. Other
mechanisms include convective cooling during changes in daylight. A supersatu-
rated air mass exceeding 100% relative humidity will hold a few percent more water
in the gaseous state for a period of time than expected in the equilibrium state.

Usually there are two main routes for the return to equilibrium conditions. The
first is dilution by dry air masses — in this case no condensation of water will
be observed. The second mechanism is condensation on ultrafine water-soluble
particles. Simply put, water vapour forms a brine at the particle surface (e.g.
NaCl). Because of solvolysis the water vapour pressure above such droplet sur-
faces becomes depleted (according to Raoult’s law). As described by Fick’s law
water diffusion remains active in the direction of the “sink” (the brine), as long as
there is a vapour pressure gradient between the particle acting as the condensation
nuclei and the surrounding supersaturated air mass. This process comes to a halt
after some time because of increasing dilution of the brine at the particle surface.
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Once the concentration of ionizable surface material is in the trace regime a notable
vapour pressure gradient no longer exists to stimulate further water vapour conden-
sation. Because of the release of condensation heat during diffusion to and from a
condensing nucleus the whole process might become very complex. Qualitatively,
well dissolvable particle cores will serve as very efficient condensation nuclei. In
essence, the particles will become incorporated into the water cycle and have a
chance to become precipitated.

For the assessment of the role of dispersed nano-engineered particles within the
water cycle, we have to identify those which can be involved in such water con-
densation processes. As already mentioned above, dissolvable material would fit
perfectly. In contrast, hydrophobic particles as individuals can only act as condensa-
tion nuclei when a certain water supersaturation is present. The well-known Kelvin
equation describes such a situation of condensing water vapour without any dis-
solution process. Originally set only for pure water droplets this equation at least
qualitatively gives an estimate for the ruling principle:

_ doM
K= pRTn S,

Xk is the size of a water droplet, which is in equilibrium with the saturation ratio S,
of condensable water vapour. Since the surface tension and density of water is con-
stant, as is molecular weight M and temperature 7, the existence of a water droplet
is only dependent on the water supersaturation Sy, at a first approximation. This
would mean that nanoparticles would never be incorporated into condensing water,
since the required water supersaturation for acting as condensation nuclei would be
tremendously high, by far exceeding the available 1 or 2% within a cloud or fog
situation. The only route to lowering the required supersaturation is described by
Roault’s law, where dissolvable compounds increase the surface tension (as surface
tension is directly proportional to the number of ionized molecules). Hence, any
change of particle surfaces, either by a chemical reaction or agglomeration with
ionizable material, will lead to an actively participating condensation nucleus. If
there is a change of wettability of such a particle system, for example by agglomer-
ation with other small particles during residence time in air, lower supersaturation
is needed to trigger condensation. This is due to dissolution and diameter increase.

2.2 Experimental Verification I: Water Uptake

Besides the considerable theoretical framework published in the past there has also
been convincing experimental work. To assess the condensation properties of parti-
cles and hence their incorporation into the water cycle a test system mimicking the
cloud formation process would be necessary. Fortunately, such experiments have
been known for decades. What is needed? According to the statements made above
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beside surface properties mainly the particle diameter will govern the partitioning
behaviour of particles within a condensing system.

Jean-Paul Coulier (1875) was the first to observe a droplet growth change, when
changing the surrounding humidity.

Today, such experiments are performed by a so-called Tandem Differential
Mobility Classifier experiment. The particles of interest are dispersed by an atom-
izing system creating a polydisperse aerosol system. This means it is an assembly
of differently sized particles. This aerosol is now sorted by a first mobility classi-
fier. The working principle of such a classifier is based on the particle’s electrical
mobility, which means the aerosol must be electrically charged. This is achieved
by coagulation with charge carriers previous to the sorting process. Like in an elec-
tronic band pass filter, only those charged particles will pass the electric “gate”
whose electric mobility (charge and size) fits the gate’s dimension perfectly. In
essence, the first classifier forms a monodisperse fraction of aerosol from any
polydisperse fraction. This aerosol is in the next step subjected to different water
humidities. Depending on its water-attracting properties it takes up water vapour
and changes its size. This becomes measurable when such an aerosol is fed into a
second classifier. To pass this “gate”, after becoming swollen by water uptake, a
wider gate dimension needs to be set. For NaCl aerosols the observed behaviour
agrees well with calculations based on Kohler’s theory of hygroscopic growth of
water-soluble aerosol particles. Applying this experimental approach to artificially
produced PbS nanoparticles of the same size leads to a different behaviour. When
exposed to increased relative humidity up to 83% shrinkage was observed. In the
case of NaCl recrystallization from the originally chain-like condenstion nuclei via
droplet-like brine solutions is the explanation, whereas in the case of PbS, insolu-
bility prohibits this. Only a slight restructuration has been observed (Krdmer et al.,
2000).

So, for water-insoluble material used as nanoparticulate matter a different water
uptake behaviour is expected.

2.3 Experimental Verification II: Inhibition of Water
Condensation

When nanoparticles, like insoluble carbon nanotubes or flame-processed particles
become released to the atmosphere the question arises, whether they can become
initiators of water condensation, or not. If not, the residence time for such nanopar-
ticles will become considerably prolonged as they are small and not subjected to the
typical removal mechanisms of diffusion, sedimentation and interception. The only
removal mechanism acting would be dry deposition, triggered by turbulent diffusion
of air packages. Diffusion, deposition or sedimentation are not very effective in a
size range of 300-500 nm, the size range of many nano-engineered particle systems.
The consequences connected with a prolonged residence time are numerous,
including increased interaction with radiation and higher risk of inhalation.
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Hence, experimental verification of the condensation properties of ultrafine par-
ticles is highly desirable. In the 1980s this question had already been raised, since
airborne cloud measurements have led to the observation of the “cloud interstitial
aerosol”. These aerosol particles consist of material that was not activated during
cloud or fog formation during the actually existing water vapour supersaturation.
They remained as small particles within the cloud or fog system. The chemical
composition of these particles was thought to be similar to “fresh hydrophobic par-
ticles” (such as soot). The first experiments to understand this stem from van der
Hage (1984) and Liu et al. (1984).

How does one figure out the different surface properties by means of a conden-
sation process? Niessner et al. (1990) presented an instrumental setup, which at
least provides semi-quantitative information on the influence of different surfaces
of nanoparticles as condensation nuclei. They made use of a multistep condensa-
tion nuclei counter (CNC) as the detector. The features of these experiments are
such that they were carried out with quasi-monodisperse aerosols and hence the
only variable parameters were surface composition (wettability, dissolution prop-
erties etc.) and water vapour supersaturation. Particle number concentration and
diameter were also kept constant for all experiments when comparing different
nanoparticle systems. In this manner variation in the condensational behaviour of
the particles can be related exclusively to differences in surface structure and surface
composition.

In the following the characterization of differently coated nanoparticle systems
(e.g. H2SO4 as an extremely hygroscopic particle core with various coating mate-
rials) is discussed briefly. From a sulphuric acid aerosol source a monodisperse
fraction is selected by a differential mobility analyzer (DMA). This aerosol frac-
tion, now monodisperse and of known size and number concentration, becomes
mixed with vapours of hydrophobic coating materials, for example paraffines, ter-
penes etc. The coating thickness was independently measured by estimation of the
diffusion coefficient of the coated and uncoated aerosol.

For a measurement the differently coated aerosols (monodisperse) are injected
into the multistep condensation nuclei counter. In the CNC (Fig. 2.2) the aerosol is
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Fig. 2.2 Sectional drawing of the multistep condensation nuclei counter
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fed into the expansion chamber via solenoid valve SV1. After closing SV1 and SV3,
clean, particle-free nitrogen is introduced through SV4. By this means the chamber
pressure, pg, is increased up to a preselected pressure value. After some seconds of
humidification and equilibration a rapid adiabatic expansion (fexp <15 ms) occurs
through opening of the two valves SV2 and SV5, resulting in a certain supersat-
uration corresponding to p/po. In the case where the introduced particles acted
as condensation nuclei at the employed p/pg ratio, they will have taken up water
vapour, and the intensity of the transmitted light through the expansion chamber
due to light scattering and absorption by the droplets formed. Measurement of the
light absorption before and after the expansion led to a CNC-indicated particle—
droplet transition. The system automatically runs through 16 stages of increasing
p/po to produce an activation spectrum of the nanoparticles under investigation.

Figure 2.3 depicts directly the influence of a hydrophobic surface in such activa-
tion spectra comparing H>SO4 droplets (diameter: 20 nm) with and without a 5-nm
thick n-hexadecanol layer. Onset of droplet growth is seen at the 11th stage, in
comparison to the 7th stage (for uncoated, hygroscopic HSO4 droplets).

Activation spectra for various nano-engineered particles, but all of the same size
(~20nm) are shown in Fig. 2.4.

Water-soluble particles like H»SO4 or NaCl initiated droplet growth at rather low
water supersaturation, much lower than calculated by the Kelvin equation theoreti-
cally. This is because of the earlier-mentioned effect of creating a salt dissociation
within the growing water phase. In the case of non-soluble Al,O3 (pyrosynthe-
sized from heating up AICI3 in the aerosol phase) and pure carbon agglomerates

16
15
14
13
12
1"
10

|

H.SO, + Hexadecanol
r=5nm, Ar=5nm
N = 23000/ cm’

s
Ap

———————— -
16
15

13
12
"
10

Fig. 2.3 Applied pressure

difference and light intensity

plots for pure and

hydrophobically coated H,SO, r=10nm
sulfuric acid droplets N = 23000/ cm’

]




2 Nanoparticles Acting as Condensation Nuclei 19

Fig. 2.4 Activation spectra Calculated saturation ratio
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Table 2.1 Behaviour of different oxidic particles towards condensation of water vapour

Chemical Specific surface Counting

Pigment type composition area (m?/g) Manufacturer efficiency (%)

Aerosil 200 SiO, 206 Degussa

Aerosil 380 SiO; 375 Degussa 1

Aerosil MOX 170 SiO2 + 1% 170 Degussa 1.2

AlLO3
Aerosil COK 84 SiO, + 16% 170 Degussa 2.5
AlLO3

Rutil PKP 09045 TiO; Bayer 4.2

Titanium dioxide TiO, Bayer 8.3
PKP 09040

Titanium dioxide TiO, Degussa 2.7
P25

Sicotrans Orange Fe, 03 BASF 1.8
L 2515 D 80825

Carbonyl iron Fe, 03 80 BASF 1
oxide

Carbonyl iron Fe, 03 25 BASF 1.7
oxide

Anatas PKP 09044  TiO; Bayer 4.3

Aluminium oxide Al O3 Degussa 1.2
C

Counting efficiency = Ncene/Ng (Nence, particle number concentration as indicated by the CNC,
NE, particle number concentration as measured with an aerosol electrometer in front of the inlet
of the CNC; see Fig. 2.1).

a tremendous shift in needed water supersaturation is seen. Such supersaturation
will never exist in cloud or fog formation, where supersaturations rarely exceed 1 or
2%. More than 10% would be needed to incorporate these particle systems into the
vertical water cycle.
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Extremely interesting behaviour can be reported for one of the currently most
used nano-engineered particulates: Aerosil (Mathias and Wannemacher, 1988).
Aerosil is a perfectly spherical particle consisting of SiO; (synthesized by high-
temperature pyrolysis of SiCls in hydrogen/oxygen flames). For Aerosil 200, no
water vapour condensation was observed even at a saturation ratio of 230%, a value
never obtained under natural conditions.

Several nano-engineered materials have been tested for their activation prop-
erties. The results are compiled in Table 2.1. All particle systems represent a
considerable part of the nanomaterials widely used today. All these particle systems
will not become incorporated into a water condensing system. Only after agglom-
eration with water-attracting or dissolvable particles may a direct incorporation into
the water cycle occur.

2.4 Particle Collection During Precipitation

What remains to be discussed is the assessment of nanoparticle collection by
impaction with already existing water droplets, for example during rain fall. This
situation will be a common one, especially when other ambient (the majority) par-
ticles seeded cloud or fog formation. Water (rain) droplets can uptake during their
fall non-activated particles.

This has been known for several decades from studies dealing with radioactive
fall-out. Falling droplets may interact with particles by interception, diffusion or
impaction when in the very near neighbourhood. All mechanisms together give rise
to the so-called “Greenfield gap” (Kellogg, Rapp & Greenfield, 1957). Typically,
around a particle size of 300—700 nm there is a minimum in the collision efficiency
for such uptake. This is understandable due to the various size-dependencies of the
respective mechanisms. This means that nano-engineered particles suspended in the
ambient atmosphere will again have a large chance to remain as a (aero)sol in the air.

Beside this, the wettability of a contacted nanometre particle decides whether
it becomes really incorporated into an existing droplet after a successful collision.
Hydrophobic particles become squeezed out and do not enter a water droplet. This
was shown experimentally by Mikhailov et al. (2001).

2.5 Conclusions

An attempt was made herein to describe the fate of air-dispersed nanoparticles and
their incorporation route into the water cycle.

Cloud or fog formation can be seen as the origin of new water formation. This
is meant physically, since only a change of state from gaseous water vapour to the
condensed water phase occurs. A slight water supersaturation will serve as a water
pool as long as particles are available with seeding properties. Also agglomeration of
suspended dry nanoparticles with already-formed water droplets will not be a very
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successful route for incorporation. Wettability properties of nanoparticles govern
the attachment process.

It could be demonstrated experimentally that most of the presently used nanoma-
terials, because of their inherent insolubility and hydrophobicity, do not activate
water condensation under natural conditions. Depending on the wettability, or
agglomeration with wettable or hygroscopic nanoparticles, they will have an
unknown prolonged residence time in the ambient atmosphere. The consequences
will be unknown impact on the radiation balance and occupational health.
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Chapter 3
Nanoparticles in Groundwater — Occurrence
and Applications

Thomas Baumann

3.1 Nanoparticles in Groundwater

3.1.1 Occurrence and Stability of Nanoparticles

Natural nanoparticles have been addressed in a review by Wiggington et al.
(Wigginton et al., 2007). Originating from geochemical and biotic processes, natu-
ral nanoparticles are abundant in soils and groundwater. Typical concentrations are
in the lower mg/L range. In the vicinity of waste disposals and other groundwater
contaminations the concentration levels typically increase (Baumann et al., 20006,
1998). Looking at a typical grain size distribution of a sand and gravel aquifer, up to
5 % of the mineral matrix is in the size range of nanoparticles. However, in contrast
to synthetic nanoparticles, natural nanoparticles represent some degree (if not total)
of equilibration with their environment. The ingredients that make up the nanopar-
ticles are present in higher amounts; therefore, abiotic growth of nanoparticles to
larger colloids as well as biotic growth is likely. During growth, nanoparticles may
co-precipitate and adsorb metal contaminants like arsenic, uranium, or technetium.

Humic acid, present in the topsoil in larger quantities, has a stabilizing effect
on most nanoparticles. For instance citrate-anion-stabilized gold nanoparticles were
found to show lower aggregation in the presence of Suwanee River humic acid
(Diegoli et al., 2008). The stability of fullerene C¢n was improved in the presence
of humic acid due to steric stabilization, but otherwise exposed aggregation behav-
ior according to DLVO theory. At CaCl, concentrations of 40 mM, bridging of
fullerene nanoparticles and humic acid was observed that led to high aggregation
rates (Chen and Elimelech, 2007). Similarly, the stability of multiple-walled carbon
nanotubes was found to increase in the presence of natural organic matter (Hyung
et al., 2007). Likewise, aggregates of nCgo were found to disaggregate in the pres-
ence of Suwanee River humic and fulvic acids as a result of changes in the particle
structure (Xie et al., 2008).
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The immission of silver nanoparticles, which are used in fabrics for their antimi-
crobial effects, has been assessed for river waters (Blaser et al., 2008). A total of
20-130 t/a of silver was expected to reach natural waters, with a predicted accumu-
lation effect of up to 300 pg/L in river waters and up to 12 mg/kg in river sediments.
Due to its strong tendency to bind to sulfur in freshwater systems, silver is most
likely to form either silver—sulfur clusters or silver—sulfur complexes with organic
matter.

Based on literature data we are likely facing increased emissions of nanoparticles.
While the properties of synthetic nanoparticles are usually well described for
their respective application, the effect of synthetic nanoparticles on wildlife is still
questionable.

3.1.2 Transport Properties

The transport of single nanoparticles in groundwater is governed by colloid filtration
theory (CFT), which has been successfully applied on the microscale (Baumann and
Werth, 2005). Upscaling is aided by the correlation equation developed by Tufenkji
and Elimelech, which describes a broad range of field observations pretty well
(Tufenkji and Elimelech, 2004). Due to their small size, the main driving force for
collisions of nanoparticles with the matrix is diffusion (Fig. 3.1). Interception and
gravitation can safely be ignored when assessing the transport of single nanopar-
ticles. Gravitational effects have to be considered for aggregates of nanoparticles
which might be very dense (i.e., metal and metal oxide nanoparticles). CFT predicts
an exponential decrease of the nanoparticle concentration with increasing distance
from the source. However, some field data (see data compiled by Pang (2009),
Bradford and Toride (2007)) show a hyperexponential or bimodal decrease of the
particle concentration. This is because the parameters controlling CFT are varying
in the spatial and time domain. Physical and chemical heterogeneities along the flow
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path contribute to a variation of the retention rates. Also, concentration-dependent
effects like aggregation, clogging, and filter ripening or blocking close to the source
have to be considered. Stochastic simulations (Bradford and Toride, 2007) can
help to quantify the probability density function (pdf) for particle attachment and
detachment. However, the pdf is of little help in explaining the underlying processes.

The spreading of nanoparticles can be described with an advection—dispersion
transport equation and adding an attachment/detachment term. Colloid dispersion is
generally smaller compared to a solute tracer. Size and charge exclusion cause faster
breakthrough and less dispersion on the microscale. Attachment and aggregation
lead to a bias of the nanoparticle breakthrough in favor of nanoparticles moving in
larger pores.

The diffusion of nanoparticles in a fluid with viscosity n at temperature 7" can be
calculated with Stokes—Einstein equation (3.1, (Kholodenko and Douglas, 1995))
and scales linearly with the nanoparticle radius R:

kT
D =
6 nR

3.1)

The Stokes number St describes the behavior of suspended particles in a fluid
flowing around an obstacle (Eq. 3.2). For nanoparticles in sandy aquifers St < 1
inertial moments can be neglected and particles follow the streamlines of the fluid
around the obstacle:
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Fig. 3.2 Schematic of attractive and repulsive forces for a 20 nm nanoparticle and a quartz surface
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Here, v is the velocity of the fluid, o, is the density of the particle, [ is the
characteristic length of the obstacle, and 7 is the viscosity of the fluid.

On the other hand, the relative importance of nanoparticle—nanoparticle and
nanoparticle—surface interactions increases, thus affecting the filtration negatively
(Fig. 3.2). While the interaction energy scales linearly with R, the forces driv-
ing the nanoparticle to the surface scale with the area (R”) and the mass/volume
(R3) of the nanoparticle. Therefore attachment rates for nanoparticles are likely to
be small. Taking a closer look at the interaction forces between nanoparticle and
collector, retention of nanoparticles in the secondary energy minimum adjacent to
the repulsive barrier seems to become an important factor (Johnson et al., 2007).
This retainment, however, is different from an attachment in the primary energy
minimum at the collector, as the interaction forces are smaller and the retainment
might be non-permanent.

Straining of nanoparticles in pore throats which are too small to be passed by
the nanoparticle is characterized through d,/d., where d, is the diameter of the
nanoparticle and d, is the diameter of the grain or collector and starts at a ratio of
0.154 (Herzig et al., 1970). This ratio decreases to 0.05 when grain-to-grain contacts
are taken into account. At higher ionic strength, the critical ratio is further reduced to
values around 0.0016 (Shen et al., 2008). That way, for nanoparticles with a diameter
of 20 nm, straining is unlikely for sediments which are coarser than silty sands. At
low ionic strength, d), /d. was found in the 0.027 range. This suggests that straining,
which is an important factor for bigger particles, is negligible for nanoparticles in
aquifer sediments.

Filtration theory predicts increasing collision rates with decreasing particle size,
but, as has been shown above, the attachment efficiency is likely decreasing. The
surface modification of synthetic nanoparticles can affect the nanoparticle—surface
and nanoparticle—nanoparticle interactions by a factor of 100 (Saleh et al., 2008;
Pelley and Tufenkji, 2008). This behavior of synthetic nanoparticles is in agree-
ment with the theoretical framework. However, as of today, experimental data on
the transport properties are sparse. Thus, a prediction of the transport of synthetic
nanoparticles based on observations of natural colloids will be risky at least.

The transport of fullerene nCgp was also consistent with theory, but dependent
on the preparation method of the nCgo aggregates (THF, TTA). Tannic acid, com-
parable to fulvic and humic acids, increased the stability and therefore the mobility
when injected together with nCg( aggregates. In contrast a decrease of the mobil-
ity was found when injected together with alginate, a polysaccharide-like natural
organic matter (Espinasse et al., 2007). Addition of Ca should further increase the
attachment efficiency, as it promotes the formation of polysaccharide gels.

The transport of nanoparticles may significantly alter in the presence of other
colloids. Pang et al. (2008) have shown that MS2, a bacteriophage with a diameter of
26 nm, attaches to colloids, causing the removal rates to decrease compared to MS2
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without colloids. The reason is that MS2 is less negatively charged than soil colloids.
One can imagine that surface-modified nanoparticles might exhibit the same behav-
ior. Fluorescent polystyrene beads with casein covalently bound to the surface were
used to mimic the behavior of MS2, as well as other viruses and bacteria (Pang
et al., 2009). This example also illustrates the wide variety of nanoparticle-matrix
interactions.

Colloid transport in the unsaturated zone has been reviewed recently (Bradford
and Torkzaban, 2008). In the unsaturated zone, flow velocities are highly dynamic
imposing physical stress on attached colloids (Bergendahl and Grasso, 2000). Film
flow can occur at low saturation ratios (Crist et al., 2005, 2004; Wan and Tokunaga,
1997) and can cause straining of colloids. Capillary forces during wetting and drying
cycles can force nanoparticle attachment and detachment, although this process is
size dependent (Shang et al., 2007). The capillary forces of colloids retained in films
or at the air—water—solid interface are several orders of magnitude higher than DLVO
forces (Gao et al., 2008).

Assessment of the fate of nanoparticles in the unsaturated zone has to care-
fully take into account the surface functionality. Hydrophobic particles will likely
be found at the air—water interface, whereas hydrophilic particles will float in
the water film. One has also to be aware of a change of the ionic strength
during a wetting/drying cycle, especially in arid or semi-arid environments, signi-
ficantly affecting the interaction distances between particles and collectors or other
particles.

3.1.3 Nanoparticles in Remediation Applications

Synthetic nanoparticles offer highly interesting options for groundwater remedia-
tion, especially if the contamination is not easily accessible. Zerovalent iron (ZVI,
Fe¥) is an excellent electron donor and reducing agent, with a variety of envi-
ronmental applications at hand. ZVI nanoparticles have been proposed to reduce
and immobilize chromate (Cr(VI)) (Xu and Zhao, 2007; Li et al., 2008). Here
X-ray spectroscopic measurements indicate that Cr(VI) is incorporated into the Fe-
oxyhydroxide shell of the ZVI nanoparticle. This Fe—Cr-hydroxide shell then acts
as a sink for further Cr(VI). Reaction kinetics is fast and the shell is considered
stable (Li et al., 2008). In a similar way arsenic can be removed from groundwater,
either by injection of ZVI nanoparticles (with surfactant-modified surface to avoid
clogging) in an in situ setup or by coating sand with ZVI nanoparticles (Kanel et al.,
2006, 2007) in a reactive barrier setup. Other applications of ZVI nanoparticles
include the degradation of atrazine (Satapanajaru et al., 2008), PCB (Choi et al.,
2008), TCE (Liu et al., 2005) or the promotion of microbial reduction of nitrate
(Shin and Cha, 2008).

While a complete survey of possible applications for synthetic nanoparticles is
beyond the scope of this contribution, it is worthwhile to highlight some of the
common findings and processes. Generally ZVI nanoparticles exhibit a high reac-
tion rate, but the contaminant-specific reaction rate will decrease in the presence of
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competing solutes like nitrate and non-competing solutes like phosphate, hydrogen
carbonate, or chloride (Liu et al., 2007). From existing data it seems evident that syn-
thetic nanoparticles have to be stabilized to avoid aggregation and blocking of the
pore space. This applies in particular to cases where nanoparticles are administered
in high concentrations as with in situ applications. The long-term fate of the surface
modification remains to be questioned, as polymers might swell, disintegrate, and
deposited to the aquifer matrix in the presence of organic surfaces (Baumann and
Niessner, 2006). Surfactants might dissolve under environmental conditions if other
detergents like humic substances are present.

Another prerequisite for successful environmental applications is that the syn-
thetic nanoparticles reach the source zone and match the stoichiometry of the source.
Currently there are only few pilot-scale studies showing the feasibility and potential
of the concepts (Elliot and Zhang, 2001; Quinn et al., 2005). On the other hand,
although there are very detailed studies highlighting the processes on the scale of a
single particle, studies imposing spatial constrictions also are scarce.

In the following micromodel study, we will look at the application of ZVI
nanoparticles to remediate a spill of trichloroethylene (TCE). The treatment of
groundwater contaminated with chlorinated solvents through reactive barriers filled
with ZVI is a state-of-the-art technique (Schifer et al., 2003). TCE dechlorination
requires 3 moles of ZVI per mole of TCE, that is, 1 g of Fe® will dechlorinate 1.3 g
TCE. In order to maintain the reactivity and stability in groundwater ZVI nanopar-
ticles have to be modified, e.g., with anionic polyelectrolytes (Phenrat et al., 2008).
The polyelectrolyte layer increases the hydrodynamic diameter of the nanoparti-
cles (original diameter 5—40 nm) to 100 nm and up, depending on the equilibrium
times. Of course this also affects transport and attachment. Other approaches include
polymerization, e.g., with a tri-block polymer (Liu et al., 2005), or using bimetallic
synthetic nanoparticles (Elliot and Zhang, 2001).

However, the case of a reactive barrier dechlorination applies to the downstream
groundwater only; the source zone is left untouched. In cases where the groundwater
flow is slow and the source zone is not accessible, deployment of ZVI nanoparticles
might be an alternative. As nanoparticles are highly reactive due to their small size
a rapid decrease of the concentration levels is expected.

In order to reach the contamination area, the nanoparticles have to be mobile
in porous media. Permanent attachment to uncontaminated matrix should be min-
imized while the sticking efficiency to the interface of chlorinated solvent pools
has to be high. In addition, the reaction products and “used nanoparticles” have to
leave the contaminated area cleanly to avoid blocking. Kanel et al. (2008) demon-
strated in a sandbox experiment that ZVI nanoparticles without protective coating
to reduce oxidation are not mobile in an aquifer system made of silica beads (diam-
eter 1.1 mm), whereas nanoparticles modified with polyacrylic acid were moving
without much retardation, but exhibited a significant density effect.

Dechlorination can take place in aqueous solution, at the interface between water
and solvent, and in the solvent itself (Fig. 3.3). For the latter two scenarios, the
particles have to attach to the interface and possibly penetrate it. This requires a
hydrophobic coating.
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Fig. 3.3 Schematic of TCE dechlorination with synthetic nanoparticles

Micromodel experiments with polymer nanoparticles have shown that most of
the nanoparticles are mobile in the aqueous phase. The ZVI colloids were stable
and showed only little tendency for aggregation compared to bare iron colloids,
which quickly aggregated. The residence times of the ZVI colloids in close proxi-
mity to the TCE interface were on the order of seconds. Nanoparticles attaching
to the interface were rare and kept sticking to the interface. No penetration of the
interface was observed. Overall attachment rates were small compared to attachment
rates of polystyrol latex colloids (Fig. 3.4).

The implications of this experiment are twofold: First, the dechlorination takes
place mostly in the aqueous phase. This results in a quick drop of the TCE concen-
tration. The TCE pool, however, is hardly affected. The release of TCE is controlled
by diffusion. While the presence of ZVI nanoparticles might increase the diffusive
mass flux due to the immediate dechlorination of TCE in the aqueous phase, the

Trajectory points 300ms apart

Fig. 3.4 Trajectories of ZVI
colloids in a micromodel
experiment
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reaction products have to be removed immediately, because otherwise the diffusion
will be limited. Second, there seems to be a problem with the delivery of large quan-
tities of synthetic nanoparticles at heavily contaminated sites because of blocking
effects and steric interactions.

In response to the limited accessibility of contamination pools to nanoparti-
cles due to flow restrictions, nanoparticles with sorbing and degrading properties
are actively developed. Choi et al. (2008) presented a system of activated carbon
impregnated with Fe/Pd nanoparticles for the dechlorination of PCB. The size of
the activated carbon particles was about 1-3 mm and the Fe/Pd nanoparticles were
adsorbed in the mesopores of the activated carbon. The size of these particles is
clearly tailored toward applications in water treatment systems, funnel-and-gate
systems, or reactive capping systems.

3.2 Nanoparticles at the Interface

Nanoparticles might be generated in situ as a result of weathering processes, inten-
tionally applied to the land surface, e.g., in agricultural applications, or deposited to
the soil surface through atmospheric emission. Either way, wet deposition and dry
deposition have to be distinguished as they affect the initial transport conditions.

In the topsoil a variety of abiotic and biotic processes might alter the surface
properties and the stability of the nanoparticles. Humic acid and other organic acids
present in the soil surface might stabilize the nanoparticles, while bacteria and
biofilms may increase removal rates or adversely be affected by nanoparticle toxic-
ity. Transport through the topsoil is expected to be slow, but preferential flow paths
and cracks in the soil may enhance mobility (see Chap. 4 by A.D. Karathanasis,
this book).

Transport of nanoparticles in the unsaturated zone of an aquifer is governed by
attachment/detachment processes reflecting the wetting/drying cycles (Shang et al.,
2007). Transport of bacteriophages MS2 and ¢ X174 was found to increase in unsa-
turated sand columns with increasing concentrations of metal oxides. The effect of
phosphorous, calcium, and organic carbon concentrations was found to be negligible
(Chu et al., 2003). This underlines the importance of reactions in topsoil for the
transport properties of nanosized particles.

Both the negligible occurrence of pathogens and viruses and the generally low
concentrations of colloids even in shallow groundwater indicate that the soil is an
effective filter for particles in the size range of colloids and nanoparticles. However,
bypass flow can occur during winter months after the soil has been frozen and dur-
ing summer months when the soil is dried out. Kiihnhardt has shown at the “Munich
Well,” a field site which provides access to the unsaturated zone of the Munich
Gravel Plain (Fig. 3.5), that after the soil has been frozen, there is significant trans-
port of polycyclic aromatic hydrocarbons through the topsoil down to 6 m into the
vadose zone with the snow melt (Fig. 3.6). In addition wormholes, roots, and other
preferential flow paths may facilitate the passage through the soil. It seems very
likely that nanoparticles are following the same route.
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Therefore, the immission situation of groundwater with regard to nanoparticles
applied to land surfaces depends on a variety of factors, with only few factors of
these being explored at present.

3.3 Sampling of Nanoparticles

Colloids and nanoparticles in ground- and surface water are sensitive to any change
of the environmental conditions. Sampling and characterization of colloids have
been laid out in detail (McCarthy and Degueldre, 1993). These rules will also
apply to nanoparticles. In particular it seems necessary to prevent aggregation of
nanoparticles with other colloids as well as disaggregation of nanoparticle—colloid
aggregates to assess the exposure routes.
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peak. Data from Kiihnhardt (1994)

An assessment of potential sampling errors might distinguish between techni-
cal issues, hydraulic disturbances, and hydrochemical changes. Technical artifacts
are often seen with newly installed sampling wells, where leftovers of the drilling
fluid contaminate the sample. Taking the sample too early can also be considered
a technical issue. It has been shown that steady — state conditions with respect to
the colloid concentrations significantly lag behind the hydraulic and hydrochemical
equilibrium (Hofmann et al., 2003). Contaminated sampling materials also fall into
this category.

The second category of sampling artifacts relates to changes in the hydraulic
conditions during sampling transfer and storage. From numerous studies it is evident
that an increase of the flow rate causes a detachment and mobilization of colloids
of all sizes, leading to higher concentrations and eventually to a biased particle size
distribution. The second type of artifacts, like very low flow conditions, may cause
a settlement of bigger particles in the well, eventually dragging nanoparticles with
them. Again, a biased particle size distribution will be the result. Obviously, under
no flow conditions the particles are more likely to get into contact by diffusion
as compared to porous media where diffusion is restricted to the pore space. An
increase of the temperature during transport and storage enhances this effect.

Hydrochemical artifacts during sampling and characterization also include
changes in the redox potential and the pH value, changes in the gas composition due
to exposure to ambient air or due to a pressure drop causing degassing, and change
of the ionic strength, e.g., during filtration or field flow fractionation. The latter
might also introduce a change of the dominating cation from calcium to sodium.

To overcome these artifacts inline sampling and characterization technique have
been proposed (Nilsson et al., 2007). The pressure conditions of the aquifer system

were maintained in an argon atmosphere, while filters for ultrafiltration are prepared
in a portable glove box.
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Seeping water samples in the unsaturated zone are often collected using suction
cups. To maintain a good hydraulic contact to the aquifer, suction cups are embedded
into fine sand. This setup likely causes a biased particle size distribution due to
filtration in the sand pack and the suction cup. The negative pressure gradient in
the suction cup will also cause a degassing of CO;, thus affecting the carbonate
equilibrium. Open pipe sampling devices and lysimeters avoid these artifacts, but
have a higher technical footprint.

As a rule of thumb and as long as in situ characterization techniques are not
available or not feasible, changes of the environmental conditions during sampling
and the time between sampling and characterization have to be kept to a minimum.
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Chapter 4
Composition and Transport Behavior of Soil
Nanocolloids in Natural Porous Media

Anastasios D. Karathanasis

Natural nanoparticles and nanocolloids are ubiquitous in soil environments playing
important roles in many environmental processes, including soil genesis, nutrient
cycling, dispersion/flocculation, sorption, precipitation, dissolution, contaminant
transport, biogeochemical transformations, bioavailability, and various remediation
practices (Christian et al., 2008). They are generally defined as mineral or organic
particulate or aggregate material with at least one dimension of less than 100 nm.
Therefore, nanoparticles and nanocolloids constitute a sub-fraction of colloidal
material whose upper size range extends to 1,000 nm. Soil nanomaterials usually
exhibit heterogeneous and complex structure, composition, and surface chemistry
that make their behavior very difficult to predict. Due to their small size, they usually
have exceptionally high surface area-to-mass ratio and exhibit specially enhanced
surface properties, which may be variable due to the heterogeneous composition
of the particle (Ryan and Elimelech, 1996). For example, the core of the particle
may be comprised of SiO; or AI(OH)3.S10,, but the surface (shell) may be coated
with Fe(OH)3 or organic functional groups. Since the surface of the nanoparticle is
the most interactive with the environment, understanding its composition is critical
for predicting its functional behavior. In fact, manipulated functionalization of this
“shell” layer is the focus of many engineered nanoparticles that are being used for
various environmental applications.

Soil nanoparticles can be of natural origin, commonly formed as mineral weath-
ering byproducts, new mineral precipitates from supersaturated solutions, and
biogenic products of microbial activity (Wigginton et al., 2007) or of anthro-
pogenic origin, released in the soil environment as byproducts of technological
processes (Christian et al., 2008). Under certain environmental conditions differ-
ent microorganisms may induce the formation of mineral nanoparticles through
redox transformation or surface nucleation processes. The morphology of soil
nanoparticles varies considerably with their origin, composition and environmental
setting, while their fate, behavior, and mobility are closely related to their intrinsic
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properties. It is well established that environmental nanoparticles can travel very
long distances since their average displacement through diffusion processes is
proportional to the inverse square root of the radius of the particle. Their trans-
port potential, however, is also dictated by the colloidal stability (potential of
the particle to remain dispersed) imposed by the dispersion media and its ionic
environment. While the small size of the nanoparticles implies considerable sta-
bilization potential, their high surface energy may induce multiple interparticle
collisions and significant agglomeration, particularly under elevated ionic concen-
trations (Bradford et al., 2007). This is because the increased ionic strength can
shield the charge of two approaching particles and reduce the effectiveness of the
Coulomb repulsion, especially in the presence of polyvalent ions, which could lead
into rapid coagulation and flocculation. Conversely, the stability of soil nanoparti-
cles may be enhanced in association with organic colloids or thin-film coatings of
adjacent mineral surfaces (Lead and Wilkinson, 2007).

The stability, mobility, and reactivity behavior of soil nanoparticles is of partic-
ular interest in environmental pollution and remediation processes. Not only could
their presence in large quantities cause a significant deterioration of water qual-
ity, but their association with and co-transport of organic and inorganic pollutants
may adversely affect the integrity of sensitive ecosystems and pose a great contam-
ination risk for groundwater supplies (Kaplan et al., 1993; Ouyang et al., 1996).
Unfortunately, very little information exists about the characteristics and the behav-
ior of natural soil nanoparticles in the environment. Thus, the understanding of
their environmental impact could significantly benefit from existing research on
environmental colloids (Lead and Wilkinson, 2007). The high surface area-to-mass
ratio of soil nanoparticles is expected to induce significant association with organic
or inorganic contaminants through sorption, coprecipitation, or organic complex-
ation processes (Lyven et al., 2003). Engineered carbon nanotube particles have
already been used for sorption of a variety of organic compounds and metals from
water (Liang et al., 2006; Zhou et al., 2006). Their sorption capacity is enhanced
with increasing pH above the point of zero charge or by surface coatings of nat-
ural organic matter (NOM) (Liang et al., 2006). Recent technological advances
in fractionation techniques, involving field-flow fractionation (FFF) and atomic
force microscopy, have allowed improved separation and characterization of natu-
ral environmental nanoparticle fractions (Baalousha and Lead, 2007). Ultrafiltration
methods combined with high-resolution techniques involving FFF-ICP-MS, TEM,
EDS, and NanoSims have become especially important in determining the elemental
association and distribution of contaminants among and within nanoparticle frac-
tions (Ranville et al., 2005; Lead and Wilkinson, 2007). Recent studies with riverbed
and floodplain sediments from Clark Fork River in Montana, USA, involving HR-
TEM-EDS identified several metal-bearing nanoparticles, including Mn-oxides,
Fe-oxides, and sulfides, with particular preference to Zn, Cu, As, and Pb (Wigginton
et al., 2007).

The objective of this chapter is to provide information obtained through meso-
cosm laboratory experiments on soil nanocolloid composition and behavior in
soil environments, their interaction with selected metals and herbicides, and their
potential to facilitate contaminant transport in soil porous media.
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4.1 Materials and Methods

Water dispersible mineral colloids were fractionated from upper Bt horizons of
three soils in Kentucky (Table 4.1), with smectitic, mixed, and kaolinitic min-
eralogy, according to USDA criteria for mineralogical family classes. Similarly,
water dispersible biosolid colloids were fractionated from one agricultural (poul-
try manure, PMBC) and two municipal (lime stabilized, LSBC, and aerobically
digested, ADBC) biosolid wastes. The colloid fractionation was accomplished by
mixing 10 g of material with 200 mL of de-ionized water, shaking overnight, and
centrifuging at 130x g for 3.5 min. Mineral colloid suspensions of 300 mg/L spiked
with 10 mg/L of Cu, Zn, and Pb-chloride salts and 2 mg/L of atrazine and meto-
lachlor herbicides were infused into undisturbed soil monoliths consisting of A and
Bt horizons of a fine-silty, mixed, mesic Typic Argiudoll at a rate of 2.2 cm/h,
sustaining unsaturated flow conditions for a continuous 7 pore volume leaching
cycle. Biosolid colloid suspensions of 200 mg/L spiked with 10 mg/L of the same
metal chloride salts were also infused into undisturbed soil monoliths of a fine,
mixed, mesic Typic Argiudoll and a sandy, mixed, mesic Typic Udifluvent at a rate
of 0.7 cm/h, sustaining unsaturated flow conditions for a continuous 16 pore vol-
ume leaching cycle. Leaching cycles with a conservative tracer (CaCly), de-ionized
water, and metal solutions without colloids were used as controls. Leaching out-
puts were monitored continuously with respect to eluent volume and colloid, metal,
and herbicide concentrations. All leaching experiments were duplicated with an
acceptable standard error level of <15%.

Eluent colloid concentrations were determined gravimetrically and turbidimetri-
cally by measuring the optical density of the colloid suspensions at 540 nm with
a Bio-Tec instruments microplate reader. Metal concentrations were measured via
inductively coupled plasma spectrometry. Herbicide levels were determined using
liquid chromatography (US-EPA, 1994). Physicochemical colloid properties were
determined according to procedures of the National Soil Survey Laboratory Manual
(NRCS, 1996). Mineralogical compositions were assessed with X-ray diffrac-
tion (XRD) and thermal analyses (Karathanasis and Hajek, 1982). Electrophoretic
mobility was determined with a Delsa 440 Doppler Light Scattering Analyzer and
the mean colloid diameter via a Beckman Coulter N5 Submicron Particle Size
Analyzer.

4.2 Results and Discussion

4.2.1 Soil Nanocolloid Characteristics

4.2.1.1 Mineral Nanocolloids

The water dispersible mineral colloids (Table 4.1) showed a mean colloid diameter
range of 220-1,050 nm (Seta and Karathanasis, 1997a). Infusion of these colloid
suspensions into undisturbed soil monoliths of a fine-silty, mixed, mesic Typic
Argiudoll produced eluted colloids with a mean diameter range of 50-120 nm,



A.D. Karathanasis

38

‘Kyiqowr onjaroydonosre — NY (Aoeded
93ueyoX2 UONEd — DD ‘BaIe JBJINS — VS LIJAWEIP PIO[[0d UBAW — (DJA OPIXOIPAY WNId[Ed — Z(HO)RD 2IeU0qIed WNId[ed — €QDB)) OPIXOIPAYAXO UoIl
— XOdH ‘zrenb — ) oyrurjory — N'T OI[NOTWIOA/AIIOOWS PAIIABIINUI-AXOIPAY — A STH $0I0AWS — NS Ionew o1uesIo [eInjeu — NON SPIO[[0d PI[0soIq
omuewr Anmnod — DN SPIO[[0d pasaSIp A[[ed1qoroe — DAY SPIO[[0d PI[OSOIq PAZI[IqeIs-awi] — JFST *SPIO[[0d PAN[d — T ‘SPIO[[0d Pasnjul — NI

06— 144! €8L €8 01 01 9°GL (1)

Th— €6 8LS 08¢ S S S1 S1 6Ly (AND

(Y DdINd

€h— €911 LOL €T 9 0 t'69 (1)

6'¢— 0101 90 09% (4 € ST 909 (AND

TL ogav

8¢~ LTIl Siy 9L 8T YA (19

- 08 9¢ 0l o1 0S or 10T (AND

€1l 04ds1

01— 0Ty 081 0TI 91 ¢ 2% 9 1€ €0 (1)

80— 0'6¢ ¥IT  0SOT € Tl SS 01 0T 0 (AND

TS onuroey]

LT— €79 0ge 6 (4B €T S 86 80 (1)

1= SLy 061  00L I 8 ¢¢ 01 9% 80 (AND

€9 POXTI

€T~ 816 09  0S S 1 14 S 8 60 (1)

81— 7'€9 06 0TT I+ <1 0T 09 80 (AND

T9  ounoswg

(s A/ wird)  (3y/2rowd) (57 w) (wu) (%) Hd pro[jon
WA L) VS O YHOED £0D®D XOHd O NTI VOIN ASIH NS TWON

SO1SLIg)ORIRYD PIO[[0D)

I'v 31qBL



4 Composition and Transport Behavior of Soil Nanocolloids 39

4 hours 24 hours

—o— Smectitic
—8— Mixed
s N N N N N N N X | A Ka.olinitic

10 122 4 6 8 10 12
pH pH

_
~ o
()] o

Percent Colloid in Suspension
N ol
o ol S
— |
~—_
~_|

)
IN
o
@

Fig. 4.1 Mean settling rates of smectitic, mixed, and kaolinitic nanocolloids eluted from Argiudoll
soil monoliths

suggesting that the majority of the eluted particles were within the nanosize range.
The mineralogical composition of the eluted nanocolloids was slightly different
than the infused colloids, involving consistent increases in 2:1 minerals (smec-
tite, mica, HIV), as well as Fe-oxyhydroxides, and decreases in 1:1 minerals and
quartz. These compositional changes were accompanied by significant increases in
surface reactivity, including surface charge (24-31%), surface area (30—42%), and
electrophoretic mobility (18-22%) (Table 4.1).

Settling rate experiments with the eluted nanocolloids suggested considerable
stability above pH 4 for the smectitic, pH 5 for the mixed, and pH 6 for the kaolinitic
particles, ranging from 50 to 75% over a 24 h period (Fig. 4.1). The instability below
these respective pH ranges is associated with the proximity of each nanocolloid to
the zero point of charge (ZPC) level of their dominant mineral, which is lower for
smectite and higher for kaolinite. As the pH of the medium approaches the nanocol-
loid ZPC, edge-to-face bonding and Fe—Al bonding to particle surfaces increase,
causing a drop in the net surface potential to the point that coagulation occurs.
Above the ZPC, bonding is limited, thus increasing nanocolloid dispersion and
stability. All nanocolloids experienced some decrease in stability over time, likely
due to increased collision frequency rather than ionic strength effects, which were
maintained at low levels and relatively constant in all eluents (EC < 0.2 wS/cm).
Surprisingly, the kaolinitic colloids maintained higher stability at upper pH ranges
than the smectitic or the mixed, in spite of their larger diameter and lower NOM
content, which at high concentrations may promote dispersion by steric hindrance
(Kretzschmar et al., 1995). Apparently, greater abundance of Fe-oxyhydroxide coat-
ings on the surface of these particles induced increased stability above their pH(zpc)
level.

4.2.1.2 Bio-nanocolloids

The infused water dispersible biosolid colloids had a mean colloid diameter range of
380-460 nm (Karathansis and Johnson, 2006). Eluted colloids from the undisturbed
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Argiudoll and Udifluvent soil monoliths were within or near the nanosize range,
with mean diameter of 76—134 nm. With the exception of NOM content, which
increased significantly in the eluted colloids (13-51%), only minor differences were
detected in the composition of the infused vs. the eluted colloids. However, the
eluted nanocolloids showed drastic increases in surface area (13-28%), surface
charge (13-29%), and electrophoretic mobility (16-37%) (Table 4.1), suggesting
a much more interactive behavior.

Settling rate experiments of the eluted bio-nanocolloids indicated considerable
stability over a wide range of pH conditions (4-8) in a 24 h period, following the
sequence LSBC > PMBC > ADBC (Fig. 4.2). More than 85% of the LSBC nanocol-
loids remained in suspension after 24 h, suggesting a remarkable potential mobility
over great distances, even at pH 4, following considerable carbonate dissolution
and an EC increase to 68 pS/cm. The eluted ADBC were considerably less stable
(50-65%) than the LSBC in spite of their higher NOM content. It is likely that
the large size and the presence of Fe-oxyhydroxides in these colloids may have
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Fig. 4.2 Mean settling rates of LSBC, ADBC, and PMBC nanocolloids eluted from Argiudoll soil
monoliths
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inhibited their stability, particularly at low pH levels, where a charge reversal on Fe-
oxyhydroxide surfaces and a charge reduction on the organic particle surfaces can
lead to further destabilization. The PMBC nanocolloids showed an intermediate sta-
bility (70-80%) range, consistent with their size, but inconsistent with their highest
NOM content. Apparently, the prevalence of different types of organic functional
groups in these colloids may have had a variable effect on their surface properties,
not proportional to their NOM content (Jekel, 1986). Noticeably, the stability range
of the colloids within the nano-range (LSBC and PMBC) remained consistently
high (70-90%) and was least affected by more than 3-fold increases in their inher-
ent EC environments (Fig. 4.3). Apparently, their small size and surface properties
of their organic constituents overcame the destabilizing effects of the increased ionic
strength (Roy and Dzombak, 1997).

4.2.1.3 Other Colloids

Additional experiments involving leaching of undisturbed monoliths from reclaimed
mine soils with de-ionized water at various rates produced eluted colloids with
a mean diameter range of 314-1,127 nm, which is considerably larger than the



42 A.D. Karathanasis

nanosize range (Miller, 2008). The size of the eluted colloids increased even more
when the monoliths were amended with biosolid wastes. It is likely that the large
macroporosity of these monoliths allowed large-size colloids to migrate through the
matrix without significant straining.

4.2.2 Nanocolloid Transport Behavior

4.2.2.1 Mineral Nanocolloids

Breakthrough curves (BTC) of mineral colloid suspensions eluted through the soil
monoliths of the fine-silty, mixed, mesic Typic Argiudoll showed an initial rapid
elution (C/C ¢ = 0.75), suggesting significant preferential flow (Fig. 4.4) (Seta and
Karathanasis, 1997a). In spite of the fact that size exclusion appeared to be a dom-
inant mechanism controlling the transport of the smectitic and the mixed colloids,
as evidenced by the initial breakthrough prior to the conservative tracer, signifi-
cant straining of large-size colloids occurred and reduced the mean diameter of the
eluted colloids 4- to 7-fold (Table 4.1) (Gang and Flury, 2005). This is particu-
larly evident with the kaolinitic colloids that showed an initial breakthrough after
the conservative tracer and experienced the greatest reduction (60%) in recovery
and size (9-fold) as a result of extensive sorption and filtration processes. After an
initial breakthrough of approximately 0.4 pore volumes, colloid elution gradually
leveled off and approached a steady state at about 3 pore volumes, indicating con-
siderable colloid filtration and attachment within the matrix that restricted colloid
mobility (Kretzschmar et al., 1995). Switching the input solution to de-ionized water
after 5 pore volumes produced a steep drop in colloid elution, indicating irreversible
sorption of the colloids by the monolith soil matrix (Fig. 4.4).

After 5 pore volumes of leaching, eluent colloid recovery ranged from 90% in the
smectitic to 35% in the kaolinitic colloids. The high transportability of the smectitic
colloid is attributed to the integrated effects of their lowest size and the highest
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Fig. 4.4 Mean breakthrough curves for smectitic, mixed, and kaolinitic nanocolloids eluted from
Argiudoll soil monoliths
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surface area, surface charge, and electrophoretic mobility, while the low transporta-
bility of the kaolinitic colloid is consistent with their largest size and reduced surface
reactivity (Table 4.1). The increased amounts of Fe-oxyhydroxides in the kaolinitic
colloid may have also contributed to lower transportability since its eluent pH was
near the ZPC of these minerals. The similar mineralogical composition of the eluted
colloids compared to the infused colloids suggested very little preferential filtration
or sorption of specific mineral types by the monolith matrix during the leaching pro-
cess. Eluent ionic strength was too low (<0.2 wS/cm) to have any significant impact
on colloid stability and transportability in these experiments.

4.2.2.2 Bio-nanocolloids

Breakthrough curves of biosolid colloids eluted through the Argiudoll and the
Udifluvent soil monoliths showed somewhat more irregular patterns than the
mineral colloids (Fig. 4.5) (Karathanasis and Johnson, 2006). Breakthrough was
generally slower than the conservative tracer, indicating considerable interaction
through sorption and physical entrapment processes in their flow path through
the soil monolith matrix (Jacobsen et al., 1997). In contrast to the mineral
colloids that reached an elution steady state after 3 pore volumes, biosolid colloid

Pore Volume
—i—ADBC —— PMBC —B—LSBC —6— Cl Tracer

Fig. 4.5 Mean breakthrough curves of LSBC, ADBC, and PMBC nanocolloids eluted from
Argiudoll (a) and Udifluvent (b) soil monoliths
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breakthrough showed several maxima and minima throughout the leaching cycle.
This elution pattern is consistent with a cluster type of transport resulting from
attachment/detachment cycles that coincide with macropore blockage and flushing
incidents.

The PMBC showed the highest transportability through the Argiudoll monolith
reaching a maximum of 0.45 C/Cy, at 12 pore volumes before tapering off to about
0.3 C/Cy at the end of the leaching cycle. These results are consistent with the
small size and the surface properties of the colloid. In contrast, the elution of PMBC
through the Udifluvent monolith was the lowest of all the colloids, barely reaching
0.1 C/Cyp throughout the leaching cycle. In spite of its coarser texture, this soil had
lower hydraulic conductivity and macroporosity than the Argiudoll, which appar-
ently hindered colloid mobility. However, a more crucial factor contributing to the
reduced transportability of the PMBC might be the lower pH of the Udifluvent com-
pared to the Argiudoll (4.0 vs. 6.1), which could have caused a significant surface
charge reduction of the organic constituents and induce coagulation and flocculation
(Gang and Flury, 2005).

The ADBC showed the highest transportability through the Udifluvent monolith,
reaching maxima of 0.8 C/Cy and 1.0 C/Cy, at 6 and 11 pore volumes, respectively,
before tapering off to 0.6 C/Cy at the end of the leaching cycle. The modest filtra-
tion experienced by these colloids through the Udifluvent compared to the PMBC,
in spite of their larger size, is attributed to their higher pH (7.2 vs. 5.5), which
apparently buffered considerably the low pH effect of the soil matrix and overcame
coagulation and flocculation setbacks. In contrast, the elution of ADBC through the
Argiudoll was low, remaining below 0.2 C/Cy throughout the leaching cycle. The
reduced transportability of these colloids through the Argiudoll matrix cannot be
attributed to pH or EC effects and most likely are dictated by physical processes.

Surprisingly, the LSBC, although having the highest overall stability, showed
very low transportability through both soils during the first 10 pore volumes before
peaking to 0.4 and 0.25 C/Cy in the Argiudoll and Udifluvent, respectively, at the
end of the leaching cycle. The limited transportability of these colloids is probably
the result of their high eluent EC caused by carbonate dissolution in early stages of
leaching, which resulted in significant colloid flocculation and filtration within the
monolith matrix. The above findings underline the complex nature of colloid trans-
port behavior through natural porous media, which is the integrated effect of colloid
size, surface properties, and interactions with the soil matrix. These interactions
are not always predictable with simple tests and experiments of colloid character-
ization alone and require thorough assessments of colloid behavior under natural
environmental settings.

4.2.3 Facilitated Transport of Pollutants

4.2.3.1 Metals

Figures 4.6 and 4.7 show BTCs of Cu, Zn, and Pb eluted with the mineral colloids
through the Argiudoll monoliths (Karathanasis, 1999, 2000, 2003). In the absence of
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colloids (controls), practically none of the metals exhibited any meaningful break-
through, suggesting nearly complete sorption by the soil matrix. The presence of
colloids considerably enhanced total metal elution and in most cases even solu-
ble metal elution, thus providing strong evidence for colloid-mediated transport.
Most BTCs showed considerable asymmetry attributed to partial clogging and flush-
ing cycles and/or chemical interactions between solutes, colloids, and soil matrix.
These interactions are anticipated to be manifested through physical and chemical
processes associated with multiple colloid attachment/detachment stages and vari-
able affinities of metals for colloid and soil surfaces. Generally, total metal elution
was higher than soluble metal elution. Considering that the difference between total
metal and soluble metal load represents the colloid-bound fraction and given the
strong correlation between total metal and colloid elution, it appears that the colloids
were acting as carriers of the majority of the metal load. As was the case with the
colloid elution, the metal load-carrying efficiently followed the sequence smectitic
> mixed > kaolinitic, indicating a strong relationship with colloid surface charge
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Fig. 4.7 Mean soluble metal 0.05
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properties. Therefore, this provides compelling evidence that the primary mecha-
nism for the enhanced metal transport was metal chemisorption to reactive colloid
surfaces, especially in cases where metal affinity for colloid sites was greater than
that for soil matrix sites. However, competitive metal sorption between colloid and
soil matrix may also occur during the leaching cycle, in spite of metal affinities, in
the process of establishing local equilibrium between the two solid phases.

Metal transport increases were also metal specific, following the sequence
Zn > Pb > Cu for total metal elution and Zn > Cu > Pb for soluble metal elu-
tion. Overall, between 30 and 90% of Cu was transported in the soluble fraction,
while >60% of Zn and Pb were transported in the colloid-sorbed fraction. This is
generally consistent with the metal affinities of the different colloids in conjunc-
tion with the NOM content and colloid size differences. Average increases of total
Cu transported in the presence of colloids were 3-fold for kaolinitic, 5-fold for
mixed, and 6-fold for smectitic colloids compared to the controls (absence of col-
loids). The respective average increases for Zn transport were 1.5-fold for kaolinitic,
6-fold for mixed, and 9-fold for smectitic colloids. Average increases for total Pb
were the highest, ranging from 7-fold for kaolinitic up to 30-fold for smectitic col-
loids. Average soluble metal elution increases were not as dramatic for Cu and Zn
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(up to 3-fold), but more substantial for Pb (up to 11-fold), with the maxima being
associated with either smectitic or mixed colloids. The similar soluble Cu load trans-
ported by all colloids regardless of mineralogy is attributed to the strong affinity of
this metal to form organic complexes (Camobreco et al., 1996; Zhou and Wong,
2001). This mechanism may also be partially responsible for the additional solu-
ble metal loads of Zn and Pb recovered in the presence of colloids. Furthermore,
exclusion of soluble metal species from soil matrix sites blocked by colloids and
elution of metal ions associated with the diffuse layer of colloid particles may have
increased the soluble metal load. These findings clearly demonstrate the role of
colloid mineralogical composition on their ability to induce and mediate the trans-
port of heavy metals in subsurface soil environments. The observed metal transport
patterns appeared to be influenced primarily by inherent and/or accessory miner-
alogical and physicochemical properties of the colloids, such as surface charge,
surface area, electrophoretic mobility, and mean colloid diameter, and less by coin-
cidental factors, such as NOM, pH, Fe-Al hydroxides, and ionic strengths, normally
encountered in soil environments.

Figures 4.8, 4.9, and 4.10 show BTCs for Cu, Zn, and Pb eluted through the
Argiudoll and the Udifluvent soil monoliths in the presence and absence (controls)
of bio-nanocolloids (Karathanasis et al., 2005). Metal elution was essentially zero

CIC,

20
Pore Volume Pore Volume

—a-Total Cu -8~ Soluble Cu —— Control —a-Total Cu -2 Soluble Cu ——Control

Fig. 4.8 Mean total and soluble Cu loads eluted with LSBC, ADBC, and PMBC nanocolloids
from Argiudoll (a) and Udifluvent (b) soil monoliths
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Fig. 4.9 Mean total and soluble Zn loads eluted with LSBC, ADBC, and PMBC nanocolloids
from Argiudoll (a) and Udifluvent (b) soil monoliths

for all control treatments, suggesting total attenuation by the soil matrix. Total Cu
elution was highest in association with the ADBC through the Udifluvent and the
PMBC through the Argiudoll, with recoveries approaching 80% toward the end
of the leaching cycle (Fig. 4.8). The high NOM, surface area, and electrophoretic
mobility of these nanocolloids accounted for 56% of the variation in total Cu elu-
tion, as indicated by multiple regression analysis. In addition, the low ionic strength
of their eluents would tend to promote double layer expansion and limit colloid
attachment to the soil matrix. Soluble Cu accounted for 15-45% of the total Cu
eluted through both soils and is attributed to the high NOM content of the nanocol-
loids that may induce formation of soluble organic-Cu complexes, particularly in
the presence of high molecular weight hydrophilic organic constituents (Han and
Thompson, 1999; Gove et al., 2001). Total Cu elution associated with LSBC through
the Argiudoll and Udifluvent soil monoliths was irregular and nearly absent during
the first half of the leaching cycle, reaching maxima of 0.4 and 0.5 C/Cy toward the
end of the leaching period as the EC of the eluents dropped below 30 pwS/cm. Total
Cu elution with ADBC through the Argiudoll monolith was moderate (0.25 C/Cop)
but more symmetrical and that of PMBC through the Udifluvent irregular but lower
than 0.1 C/Cy throughout the leaching cycle. The latter trends were consistent with
lower nanocolloid elution and greater attenuation by the soil matrices.
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Fig. 4.10 Mean total and soluble Pb loads eluted with LSBC, ADBC, and PMBC nanocolloids
from Argiudoll (a) and Udifluvent (b) soil monoliths

Breakthrough curves for total Zn eluted in the presence of bio-nanocolloids
showed only subtle differences compared to Cu-BTCs, showing a strong relation-
ship with colloid elution patterns. The ADBC through the Udifluvent and the PMBC
through the Argiudoll appeared to be the most effective Zn carriers, with relatively
symmetrical BTC and recoveries of 80-90% after 6 pore volumes of leaching.
Surface charge, NOM, and surface area accounted for 70% of the variation in total
Zn elution (Li and Shuman, 1997). Significant amounts of soluble Zn were also
eluted in the presence of the above nanocolloids, amounting to nearly 50% of the
eluted Zn load. Total Zn elution in association with LSBC through both soils was
irregular, showing maxima of 0.55 C/Cy toward the end of the leaching period as a
result of decreasing EC levels. Total Zn elution in the presence of ADBC through
the Argiudoll was moderate and more symmetrical, reaching maxima similar to that
of Cu (0.25 C/Cyp) at the end of the cycle. The decreased Zn elution with remaining
nanocolloids was consistent with lower colloid elution trends.

Total Pb-BTCs were very similar to those of Cu and Zn. The highest recoveries
(0.8 C/Cy) were observed in association with PMBC through the Argiudoll and with
the ADBC through the Udifluvent. The LSBC-Pb elution patterns were almost iden-
tical to those of Zn, reaching maxima of 0.45 C/Cy toward the end of the leaching
period. The remaining nanocolloids showed irregular BTC with recoveries below
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0.2 C/Cy. The soluble Pb fraction transported in the presence of bio-nanocolloids
was considerably smaller than the soluble Cu and Zn fraction as a result of greater
affinities of Pb for colloid surfaces (Denaix et al., 2001).

4.2.3.2 Herbicides

Breakthrough curves of atrazine eluted with and without (control) the mineral
nanocolloids indicated very little attenuation (5—-15%) within the soil matrix over
the entire leaching cycle (Fig. 4.11) (Seta and Karathanasis, 1997b). In all cases,
the presence of colloids enhanced atrazine elution above that of the control treat-
ment. The nanocolloid-mediated increase in atrazine transport ranged from 2 to
18%, following the sequence smectitic > mixed > kaolinitic. Apparently, the larger
surface area, NOM content, and electrophoretic mobility of the smectitic and
the mixed nanocolloids, in conjunction with their smaller size, induced greater
atrazine load transportability. In contrast, the lower surface reactivity of the larger
kaolinitic particles could carry smaller atrazine loads and encounter more oppor-
tunities for sorption and filtration within the soil monolith matrix. However, the
nanocolloid-bound eluted atrazine fraction was smaller than the eluted soluble frac-
tion, suggesting that atrazine attachment to the nanocolloid surfaces was not the only
mechanism for enhancing atrazine transportability. Exclusion of soluble atrazine
molecules from certain reactive sites of the soil matrix due to temporary (flow-
path collisions) or permanent (attachment) blockage by colloid particles may have
promoted soluble herbicide transportability in the presence of nanocolloids.

Unlike the atrazine transport, metolachlor BTCs showed significant attenuation
by the soil matrix, ranging from 45 to 70% over the entire leaching cycle (Fig. 4.12)
(Seta and Karathanasis, 1996). This is the result of the higher adsorption coefficient
(3- to 5-fold) of metolachlor over that of atrazine for soil and colloid surfaces. The
presence of nanocolloids consistently enhanced metolachlor transport by 5-25%,
following the sequence smectitic > mixed > kaolinitic. As was the case with the
atrazine transport, the higher surface reactivity of the smectitic and mixed nanocol-
loids enhanced greater metolachlor load transportability, while the larger size and
low reactivity of the kaolinitic nanocolloids inhibited metolachlor elution. Exclusion
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mechanisms may have also been responsible for significant increases in eluted
soluble metolachlor fractions in the presence of nanocolloids.

4.2.4 Potential Mechanisms

The good agreement between metal/herbicide elution and nanocolloid elution pat-
terns implies that a large portion of these potential pollutants eluted in the presence
of migrating nanocolloids were sorbed or attached onto their surfaces. This was cor-
roborated by strong correlations between metal/herbicide transport and nanocolloid
surface properties and emphasizes the potential of mobile nanocolloids as contam-
inant carriers in subsurface soil environments (Karathanasis, 1999; Denaix et al.,
2001). However, in all leaching experiments involving nanocolloids an increased
load of the eluted metal/herbicide was in the soluble fraction, suggesting that the
presence of nanocolloids enhanced the elution of both sorbed and soluble fractions.
Correlation coefficients between the eluted soluble metal and eluted nanocolloid
fractions were particularly high for Cu and Zn, explaining about 25% of the overall
total metal elution. In contrast, essentially no elution of the metal soluble fraction
occurred in the absence of nanocolloids (control treatments), suggesting complete
attenuation by the soil matrix. This suggests that the mobile nanocolloids in the
conducted experiments may have played a dual role in the metal transport pro-
cess acting as carriers and facilitators. While the role of nanocolloids as metal
carriers is envisioned through surface chemisorption and perhaps coprecipitation
mechanisms, particularly for carbonate-containing colloids, their role as facilitators
requires further documentation.

One possible mechanism contributing to the transport of elevated soluble metal
loads in the presence of nanocolloids is certainly “complexation” and “ligand forma-
tion” between metals and dissolved organic carbon (DOC) constituents, particularly
in the presence of bio-nanocolloids. Metal speciation simulations with MINTEQ
suggested that between 20 and 60% of the eluted soluble metal fraction was in the
form of organic ligands, while ion specific electrode analysis of selected metals indi-
cated a range between 35 and 50%. The remaining soluble metal fraction eluted in
the presence of bio- or mineral nanocolloids could have been transported via the
action of physical or chemical exclusion mechanisms (Karathanasis et al., 2007).
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While these mechanisms can only be speculated in this study, their functionality
has been documented in a variety of physical and chemical processes, including
transport phenomena. Examples of physical exclusion processes that may result in
elution of extra soluble metal loads in the presence of nanocolloids include (a) pore
clogging by migrating colloids that render some reactive soil matrix sites inacces-
sible for interaction with soluble or nanocolloid-sorbed metals; and (b) increased
collisions between soluble metal species and charge-satisfied nanocolloid particles
during the transport process that may block attachment or interaction opportunities
with soil pore reactive sites (Bradford et al., 2007). Examples of chemical exclusion
mechanisms contributing to higher soluble metal elution loads in the presence of
nanocolloids include (a) inactivation of reactive soil pore wall sites by metal—colloid
entities sharing metal ionic bonds, therefore excluding the sites from interactions
with soluble metal species; and (b) soluble ionic metal species associated with the
diffuse double layer of mobile nanocolloids may bypass attractive forces of soil
matrix reactive sites due to their high coordination and kinetic energy.

4.3 Conclusions

Undoubtedly, the mesocosm-scale experiments employed in these studies cannot
provide accurate assessments of the magnitude and variability in colloid generation
and transport behavior to be expected under field-scale natural environmental set-
tings. However, the findings provided unquestionable evidence for the ubiquitous
presence of nanocolloids in soil environments, their increased stability and poten-
tial to migrate great distances through natural porous media, and their significant
role as potential carriers and/or transport facilitators of organic and inorganic pol-
lutants to groundwater aquifers. In all cases involving mineral or bio-nanocolloids,
their composition, size, and surface properties were the primary parameters con-
trolling their stability, mobility, and co-transportability of metals and herbicides.
Decreases in mean nanocolloid diameter and increases in surface charge, surface
area, and electrophoretic mobility drastically enhanced nanocolloid stability and
transport through undisturbed soil monoliths, even at relatively high ionic strength
levels, and significantly (up to 11-fold) increased metal and herbicide transport in
subsurface soil environments. Substantial increases of both total metal and solu-
ble metal loads in the presence of nanocolloids suggested the influence of strongly
interactive chemical and physical processes between nanocolloid surfaces and soil
matrices in controlling the co-transport behavior. Although the increased chemisorp-
tion affinity of the nanocolloid surfaces for the pollutants may be the dominant
mechanism facilitating co-transport, organic complexation and physical exclusion
processes may significantly increase the magnitude of the transported contaminant
loads. These findings also emphasize the importance of investing more advanced
technology resources toward in situ monitoring of environmental nanocolloid gen-
eration and transport processes as well as their improved characterization so that
we can obtain a more realistic understanding of their role and behavior under nat-
ural conditions as potential pollutants or remediators. This is particularly important
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considering the inadequacy of batch and artificial simulation flow experiments alone
to assess the dynamic nature of nanocolloid transport phenomena through natural
environmental porous media.
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Chapter 5

Removal of Organic and Inorganic Pollutants
and Pathogens from Wastewater and Drinking
Water Using Nanoparticles — A Review

Carsten Prasse and Thomas Ternes

5.1 Introduction

Effective treatment processes for wastewater as well as for drinking water produc-
tion are major prerequisites for a developing and growing economy. Therefore, it
is crucial to develop and implement innovative water technologies treating water
with high efficiency and low energy consumption. To date, major challenges for
water treatment are pathogens and chemical pollutants. Municipal wastewater con-
tains a multitude of bacteria, viruses, parasites as well as inorganic and organic
chemicals. Many of the microorganisms and chemical pollutants are able to pass
through municipal wastewater treatment plants (WWTP), at least to some extent. For
instance, viruses were detected in 67% of 424 samples collected from unchlorinated
secondary effluents (Crook, 1998).

On a global scale water-borne diseases are still a major cause of death in devel-
oping countries where access to safe drinking water is often limited. With the
introduction of disinfection processes (mainly chlorine), water-borne infectious dis-
eases have been significantly reduced. However, it is known that the application of
disinfection agents such as chlorine, chlorine dioxide or ozone is associated with the
formation of disinfection by-products, (e.g. trihalomethanes, halo-phenols, ketones,
aldehydes) some with a high mutagenic and/or carcinogenic potential (Becher,
1999; Karnik et al., 2005a; Zhang et al., 2004; Zwiener et al., 2007). Chlorination
also affects the taste and odour of drinking water. Therefore, there is still a need
for new concepts to reduce the release of toxic by-products resulting from disinfec-
tion processes. The application of modern nanotechnology could be one approach
to improve this situation.

There is an increasing number of chemicals which are emitted, intentionally
or unintentionally, into rivers and streams. Today’s waters contain a multitude of
anthropogenic substances, and conventional treatment systems are often not capable
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of removing them properly, especially those which are resistant to microbial degra-
dation. Many pharmaceuticals, ingredients of personal care products or additives
of industrial products cannot be completely removed during wastewater treatment
(Andersen et al., 2003; Carballa et al., 2004; Joss et al., 2006; Lissemore et al., 2000;
Miao et al., 2004; Ternes, 1998). Thus, these organic compounds are permanently
introduced into rivers and streams by WWTP discharges, while diffuse sources such
as run-off from agricultural fields are possible but frequently contribute to a much
smaller extent to the overall pollution (Glassmeyer et al., 2005; Halling-Sorensen
et al., 1998; Lissemore et al., 2006).

As consequence, many of these emerging pollutants have been detected world-
wide in aqueous matrices such as WWTP effluents, surface water, groundwater and
drinking water.

Currently several processes can be distinguished for the removal of chemical
pollutants: (a) physical barriers using membranes, (b) physical retention by adsorp-
tion on a solid phase with activated carbon (either as granular activated carbon
(GAQ) in filters, as powdered activated carbon (PAC) in conventional processes or in
combination with membranes), (c) advanced oxidation processes (e.g. ozonation).
Biotransformation is known to be relevant for organic contaminants. However, fre-
quently mineralization of organic pollutants cannot be achieved. Nanotechnology
offers opportunities to initiate or to enhance the phototransformation and the
degradation/transformation of organic pollutants.

The current chapter aims to give an overview of the potential use of nanoparticles
in processes and techniques for the treatment of wastewater and the production of
drinking water.

5.2 Removal of Pollutants by Nanoparticles

Sorption, redox reactions, photocatalytic transformation and size exclusion are pro-
cesses which can be improved or initiated by nanoparticles for the removal of
organic and inorganic pollutants from wastewater and drinking water (Fig. 5.1).

Sorption onto nanoparticles depends on the sorption coefficient K4, describing
partitioning of a contaminant under equilibrium conditions (Schwarzenbach et al.,
2003). Currently, there are no data available to estimate the rate of sorption and des-
orption. But since in most cases diffusion is fast compared to the hydraulic retention
times in water treatment and fast compared to the biological removal of most com-
pounds, equilibrium can be assumed for solid-liquid partitioning (Wang and Grady,
1995).

Redox reactions are favoured for persistent organic pollutants to initiate the trans-
formation of the molecular structure. Frequently, the biodegradability of an organic
molecule is increased by oxidation and the toxicity is diminished. In general, oxida-
tion of a molecule introduces hydroxyl moieties in the molecular structure or causes
the formation of keto groups which can react further. The reductive dehalogenation
of organic compounds initiates the cleavage of a halogen atom (e.g. from a benzene
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Fig. 5.1 Relevant processes for the removal of organic and inorganic pollutants from water

ring). Further biochemical or oxidative reactions are then able to attack the sites of
the molecule where the halogen atom is cleaved. For metals it is well known that a
change of the redox conditions has a major influence on its toxicity.

Size exclusion: The rejection of organic solutes by membrane filtration such
as nanofiltration/reverse osmosis (NF/RO) is affected by different factors and
parameters (Bellona et al., 2004). For dissolved organic pollutants key parame-
ters are molecular weight (M), molecular size, acid dissociation constant (pk;),
hydrophobicity/hydrophilicity (log K ) and diffusion coefficients, while for mem-
branes the factors are the molecular weight cut-off, pore size, surface charge
and morphology and hydrophobicity/hydrophilicity. Hydrophobic interactions are
expected to play a major role for pollutants with higher K, values, whereas very
polar and negatively charged compounds can add electrostatic rejection with the
usually negatively charged NF membranes. In addition, nanoparticles with disinfec-
tion properties might play a major role in reducing the biofouling of membranes
which is one of the main drawbacks of this technology.

Photocatalytic transformation (e.g. using TiO; solutions) is strongly effected by
the natural water constituents, such as organic substances, nitrate and trace metals,
which are a source of reactive oxygen species producing photosensitized reactions
in solution. A photocatalyst is activated when the irradiation energy is equal to or
greater than the band gap, i.e. the energy difference between the valence and the con-
duction bands. Briefly, the absorption of photons results in the elevation of electrons
from the valence into the conduction band leading to the formation of excited state
conduction band electrons and positive valence band holes. The formed charges
can either recombine to produce heat or be used to reduce or oxidize species at
the nanoparticle surface (Kwon et al., 2008). In general, OH-radicals are produced
which are extremely strong oxidants, but are unselective leading to a variety of
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different oxidation products. Furthermore, formed electrons can react with O, to
form O,~ (Bhatkhande et al., 2002; Hoffmann et al., 1995).

5.2.1 Removal of Inorganic Pollutants

As(V) and Cr(VI) can be efficiently adsorbed on sorbents consisting of CeO», as
well as either carbon nanotubes (CeO,-CNT) or aligned carbon nanotubes (CeO,-
ACNT) (Di et al., 2006; Peng et al., 2005; Table 5.1). TiO> and ZnO nanoparticles
as well as zero-valent iron nanoparticles (nZVI) have also been shown to remove
arsenic from water by sorption, while nZVI leads additionally to the reduction of
As(V) to As(IlT) and of Cr(VI) to Cr(Ill) (Jezequel and Chu, 2006; Kanel et al.,
2006; Pena et al., 2005; Xu and Zhao, 2007; Zhang, 2003). However, the sorption
of both As(II) and As(V) is heavily influenced by competing species. Giasuddin
et al. (2007) observed a decrease in the surface area normalized adsorption rate
constant of As(IIl) and As(V) to nZVI from 100 to 43 and 68%, respectively, when
humic acids (20 mg L 1) were added. Liu et al. (2008a) who investigated the effect
of NOM on arsenic adsorption to TiO, obtained similar results. Lazaridis et al.
(2005) described the removal of Cr(VI) by nanocrystalline akaganeite (3-FeO(OH)).
Chromate (CrOi_) and arsenate (AsOi_) can be adsorbed by anion-SAMMS (self-
assembled monolayers on mesoporous supports) or metal-capped ethylenediamin
(EDA) SAMMS (Fryxell et al., 2002). These sorbents are synthesized by adsorbing
functional molecules as a monolayer onto porous ceramic oxides (Mattigod et al.,
1999). The photocatalytic oxidation of As(III) has been shown by several authors for
TiO, nanoparticles (Dutta et al., 2005; Ferguson et al., 2005; Sharma et al., 2007)
and Pt-TiO, nanoparticles (Ryu and Choi, 2004). In contrast to As(III), As(V) is less
toxic and less mobile in the aquatic environment. It sorbs strongly to the surfaces of
the photocatalysts and thereby being removed from the aqueous phase. Accordingly,
the photocatalytic oxidation can be used for the removal and detoxification of these
metals from water. Using TiO, nanoparticles the photocatalytic oxidation of organo
arsenates (e.g. mono- and dimethylarsenic acid) has been shown by Xu et al. (2007).
The authors also showed that organo arsenates have a high sorption affinity to TiO;
nanoparticles.

Several heavy metals (e.g. Cu(Il), Pb(Il), Cd(II), Ni(Il), Zn(II)) can be sorbed
by multi-walled carbon nanotubes (MWCNTS) or single-walled carbon nanotubes
(SWCNTs) pretreated by nitric acid or NaClO (Li et al., 2003; Lu and Liu, 2006; Lu
et al., 2007; Rao et al., 2007). The pre-treatment activates the surfaces of the CNTs
by introducing functional groups and increasing the number of negatively charged
sites which are capable of sorbing positively charged metal ions.

Furthermore, zeolites have been shown to remove several heavy metals from
metal electroplating wastewater (Alvarez-Ayuso et al., 2003). Even though appre-
ciable work has focused on the preparation of zeolite crystals in the pm-range, these
materials can also be synthesized in smaller sizes <100 nm (Madsen and Jacobsen,
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1999). The use of tunable metal-binding biopolymers has been described for heavy
metal remediation of aqueous matrices and appears to be a promising technique
(Kostal et al., 2001, 2003). The polymers, consisting of elastin-like polypeptides,
can be synthesized with various domains like histidine which have high affini-
ties towards heavy metals and have been shown to efficiently adsorb Cd(II) and
Hg(I). Recently, Zhang et al. (2008) described the fabrication of a polymeric cation
exchanger containing nano-Zr(HPO3S), for the selective sorption of Pb(II), Cd(II)
and Zn(II). Also SAMMS can be designed to adsorb Hg(Il) with a very high
efficiency (Mattigod et al., 2006). Actinides and lanthanides can be sequestered
by a variety of phosphonate and hydroxypyridine functionalized SAMMS, while
Thiol-SAMMS sorbed Ag(I), Cd(II), Pb(Il), Cu(Il), Hg(Il) (Fryxell et al., 2004;
Makhluf et al., 2005; Mattigod et al., 1999). Iron oxide-capped iron nanoparticles
have been shown to be good sorbents for metal contaminants (Macdonald et al.,
2007). Ni(I) can be removed using nZVI by sorption and reduction to Ni(0). At
equilibrium the ratio of Ni(I)/Ni(0) was 1:1 (Li and Zhang, 2006). The photo-
catalytic reduction of Cu(Il) on polyoxometalates (POMs) was shown by Troupis
et al. (2002). The reduction is taking place in two one-electron reduction processes
yielding Cu(I) as intermediate and Cu(0) as the final product. The precipitation of
Cu(0) resulted in the efficient removal of copper. Similar findings were obtained
by Chen and co-workers (1997) who investigated the photocatalytic reduction
of Cu(Il) and Hg(Il) on TiO, nanoparticle surfaces using X-ray absorption fine
structure (XAFS) spectroscopy. Other metal ions which have been successfully
reduced via nanoparticles-mediated photocatalysis include Cd(II), Zn(II) and Ni(IT)
(Chenthamarakshan and Rajeshwar, 2000; Kabra et al., 2008). The simultaneous
degradation of phenolic compounds and reduction of metal ions such as Cu(II) and
Cr(VI) using nano-TiO, under UV-light has been investigated by Vinu and Madras
(2008). The reduction of Cu(Il) and Cr(VI) was accelerated in the presence of the
phenolic compounds. However, the reduction of metals is suppressed when O, is
present. Therefore, O has to be removed before an effective reduction can take
place. Nevertheless, the precipitation of metals to photocatalyst surfaces leads to a
reduction of the catalytic activity (Prairie et al., 1993). To avoid the regular replace-
ment of the catalyst, Byrne et al. (1999) used a spatial separation of both processes to
circumvent the poisoning of TiO, with the photogenerated holes being consumed on
a TiO, electrode while the reduction of metal ions by the excess electrons occurs in
a separate place (cathode). Furthermore, it was shown that the surface precipitation
of photodeposited metal particulates on POMs does not hinder the photocatalytic
activity of these catalysts (Troupis et al., 2002).

Nitrate is converted to N> by nZVI particles (Choe et al., 2000) due to an acid-
driven surface-mediated process. Carbon-supported palladium nanoparticles as well
as titania-coated nano-hematite can be used for the electrocatalytic reduction of
NOj3™ (Andrade et al., 2007; Penpolcharoen et al., 2001). Rengaraj and Li (2007)
prepared a series of Bi**-doped TiO, catalysts with a doping concentration up
to 2 wt% and evaluated their catalytic activity in the photochemical reduction of
nitrate under UV-light. Maximum reduction of NO3~ was observed with a doping
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concentration of 1.5 wt% Bi**. Under these conditions more than 83% of the initial
nitrate was reduced after 150 min.

The reduction of water hardness, which is necessary to decrease membrane
fouling in water treatment trains, can be achieved by hybrid ion exchange fibers
that contain dispersed hydrated ferric oxide nanoparticles (Greenleaf et al., 2006).
CO;-sparged water can be used as regenerant to avoid the addition of aggressive
chemicals, normally needed for regeneration of ion exchangers, as well as the for-
mation of sludge during lime softening. Weidlich et al. (2001) investigated the use
of an ion exchange electrode based on modified polypyrrole-nanoparticles (PPy) for
softening of drinking water. The PPy-nanoparticles were modified with large coun-
terions such as polystyrene sulphonate to increase the cation exchange capacity. The
used polymers can be regenerated by electrochemical oxidation without the addition
of chemicals.

5.2.2 Removal of Organic Contaminants

Sorption to nanoparticles has been found to be a crucial process for the removal
of organic contaminants from aqueous phases. Metal and metal oxide nanoparticles
possess several functional groups (e.g. hydroxyl moieties) at the surface enabling
the sorption of organic pollutants. These functional groups can be protonated or
deprotonated according to the ambient pH and hence the nanoparticle surfaces can
be charged enabling an electrostatic interaction with oppositely charged molecules.
For instance, amorphous titanium phosphate acts as a cation exchanger when remov-
ing cationic dyes such as rhodamine 6G (Maheria and Chudasama, 2007; Table 5.2).
Meng et al. (2008) used SiO» and TiO, immobilized on hydrophobic clay for the
removal of methyl orange from water. Due to their enlarged surface areas, nanopar-
ticles have a higher sorption capacity than other sorbents such as granular activated
carbon (GAC) (Standeker et al., 2007). The authors tested several silica mono-
lith aerogels with different degrees of hydrophobicity as potential sorbents for the
removal of various toxic organic pollutants from water. In comparison to GAC the
aerogels exhibit sorption capacities which are up to 400 times higher. Also carbon
nanomaterials have been shown to remove hydrophobic organic pollutants by sorp-
tion. For instance, it was observed that CNTs sorb strongly 1,2-dichlorobenzene in
a wide pH range (Peng et al., 2003). Chen et al. (2007) observed an increase in the
sorption affinity in the order of nonpolar aliphatic < nonpolar aromatics < nitroaro-
matics when investigating the sorption capacity of carbon nanotubes. Furthermore,
Li et al. (2004) reported that multi-walled CNTs (MWCNTSs) are better sorbents
than carbon black for the sorption of volatile HOCs from water. However, natural
waters constituents such as dissolved organic matter can significantly reduce the
sorption affinity of PAHs due to the formation of a surface coating (Wang et al.,
2008). Therefore, these substances should be removed prior to the addition of the
carbon nanotubes.
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Table 5.2 Removal of organic pollutants from water using nanoparticles
Class of Examples of
Process Contaminants nanoparticle nanoparticles References
Sorption Dyes, BTX, Metal oxides Si0O;, TiO», Meng et al. (2008)
chloro-organics, Ti-phosphate ~~ Mabheria and
volatile HOCs, Chudasama
aromatics (2007)
CNTs SWNTs Peng et al. (2003)
MWNTs
Graphitized- Li et al. (2004)
CNTs
Photocatalysis  Pesticides, drugs, Metal oxides TiO3, a-Fe; O3, Hoffmann et al.
dyes, aromatics, 7Zn0O, WO3, (1995)
chloro-organics, SrTiO3, POM  Mills et al. (1993)
humic acids Doll and Frimmel
(2005)
Fullerenes OH-fullerenes Krishna et al.
(2008)
Doped metal N-, Ag-, Asabhi et al. (2001)
oxides carbon-, Tryba (2008)
Fe-doped Hou et al. (2008)
TiO,, Qiu et al. (2008)
N-doped
SiO,,
Mg-doped
ZnO
Fenton Pesticides, Metal oxides Fe-oxides Nie et al. (2008)
reaction aromatics Zelmanov and
Semiat (2008)
Oxidation Pesticides, Metals nZVI, Joo et al. (2005)
aromatics, nZVI+POM Keenan and Sedlak
alcohols (2008)
Lee, C. et al.
(2008)
Bimetals Fe-Pd Joo and Zhao
(2008)
Reduction Chloro-organics Metals nZVI, Zn° Cheng and Wu
(2000)
Bimetals Pt/Fe, Pd/Fe, Tee et al. (2005)
Si/Fe, Ni/Fe, Lee and Doong
Au/Pd (2008)

Nutt et al. (2005)
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Engineered nanoparticles have also been applied for the degradation of organic
contaminants. For various metals and metal oxides including TiO», a-Fe,O3, ZnO,
WOs3 and SrTiOs it has been recognized that they are capable of catalyzing pho-
tochemical reactions (Bhatkhande et al., 2002; Hariharan, 2006; Hoffmann et al.,
1995; Mills et al., 1993). These materials received special attention since they
exhibit several beneficial properties such as high environmental stability and low
toxicity. TiO, and ZnO have been predominantly used due to their high photoac-
tivity and favourable band-gap energy. Recently developed photocatalysts include
polyoxometalates (Carraro et al., 2008; Gkika et al., 2004) and polyhydroxy
fullerenes (Krishna et al., 2008). The applications of metal sulphide semiconductors
and iron oxides are very limited because they are unstable in water, undergo rapid
corrosion and/or are toxic (Beydoun et al., 1999; Hoffmann et al., 1995). However,
nanoparticles have been used for the photocatalytic degradation of a variety of
environmental pollutants such as phenols, nitrophenols, organophosphorous pesti-
cides, non-steroidal anti-inflammatory drugs and aromatic alcohols, dyes as well as
aliphatic and chlorinated aromatic compounds (Augugliaro et al., 2008; Bromberg
and Hatton, 2005; Hariharan, 2006; Lachheb et al., 2008; Liu, H. Q. et al., 2008b;
Mendez-Arriaga et al., 2008; Nagaveni et al., 2004). In addition, humic acids can
be successfully removed via photocatalysis (Espinoza et al., 2009; Liu, S. et al.,
2008c).

Most nanoparticles show a high photocatalytic activity in the UV-range (e.g.
A <310 nm for TiO;) and require artificial light sources. However, there is a consid-
erable interest in the use of visible light, i.e. sunlight (400—700 nm) mainly due to the
potential reduction in energy consumption. The deposition or incorporation of metal
ion dopants into nanoparticles can influence the performance of these photocata-
lysts due to the decrease of the charge carrier recombination rate and the shift of the
absorption band to the visible region (Choi et al., 1994). Among these materials are
N-, Co-, Ag-, InO3-, carbon- and Fe-doped TiO; (Asahi et al., 2001; Barakat et al.,
2005; Tryba, 2008; Yang et al., 2008), N-doped SiO, (Hou et al., 2008) or Mg-doped
ZnO (Qiu et al., 2008). In addition, photo-Fenton reactions, requiring wavelengths
of lower than 580 nm, would be a promising approach. However, the acidic pH
2-3 needed for the reaction is a limiting factor for most applications. During photo-
Fenton reactions, Fe(Il) is oxidized when H,O; is added under acidic conditions
yielding Fe(IlI), OH™ as well as OH-radicals. Malato et al. (2002) compared the
degradation kinetics of different pesticides using TiO, as well as the photo-Fenton
reaction. Complete mineralization of the investigated compounds was attained for
both processes. In addition, for most of the substances investigated, rate constants
of the photo-Fenton process were at least of one magnitude higher than for TiO;
photocatalysis.

Nanoparticle-mediated oxidative degradation of organic substances can also be
achieved without illumination. Zero-valent iron nanoparticles (nZVI) are capable
of oxidizing organic compounds such as pesticides and aromatic compounds when
used under aerobic conditions (Joo et al., 2005). Keenan and Sedlak (2008) inves-
tigated the influence of pH on the reactivity of nZVI under aerobic conditions.
Under acidic conditions (pH < 5) primarily OH-radicals, generated through the
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Fenton reaction, were responsible for degradation of the compounds investigated,
whereas at higher pH values oxidant formation was primarily due to the oxida-
tion of Fe(Il). However, the low oxidation rates observed might be caused by the
formation of hydroxide and oxide layers on the surfaces of the particles as well
as by other compounds reacting with OH-radicals. To increase the oxidation rates
using nZVi, Lee et al. (2008) applied both nZVI and polyoxometalates (POM). The
addition of POMs greatly increased the yield of oxidants in the systems whereas a
strong pH dependency was observed. This can be attributed to the mediation of the
electron transfer from nZVI to oxygen by POM at low pH values which results in
the increased formation of OH-radicals through the Fenton reaction. Furthermore,
at neutral pH values POM serves as a complexing agent for iron thus preventing
surface precipitation of iron hydroxides.

Chlorinated pollutants and several chloro pesticides (e.g. PCB, chlorophenols
or chlorinated aliphatics) are not or only to a minor extent degraded under aero-
bic conditions. The use of zero-valent metals leading to a reduction of chlorinated
organic compounds has been frequently studied (Casey et al., 2000; Cheng and Wu,
2000). Efficient reductants are metals such as iron, zinc, magnesium or tin (Boronina
et al., 1995; Orth and Gillham, 1996; Roberts et al., 1996). Wang and Zhang (1997)
observed that the reduction of trichloroethene (TCE) as well as polychlorinated
biphenyls (PCBs) was significantly faster when using nanoparticulate zero-valent
iron (nZVI) in comparison to commercial Fe powders with particle sizes in the lower
pm-range. However, the degradation of organic pollutants is frequently incomplete
when zero-valent metals are used, resulting in the formation of potentially hazardous
by-products and the release of potentially toxic metal ions such as Zn(Il) (Arnold
and Roberts, 1998; O’Hannesin and Gillham, 1998; Orth and Gillham, 1996). As
discussed above, surface activity decreases over time due to the oxidation of the
zero-valent metals by molecular oxygen and the formation of a metal-hydroxide
surface layer. Most of these problems can be avoided when bimetallic particles such
as Pt/Fe, Pd/Fe, Si/Fe, Ni/Fe or Au/Pd are used (Joo and Zhao, 2008; Nutt et al.,
2005; Tee et al., 2005; Wang and Zhang, 1997; Wei et al., 2006; Wu and Ritchie,
2008; Zheng et al., 2008). Lee et al. (2008) have been investigating the suitability of
surface modified zero-valent silicon nanoparticles using Ni, Cu and Fe for dechlori-
nation of tetrachloroethylene (PCE). Reactivity decreased in the order Ni/Si > Fe/Si
> Cu/Si. Furthermore, an increase in the dechlorination efficiency was observed for
Ni and Fe of up to 3.8 times compared to Si alone, whereas a decrease was observed
for Cu. Also palladium has been shown to be a very efficient catalyst for the dechlo-
rination of organic substances. Due to its high reactivity an efficient inhibition of
the formation of by-products can be achieved (Cwiertny et al., 2007).

Arkas et al. (2006) used TiO; filters impregnated with various compounds
such as alkylated dendritic polymers or cyclodextrins. These substances, called
‘nanosponges’, are able to encapsulate organic molecules and therefore increase the
filtration capacity for substances (e.g. PAHs) significantly. DeFriend et al. (2003)
reported the application of alumina membranes consisting of acetic acid surface sta-
bilized alumina nanoparticles (A-alumoxanes) with pore sizes between 7 and 25 nm.
The molecular weight cut-off of these membranes was shown to be <1,000 Da and
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they were successfully applied for the separation of various synthetic dyes. Holt
et al. (2006) investigated the water flow through microfabricated membranes in
which aligned carbon nanotubes with diameters of less than 2 nm served as pores.
The water permeabilities of these membranes were several orders of magnitude
higher than those of commercial polycarbonate membranes even though the nominal
pore sizes were much smaller. Finally, it has been shown that membrane fouling can
be significantly decreased when membranes are coated with nanoparticles. This was
illustrated by Bae and Tak (2005) who investigated the filtration of sewage sludge
by ultrafiltration membranes which were coated with TiO; nanoparticles. A signif-
icant reduction in membrane fouling was observed which could even be enhanced
further when membranes were illuminated with UV-light (Rahimpour et al., 2008).

The use of nanomaterial technology in combination with conventional treatment
techniques has also been investigated. For instance, Essam et al. (2007) inves-
tigated the application of TiO,/UV catalysis as pre-treatment prior to biological
treatment for the removal of chlorophenols. The combined UV/TiO2/H, 05 - biolog-
ical treatment allowed for the complete pollutant removal, complete detoxification,
>98% dechlorination rate and nearly complete COD removal. Similar results were
obtained by Suryaman et al. (2006) for the removal of phenol from wastewater.
Karnik et al. (2005b) used a commercial ultrafiltration membrane which was after-
wards coated with iron nanoparticles for the treatment of wastewater after ozonation.
A reduction of dissolved organic carbon of more than 85% was achieved and also
concentrations of disinfection by-products were significantly reduced (up to 90 and
85% for trihalomethanes and halo acetic acid, respectively, and more than 50% for
aldehydes, ketones and ketoacids). Bosc et al. (2005) used a bilayer membrane in
which the separative function is provided by the non-photoactive top layer, whereas
the opposite side is irradiated with UV-light. This setup allows for both the filtra-
tion of larger organic molecules and organic colloids and the degradation of smaller
molecules which are able to penetrate through the membrane.

5.3 Removal of Pathogens

The removal of pathogens using nanotechnology is an emerging area of research and
it is a promising alternative to existing processes such as chlorination. For instance,
the use of solar energy for disinfection of water can be economically highly attrac-
tive for developing countries. Nanotechnology can be used to produce nanofiltration
membranes removing viruses and water-borne pathogens which are generally larger
than 50-60 nm. Examples were shown by several studies using carbon nanotube fil-
ters to eliminate bacterial and viral pollutants such as Escherichia coli or Poliovirus
sabin 1 (Brady-Estevez et al., 2008; Srivastava et al., 2004). CNT filters can be
repeatedly cleaned (e.g. by ultrasonication) after each filtration process to regain
their filtering efficiency. The combined use of ceramic membranes and nanopar-
ticles by applying a nanoparticle surface coating to achieve smaller pore sizes is
a possibility to enlarge the flux through the membranes. Ke et al. (2007) applied
ceramic membranes with a separation layer of TiO; and AIOOH nanofibers and
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compared their performance with conventional membranes. At comparable removal
efficiencies flow rates up to 100 times higher were obtained with the new membranes
which can be explained by their increased porosity. Link et al. (2007) reported the
suitability of nanoparticles to remove viruses by sorption. For this they used low-
cost nanoparticles such as tricalcium phosphate which were mixed with DNA in
solution prior to being added to the target cell population.

Silver has long been recognized as potential biocide with Ag* ions being highly
toxic for bacteria (Choi et al., 2008). Hence, the antibacterial effects of Ag nanopar-
ticles have been investigated in several studies (Hwang et al., 2008; Sondi and
Salopek-Sondi, 2004; Yoon et al., 2008). A reduction of three orders of magnitude
was observed for the number of E. coli investigated with silver-embedded granular
activated carbon whereas no inhibition of microbial growth occurred when GAC
was used alone (Bandyopadhyaya et al., 2008). In addition to silver, antibacte-
rial activities of nanoparticles have also been found for Cu, ZnO, CeO; or CNTs
(Jonmes et al., 2008; Kang et al., 2008; Thill et al., 2006; Yoon et al., 2008; Zhang
et al., 2007). Furthermore, non-biocidal nanoparticles can be activated by attaching
various molecules to their surfaces. For instance, Lin et al. (2002) attached poly(4-
vinyl-N-alkylpyridinium) molecules to Fe3O4 (magnetit) nanoparticles and attained
bactericidal efficiencies against Staphylococcus aureus of up to 93%. The bacterici-
dal activity of nanoparticles seems to be primarily influenced by their concentrations
and shapes. Pal et al. (2007) observed the highest activity with regard to E.coli
with planar silver nanoparticles, whereas spherical or rod-shaped nanoparticles had
significantly lower antibactericidal activities.

Nanoparticle-mediated photocatalysis can also be used for disinfection of water.
All reactive oxygen species (ROS) such as *OH, H>O; and 10, are strong oxidiz-
ing agents and therefore are excellent disinfectants (Tsuang et al., 2008). This is
especially true for OH-radicals which are capable to oxidize all kinds of biological
substances such as proteins and carbohydrates, and hence might induce peroxidation
of cell membranes (Maness et al., 1999; Srinivasan and Somasundaram, 2003). For
this reason TiO, has been utilized for the disinfection of all kinds of pathogens
such as bacteria, fungi or viruses (Bekbolet and Araz, 1996; Paleologou et al.,
2007). Furthermore, it was shown that TiO; inhibits the re-growth of pathogens
(Rincon and Pulgarin, 2007). Mitoraj and co-authors (2007) investigated the inac-
tivation of bacteria and fungi using carbon modified TiO; under visible light. They
observed photoinactivation in the order Gram-negative bacteria > Gram-positive
bacteria >> fungi. An increased antimicrobial activity of sulphur- and nitrogen-
doped TiO;-nanoparticles was reported by Yu et al. (2005) and Asahi et al. (2001).
Surface modifications of nanoparticles are especially interesting since they showed
an elevated antibacterial activity under visible light, making them suitable for the
usage under solar irradiation. Also photo-Fenton reactions have been reported as a
promising treatment technique (Rincon and Pulgarin, 2007). More recently, carbon-
based nanoparticles have been investigated for their efficiency in pathogen removal.
Badireddy et al. (2007) observed the formation of ROS in fullerol (polyhydroxy-
lated fullerene) in the presence of UV light which resulted in the inactivation of
viruses.
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5.4 Nano-sensors for Water Quality Monitoring

There is a need for quick measurements of chemical pollutants during water treat-
ment in order to optimize operational parameters. Nanoscale sensors have been
designed combining desired attributes such as small sizes, in situ applicability, high
efficiency or sufficient accuracies. Nano-sensors currently contain carbon nanotubes
(CNT), specific metal nanoparticles, quantum dots (QD) and nanoshells. Enzymatic
CNT-based biosensors have been used for the detection of several phenolic com-
pounds and organophosphate pesticides (Balasubramanian and Burghard, 2006).
Wu et al. (2008) described a highly sensitive multi-responsive chemosensor for
the selective detection of Hg?* in natural water. Due to the high proportional-
ity between fluorescence intensities and the Hg>* levels a limit of detection of 1
pg L~ was achieved. Silver nanoparticles have been used to monitor ammonia
which is one of the key toxicants for WWTPs because of its fish toxicity (Dubas
and Pimpan, 2008). The silver nanoparticle solution changes its colour from pur-
ple to yellow when ammonia is present and a linear response was identified for
the range from 5 to 100 mg L~!. Cui et al. (2001) reported the use of boron-
doped silicon nanowires (SINWs) to detect streptavidin, a bacterial protein, down to
picomolar concentrations. Furthermore, these nanowires are also capable of detect-
ing pH changes. Recently, considerable interest has been placed on the use of
quantum dots (QD). It was shown that the luminescence of QD is extremely sen-
sitive to their surface states (Banerjee et al., 2008). Therefore, QD have been used
for the optical sensing of organic molecules as well as ions (Chen and Rosenzweig,
2002; Isarov and Chrysochoos, 1997). Furthermore, they can be used for the bio-
labelling of bacteria and the detection of water-borne pathogens (Decho et al.,
2008; Yang and Li, 2006). Nanoshells, normally consisting of a non-conducting
core and a metal surface coating, absorb light in different wavelengths which can be
utilized to detect chemical and biological analytes such as immunoglobulin (Hirsch
et al., 2003). The use of silica nanoparticles coated with a shell of silver in nano-
sensing applications of hemoglobin was also shown by Gordon and Ziolkowski
(2007).

5.5 Removal of Nanoparticles from Treated Waters

The growing use and applications of engineered nanoparticles in a variety of indus-
trial products and their potential for wastewater purification and drinking water
treatment raise the question how these nanoparticles can be removed in the urban
water cycle. Conventional methods for the removal of particulate matter during
wastewater treatment include sedimentation and filtration. However, due to the
small sizes of nanoparticles the sedimentation velocities are relatively low and a
significant sedimentation will not occur as long as there is no formation of larger
aggregates or flocculants are not added. The stability of nanoparticle dispersions
depends on the properties of the surrounding solution, namely pH and ionic strength
which influence the surface charge of the particles and thus the repulsive forces
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between them. Furthermore, the stability can be increased by surface modifications
of the particles (e.g. due to sorption of molecules). For example, an increasing ionic
strength of a nanoparticle solution leads to a reduction of the zeta potential and a
decreased thickness of the diffuse part of the electrical double layer. The solution
becomes unstable and the particles agglomerate.

The influence of sorption on the dispersive behaviour of nanoparticles is also
utilized in many industrial applications. In many commercial nanoparticles sus-
pensions, surfactants are used to obtain stable dispersions (Mefford et al., 2008;
Scheer and Schweizer, 2008). This might have strong environmental impacts. If
the surfactant—nanoparticle bonds are strong enough to persist in wastewater and
the aqueous environment, an inhibition of the agglomeration should be the conse-
quence leading to a very limited sedimentation during wastewater treatment and an
enhanced groundwater mobility. Limbach et al. (2008) investigated the removal of
oxide nanoparticles in a laboratory-scaled WWTP with and without the addition of
industrial dispersion stabilizing agents such as acryl polymers and benzyl sulph-
nic acids. The addition of surfactants resulted in a high dispersion stability over a
wide pH range (3—12), even close to the pHpzc. However, high levels of unagglom-
erated nanoparticles were also observed without the addition of a surfactant. This
can be explained by the distinct influence of the wastewater composition on the
surface charge of the selected nanoparticles and the adsorption of various wastew-
ater constituents to the nanoparticle surfaces resulting in the formation of stable
dispersions.

Only few studies have investigated the influence of coagulants on the aggrega-
tion behaviour of nanoparticles. In conventional WWTPs various coagulants such
as aluminium sulphate, aluminium hydroxide chloride, polysterene sulphonate, iron
chloride or negatively and positvely charged polymers are used for the removal of
suspended matter (Duan and Gregory, 2003; Flood et al., 2008; Landim et al., 2007,
Menezes et al., 1996; Rossini et al., 1999; Wang and Tang, 2006). Chang et al.
(2006) investigated the influence of polyaluminium chloride (PACI) addition as a
coagulant on the removal of nanoparticles from an aqueous solution. Even high
concentrations of the coagulants (10.4 mg L~! as Al) yielded only a reduction of the
silt density index (SDI) from 65 to 27, indicating that a significant proportion of par-
ticles remained in solution. Zhang, Y. et al. (2008) tested aluminium sulphate (alum)
as potential coagulant and investigated the influence of high electrolyte concentra-
tions. At an alum dosage of 20 mg L™, 20-80% of commercial nanoparticles (TiO»,
Fe;03, ZnO, NiO and SiO,) were removed in nanopure water and tap water by
sedimentation (following coagulation—flocculation). A further increase of the coag-
ulant concentrations up to 60 mg L' did not enhance the removal of nanoparticles.
A reduction of the zeta potential below 10 mV was observed for all investigated
nanoparticles when the ionic strength was increased up to 10 mg L~! (using MgCl,).
Nevertheless, after 30 min and 8 h, only 20-30% and 40-80% of the nanoparticles
were removed, respectively. Common technologies such as flocculation might be
inappropriate to remove engineered nanoparticles from water, which indicates the
need to find new technical solutions (Reijnders, 2006).
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Several organic nanoparticles (e.g. fullerenes) exhibit strong hydrophobic proper-
ties (Kow > 6) (Jafvert and Kulkarni, 2008). Therefore, it is likely that these particles
are removed from the water phase by sorbing to suspended solids as long as they are
not biodegraded. However, carbon nanomaterials such as CNTs can undergo envi-
ronmental degradation, e.g. when exposed to light yielding to a modification of the
surface and the introduction of hydroxyl groups in the molecule (Cho et al., 2008;
Savage et al., 2003). Due to the enhanced polarity caused by the functional groups,
the sorption affinity to suspended solids is reduced and the mobility is increased.

Electrocoagulation has been applied for the removal of fine dispersed particles
from various wastewaters (Ge et al., 2004; Holt et al., 2002). This technique is based
on the continuous release of metal ions into the solution by anodic electrodes, typ-
ically made of iron and aluminum. These metal ions form hydroxides which are
capable of destabilizing the particles in dispersion. However, electrocoagulation
strongly depends on the type of the nanoparticles (i.e. predominantly silica or alu-
mina particles) and the electric conductivity of the suspension (Den and Huang,
2006). The magnetic properties of nanoparticles such as hematite can be utilized
for their removal when applying a magnetic field. However, this technique can also
be employed for non-magnetic particles such as SiO; via magnetic seeding aggre-
gation (Chin et al., 2006). Hematite and silica particles are oppositely charged and
thus, aggregation can occur enabling both to be removed together from solution with
magnetic fields.

Up to now, membrane filtration (e.g. nanofiltration and reverse osmosis) has been
already applied for the removal of small bacteria and viruses from water. Hence, this
technique can also be used for the removal of nanoparticles.

5.6 Feasibility and Economic Considerations

It becomes obvious that nanoparticles can be used in numerous processes and tech-
niques for the treatment of wastewater or the production of drinking water. So far
most of them have only been investigated in laboratory scale and not all of them are
likely to be realistic alternatives or supplements for existing treatment technologies,
e.g. due to economic reasons. This makes it very difficult if not impossible to pre-
dict future developments at this stage. Criteria for the feasibility and applicability of
nanoparticles in water treatment are the following:

(a) Transferability of the lab-scale experiments to pilot and full-scale: at this stage
this is in most cases totally missing.

(b) Prediction of investment and operational costs: very difficult without appropri-
ate pilot and full-scale results.

(c) A clear benefit from toxicological assessments: this is of special importance due
to the potential toxic effects of nanoparticles themselves.

(d) Competitive to current exisiting techniques and processes.
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Among the techniques which have already been investigated during pilot plant
studies are the photocatalytic treatment of wastewater with nanoparticles and the
application of (n)ZVI for the treatment of groundwater contaminated with chlo-
rinated solvents. Especially photocatalysis has the great advantage that it is very
cost effective because the solar photocatalysts can be recovered and reused and the
energy is supplied by sunlight.

The fixation of nanoparticles, e.g. in membranes, is another promising approach.
This allows for the combination of several removal processes, e.g. via filtra-
tion and photocatalytic treatment when photocatalytical active nanoparticles are
used. Furthermore, the modification of the membrane surfaces with nanoparticles
increases their permeability and prevents biofouling. Magnetic nanoparticles are a
promising alternative because they can be easily regained from treated waters by
magnets. The sorption capacities of existing sorbents can also be improved when
nanoparticles are embedded.

However, based on the current knowledge about the elevated production costs
of nanoparticles and the low costs when precipitates or flocculants are applied for
removing inorganic pollutants, it is questionable whether nanoparticles will be used
in water treatment for sorption purposes in the near future. The sorption and/or
catalytic-enhanced (photo)degradation of organic pollutants is the most promising
application for nanoparticles in water treatment. Although pilot and full-scale exper-
iments are still widely missing, the initiative transformation, e.g. by dehalogenation
or subsequent oxidation, might lead in combination with biological processes to a
significant degradation of organic pollutants.

5.7 Conclusions

Nanotechnology has a reasonable potential for the treatment of wastewater and
production of drinking water regarding the removal of biological and chemical
pollutants. Nanoparticles, already existing or newly designed ones, might possess
several times higher sorption affinities to polar organic molecules and metals than
activated carbon which makes them applicable as sorbents for the removal of both
polar and hydrophobic contaminants. In any case, the nanoparticles by themselves
need to be separated from the treated water if they are not immobilized to a sup-
porting material. The immobilization of nanoparticles, e.g. on activated carbon,
might be a possible approach to solve these problems. Additionally, nanoparticles
can enhance reductive dehalogenation (e.g. by bimetalic Au/Pd) or photocatalytic
oxidation (e.g. with TiO, suspensions) of very persistent organic compounds such
as halogenated alkanes, benzenes and PAHs. Hence, nanoparticles can be used
for the transformation of all kinds of persistent molecules into more biodegrad-
able compounds. Another major advantage of nanotechnology is the disinfection
properties of several nanoparticles enabling the inhibition of pathogens and low-
ering the formation of toxic disinfection by-products. Due to their extremely high
potency in combination with the high specificity, nanoparticles are ideal materials
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for water treatment and may contribute to solving future challenges in the area of
water treatment technologies. However, it can be assumed that only the combined
benefits such as disinfective, sorptive to organic and inorganic pollutants and ini-
tializing biodegradation/photodegradation will be competitive to already existing
technologies.
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Chapter 6

Adsorption/Desorption Behavior of Charged
Polymer Nanoparticles on a Mineral Surface
in an Aqueous Environment

Hartmut Gliemann, Matthias Ballauff, and Thomas Schimmel

6.1 Introduction

Colloidal particles are often stabilized by long polymeric chains grafted to their sur-
face (Israelachvili, 1992). If two such particles are dispersed in a good solvent for
the chains and these particles approach each other, a repulsive interaction results.
The steric interaction thus effected has been studied for decades and is well under-
stood by now (Napper, 1983; Fleer et al., 1993). It can be enhanced even more if the
polymers attached to the surface carry charges. The resulting electrosteric interac-
tion can be understood in terms of the increased osmotic pressure of the counterions
if the polyelectrolyte chains attached to the surfaces of the particles are to share the
same volume (Jusufi et al., 2002a, b). The great practical importance of electrosteric
interaction is related to the fact that most industrial polymer particles are stabilized
in this way (Distler, 1999).

The application of polymer particles, however, does not only require a fundamen-
tal understanding of mutual interaction. Controlling the interaction of the particles
with solid surfaces is of comparable importance when looking (i) at polymer parti-
cles as the base of paints and coatings or — considering environmental aspects —
(ii) at the adsorption to or the release from soil material (Distler, 1999). In the
latter case the attractive or repulsive interactions between particles and soil mate-
rial depend on the hydrogeological and hydrochemical conditions of the soil. These
interactions are of crucial relevance, as they influence the transport properties of
nanoparticles in soil and, thus, affect, e.g., the contamination of soil and ground
water with (nano)particulate pollutant systems or with pollutants (e.g., heavy metal
ions) immobilized on the particle surface (Baumann et al., 2006; Keller and Auset,
2007). A comprehensive investigation of these problems requires (i) model particles
with defined properties and (ii) model surfaces which can interact with the particles.
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In our experiments, polymer core particles onto which the polyelectrolyte chains
are firmly attached by a chemical bond are used as model particles. The chemi-
cal grafting of the polymeric chains is necessary to avoid the disintegration upon
strong interaction with a solid substrate. Moreover, the polyelectrolyte chains must
be densely grafted to the particles. Colloidal objects carrying only a small number
of chains can approach solid substrates so closely so that their van der Waals inter-
action with the substrate becomes the dominating effect (Israelachvili, 1992; Russel
et al., 1989).

Colloidal particles with attached polyelectrolyte chains can conveniently be pre-
pared by photo-emulsion polymerization (Guo et al., 1999). By this method the
polyelectrolyte chains can be affixed rather densely to the surface of polystyrene
particles so that the overall dimensions are much larger than their average distance
on the surface of the particles. Hence, a spherical polyelectrolyte brush results which
has overall dimensions in the colloidal domain. More detailed information con-
cerning preparation, characterization, and stability of the spherical polyelectrolyte
brushes (SPB) are found in Ballauff (2007), Borisov et al. (1991), Das et al. (2002),
Guo and Ballauff (2000, 2001), Marra et al. (2003), Pincus (1991).

Evidently, these SPB provide a good model system for a systematic study of
the interaction of sterically stabilized particles with solid substrates, particularly
with mineral substrates. Here we present a basic study of anionic and cationic SPB
contacting a negatively charged mica substrate. Ex situ and in situ atomic force
microscopy (AFM) in the intermittent contact mode (Zhong et al., 1993) has been
used as tool to investigate the topography and the phase contrast (Pang et al., 2000)
of the samples. The intermittent contact mode is usually applied for soft, scratch sen-
sitive materials as polymers (Almeida et al., 2005; Berlinger et al., 2001; Gliemann
et al., 2007) or for material which is loosely bound to the substrate. As the phase
contrast as well as the friction contrast depends on the interaction forces between
the AFM tip and the surface, chemical material contrasts on the substrate can be
investigated (Pfrang et al., 2003; Miiller et al., 2006). With the application of in situ
AFM techniques it is possible to carry out investigations under realistic conditions
(Almeida et al., 2003; Montero-Pancera et al., 2005, 2006a, b). AFM turned out to
be a powerful method to study the local organization of particles on solid substrates
(Evers et al., 2000, 2002; Kaufhold et al., 2009; Linke-Schaetzel et al., 2004; Rakers
et al., 1997; Wen et al., 2002).

Two different SPB have been studied: (1) an anionic SPB system consisting
of chains of sodium polystyrene—sulfonate and (2) a cationic SPB system with
chains of poly((2-acryloxy)ethyl)-trimethylammonium-chloride. The synthesis is
described in more detail in Ballauff (2007). Figure 6.1 shows schematically the
structures of both types of SPB.

The choice of these particular polyelectrolytes derives from their excellent sol-
ubility in water and their use as technical flocculation agents. The polyelectrolyte
chains are attached to a polystyrene core of 90 nm (for cationic SPB) and 136 nm
(for anionic SPB) diameter, respectively, with low polydispersity (Guo et al., 1999).
Since the chains can be cleaved off after synthesis, their molecular weight and
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Fig. 6.1 Scheme of the anionic and cationic spherical polyelectrolyte brushes (SPB) used in this
study. Long polyelectrolyte chains are densely attached to solid polystyrene particles so that a
dense shell of charged chains results on the surface of the cores

molecular weight distribution can be determined easily (Guo et al., 1999). Moreover,
the total charge of the SPB brush can be determined by titration. Hence, all perti-
nent parameters of the particles are known. Using these particles it will be shown
that firmly attached polyelectrolyte chains are well suited to control the interaction
of polymer particles with solid substrates, particularly with mineral surfaces. Two
approaches are chosen to investigate the adsorption of the two different types of
SPB: In a first approach the negatively and positively charged particles adsorbed
on mica were investigated by ex situ AFM techniques. In the second, in situ AFM
experiments were carried out to investigate the adsorption and desorption of cationic
particles on mica substrates in an aqueous environment (Gliemann et al., 2006; Mei
et al., 2003). Table 6.1 summarizes the characteristic data of both SPB.
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Table 6.1 Characterization of the cationic and anionic core-shell nanoparticles

SPB R (nm) My, (g/mol) L. (nm) o (mm?) LJ/R D (nm)
Cationic 45 89,700 116 0.049 2.57 5.1
Anionic 68 88,000 108 0.039 1.59 5.7

R: core radius; M,,: molecular weight of grafted chains; L.: contour length of
grafted chains; o: graft density on core surface; D: the average distance between
two neighboring graft points.

6.2 Atomic Force Microscopy: A Key to Investigate Topography
and Material Contrast on the Nanometer Scale

The development and investigation of nanostructured surfaces and interfaces of
materials including nanoscaled particular systems such as colloids is of increasing
scientific and technological interest. To characterize the properties of nanostruc-
tured materials, surfaces, and interfaces on the nanometer scale, dedicated methods
are required. Apart from the topographical properties such as the three-dimensional
surface structure or the surface roughness, the chemical contrast and local material
inhomogeneities of the surfaces have to be investigated with high lateral resolution
on the nanometer scale. However, conventional characterization methods are often
limited with respect to their lateral resolution.

The scanning probe methods, which go back to the development of the scan-
ning tunneling microscope (STM) by Binnig and Rohrer in the 1980s (Binnig and
Rohrer, 1982), offer the opportunity to investigate materials with a spatial resolution
down to the atomic scale. Scanning tunneling microscopy, however, is limited to the
investigation of conductive samples. Further development lead to the invention of
the atomic force microscope (AFM) by Binnig et al. (1986), which also allows the
investigation of non-conducting surfaces. In the AFM, an ultrafine tip is used to
scan the surfaces of samples line by line, similar to an ultrafine profilometer. A
basic AFM setup is schematically shown in Fig. 6.2.

If the AFM is operated in the contact mode, the tip, which is located at the end
of an elastic cantilever, is in permanent contact with the substrate. The sample is
mounted on a piezo stage (piezo I in Fig. 6.2) which allows to move the sample
relative to the AFM tip in all three spatial dimensions by applying voltages to the
corresponding piezo electrodes. The feedback controlling the height of the sample
relative to the tip is achieved by setting a defined value of the vertical deflection
of the cantilever when the tip is elastically pressed to the substrate surface. The
deflection of the cantilever is most commonly detected by a laser beam deflection
technique: A laser beam is focused to the reflecting back of the cantilever. The laser
is aligned in a way that the spot of the reflected laser beam hits the four-segment
photodiode exactly on the horizontal line between the segments A/B and C/D,
respectively. The use of a four-segment photodiode thus allows to detect bending
and distorsion of the cantilever independently.
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Fig. 6.2 Scheme of the principal setup of an atomic force microscope (AFM) for the investigation
of topography and material contrast on the nanometer scale

In the case of the contact mode, the sample is usually scanned perpendicular
to the longitudinal axis of the cantilever. As soon as the tip reaches an elevated or
depressed surface structure, the deflection of the cantilever is changed and as a result
the laser spot is moved vertically between the upper segments A and B and the lower
segments C and D of the photodiode. The feedback control then changes the vertical
position of the sample by applying a corresponding potential to piezo I (see Fig. 6.2)
until the deflection of the cantilever reaches the set point. When scanning the sample
in permanent contact with the tip, the cantilever is also twisted due to the friction
force between the tip and the surface, resulting in a horizontal movement of the laser
spot on the photodiode (see Fig. 6.2). The stronger the frictional force between tip
and sample, the larger the torsion of the cantilever and thus the horizontal deflection
of the spot on the photodiode. As the friction force is depending on the material,
the twisting of the cantilever is more or less pronounced for different materials.
This offers the possibility to “visualize” a material contrast and to determine the
distribution of different materials on a substrate.

Apart from scanning in the contact mode, the AFM can also be operated in the
intermittent contact mode. In this case, the AFM tip is vertically oscillating at an
average tip-sample distance which is lower than its oscillation amplitude. As a con-
sequence, the tip periodically hits the surface (so-called “tapping’). For this purpose,
the cantilever with the AFM tip at its end is mounted on a piezo crystal (piezo II).
An oscillating (AC) potential is applied to this piezo. As a consequence, the crystal
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changes its vertical dimension according to the value of the AC signal, leading to a
vertical oscillation of the AFM tip. According to the frequency of the vertical vibra-
tion of the cantilever, the laser spot is moving up and down between the two upper
segments (A and B) and the two lower segments (C and D) of the photo diode. The
photo currents of the four segments can be read out separately.

When the sample is approached to the AFM tip, the oscillation of the tip is
damped as soon as the tip meets the surface. As a result the amplitude of the oscil-
lating cantilever — and thus also the amplitude of the oscillation of the laser spot — is
reduced. A certain set point for the amplitude is selected before the tip is approached
to the surface. After the tip is approached to the surface, the sample is scanned in lat-
eral direction relative to the tip. When the oscillating AFM tip reaches an elevated
(depressed) surface feature, the amplitude of the oscillating cantilever is reduced
(increased) and is no longer identical to the preselected set point. As a result, an
electronic feedback changes the vertical position of the sample relative to the AFM
tip until the tip oscillation amplitude reaches the set point. In this way, the piezo
(piezo I in Fig. 6.2) follows the topographic profile of the sample, allowing to record
three-dimensional topographical images of the sample surface.

Apart from the topographic structure of the surface the lateral distribution of
areas with different chemical properties can be determined both in the contact mode
and in the intermittent contact mode. As in the case of the intermittent contact mode
the phase of the driving AC potential for piezo II (Upiezo 11 in Fig. 6.2) is known and
the phase of the resulting vertical oscillation of the laser spot on the photodiode is
measured, the phase difference A phase between the two signals can be determined
electronically. This phase difference is a function of the tip—sample interaction
(including, e.g., effects of surface polarity, adhesion, elasticity, and damping) and
thus also a function of the local surface material properties. Different materials,
e.g., distributed on the surface of a composite material, result in different tip—surface
interactions and thus in different phase shifts.

In the following we will show that atomic force microscopy is an ideal tool to
investigate the adhesion properties of nanoparticles both in air and in situ within
aquatic environments with a spatial resolution down to the nanometer scale. AFM
allows the monitoring of topographic features such as

particle geometry,

adsorption-induced particle deformation,
particle density,

particle aggregation, and

particle distribution on the surface

as a function of time and experimental parameters (e.g., temperature, ionic
strength), both in air and under liquid. AFM can, therefore, be used, e.g., to monitor
the adsorption and desorption processes in real-time and under controlled condi-
tions. Apart from topographic investigations, AFM-based techniques also allow to
obtain information about the (nano)mechanical properties of particles and substrate.
Using the AFM tip as a calibrated mechanical probe, properties such as the adhesion
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strength of the particles on their substrates or interaction forces between particles
can be studied. Thus, AFM-based techniques are ideal for studying the behavior
of nanoparticulate systems in the water cycle with respect to their interaction, e.g.,
with soil material and for understanding the parameters which influence adhesion.

6.3 Ex Situ AFM Investigations of Anionic and Cationic Polymer
Nanoparticles Adsorbed on Mica Substrates

6.3.1 Motivation for Ex Situ AFM Studies

After a defined volume of the suspensions of the anionic and cationic spherical poly-
electrolyte brushes (SPB) was dropped on different but chemically identical mica
substrates, the topographical investigations of the local organization of the polymer
particles after drying showed that both types of nanoparticles arrange in a signifi-
cantly different manner: While the anionic SPB are highly ordered, the cationic SPB
form irregular, network-like patterns on the surface. For a better understanding of
theses observed phenomena, ex situ AFM studies were carried out with both kinds
of particles.

6.3.2 Ex Situ AFM Studies: Experimental Details

The investigation of the adsorbed particles was carried out with atomic force
microscopy (AFM). All AFM images were taken with a commercial AFM oper-
ated in intermittent contact mode. For phase contrast imaging, a homebuilt phase
imaging electronics was used. Imaging was performed at ambient conditions, using
bar-shaped silicon cantilevers with a force constant of 40 N/m and a resonance fre-
quency of 325 kHz. The images represent unfiltered original data, represented in a
linear gray scale. For sample preparation, a droplet of 20 L of a solution contain-
ing the respective polymer particles dispersed in pure water was put onto a freshly
cleaved mica surface (muscovite, white mica) and dried in air. The concentration of
the particles was chosen small enough to avoid multilayer formation. The adsorption
experiments and AFM experiments were reproduced several times and with differ-
ent particle series independently, yielding comparable results. After drying, studies
of the long-time behavior were performed to check if the particle structures change
with time. No such changes as a function of time were observed in our experi-
ments. All AFM data presented in this chapter show typical structures which are
representative for the corresponding sample.

6.3.3 Adsorption of Anionic Polymer Nanoparticles

We first discuss the results obtained by AFM for the anionic spherical
polyelectrolyte brushes (SPB). Figure 6.3a displays the AFM topography image of
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a6 x 6 um scan area of a mica substrate which is covered with anionic spherical
polyelectrolyte brushes (SPB). Figure 6.3b and d show the AFM topography and the
corresponding phase image, respectively, of anionic SPB in a larger magnification.
The cross section of two single particles along the white line in Fig. 6.3b is displayed
in Fig. 6.3c. Figures 6.3b and ¢ show sharp, regular borders and smooth surfaces of
the particles with an average diameter of 200 nm. Taking a closer look at the struc-
ture of the particles in Fig. 6.3b, one can see that each particle exhibits a bright center
region, which also is obvious as a dark, well-defined area with an average diameter
of about 150 nm in the corresponding phase image in Fig. 6.3d. When operating an
AFM in intermittent contact mode to image phase contrast, the phase shift between
the oscillation of the AC potential driving piezo II (see Fig. 6.2) and thus the can-
tilever and the vertical oscillation of the laser spot on the photodiode is recorded.
In Fig. 6.3d three different phase shifts are detected, corresponding to the substrate,
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Fig. 6.3 Intermittent contact mode AFM images of topography (a, b) and phase contrast (d) of
anionic polymer particles on mica. (¢) Shows the cross section of two single particles along the
white line in (b); the arrow in (b, ¢) assigns the particle in (b) to the corresponding cross section. It
is seen that the particles have sharp regular boundaries and smooth surfaces. A well-defined phase
contrast between the particles and the substrate is shown in (d). The anionic SPB form a layer with
a two-dimensional long-range order on the surface (a)
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to the edges of the SPB (bright rim) and to the center part of the SPB (dark spots).
The phase shift depends on the dissipative tip—sample forces such as local adhesion,
capillary forces, and viscoelastic damping. The difference in phase shift detected at
the edges of the polymer spheres (bright rim in Fig. 6.3d) compared to the phase
shift at the center part of the SPB (black areas in Fig. 6.3d) can be explained as a
result of the different tip—sample contact geometries (and thus different dissipative
tip—sample forces) when the AFM tip scans across the particle. The tip contacts the
rim of the polymer particle with the tip flank whereas the tip apex gets in contact
with the center part of the SPB. The spherical shape of the particles that is expected
from synthesis is visible even within the aggregates. The comparison of the particle
dimensions reveals that the diameters of the particle images in Fig. 6.3b are com-
parable with the corresponding diameters in Fig. 6.3d but are significantly smaller
(50-60%) than the diameter of the cores of the anionic SPB plus twice the con-
tour lengths of the attached polymer chains (cf. Table 6.1). Obviously, the chains
of the anionic SPB have contracted during the drying process on the substrate. As
intermittent contact mode images from pure polystyrene core particles show a very
similar phase contrast as the anionic SPB (not shown here), we can assume that the
negatively charged SPB exhibit a dense solid shell as expected. Figure 6.3a shows
a two-dimensional long-range order within the layer of the anionic polymer parti-
cles. The layer shows small highly ordered arrays of particles divided by cracks or
voids. These features have been seen in other studies of negatively charged polymer
particles as well (Evers et al., 2000, 2002). The formation of the arrays takes place
in a multistep process: After the deposition of a drop of particle dispersion on the
mica surface, the water begins to evaporate and the concentration of the particles
increases. Gravitational forces on the small anionic SPB particles can be neglected
(Kralchewsky and Nagayama, 2000) and the electrosteric stabilization of the par-
ticles must lead to a strong mutual repulsion as long as water is present (Guo and
Ballauff, 2000, 2001; Borisov et al., 1991). This can be argued from the finding that
even high concentrations of monovalent added salt (up to 3 M) have no influence on
the colloidal stability of these systems (Guo and Ballauff, 2001). However, when the
thickness of the liquid layer of the drying droplet becomes smaller and smaller, the
strong lateral capillary force leads to an attractive interaction between the particles.
Thus, the film formation and deposition of the particles are expected to take place
at the withdrawing rim of the drying drop. The growth of the two-dimensional array
is facilitated by a convective liquid flow at the rim of the drop which is responsible
for the transport of the particles to the boundary of the drop. As the anionic polymer
particles consist of a polystyrene core and a negatively charged polymer brush, only
arepulsive interaction between the particles and the negatively charged mica surface
is expected. Therefore, particles should move to the boundary of the drop by con-
vective flow without sticking to the surface. Hence, if the evaporation of the water
is slow enough, the particles have the possibility to rearrange within the wet particle
film. Therefore, this rearrangement leads to the densely packed arrangement of the
particles as seen in Fig. 6.3a. This also corresponds to the case of bare polystyrene
particles studied by many groups so far (Evers et al., 2000, 2002; Rakers et al., 1997,
Wen et al., 2002).
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6.3.4 Adsorption of Cationic Polymer Nanoparticles

A totally different ordering behavior is seen when using suspensions of the cationic
spherical polyelectrolyte brushes (SPB) on mica. Figure 6.4a shows the large-scale
arrangement of the particles resulting from drying a dilute suspension on the mica
surface.

The particles are arranged in long chains that form a two-dimensional network
on the substrate. Moreover, Fig. 6.4a shows that the drying process of the droplet
has generated a gradient in particle concentration that increases from the upper right
to the lower left of the image. In situ AFM investigations of freshly cleaved mica
immersed in a suspension of cationic polymer particles showed that the polymer
particles seem to stick to the surface as soon as they get into contact with it. It is,
therefore, obvious that the attractive interaction between the cationic particles and
the negatively charged mica surface is much stronger than between anionic spheres
and mica. As a consequence of this, capillary forces that lead to a dense packing
of the anionic spheres are now partially balanced by the adsorption of the cationic
spheres onto the mica surface. Moreover, the adsorbed particles obviously act as
nucleation centers for other polymer spheres. This becomes more evident when
zooming into Fig. 6.4a. Figure 6.4b shows that only small disordered aggregates
of particles are formed. Therefore, the aggregates seen in Fig. 6.4a consist of few
particles only that form a network-like structure. Zooming into Fig. 6.4b, Fig. 6.4d
and e corroborate this explanation for the totally different behavior of the cationic
particles as compared to the anionic particles: First of all, Fig. 6.4d demonstrates
that the adsorbed cationic SPB show different shapes in the topography image as
compared to the corresponding phase image in Fig. 6.4e. This is in contrast to the
behavior observed for the anionic polymer particles (see Fig. 6.3b and 6.3d). The
topography cross section of the cationic SPB in Fig. 6.4c shows a regular shape of
the particles as in the case of the anionic SPB (Fig. 6.3¢c). The phase contrast image
of the cationic particles in Fig. 6.4e, however, is not as smooth and well defined as
in the case of the anionic spheres (Fig. 6.3d). Most importantly, in Fig. 6.4e a corona
is observed which is surrounding the positively charged SPB. This corona is clearly
visible in the phase image of Fig. 6.4e but can hardly be detected in the topography
image in Fig. 6.4d. The size of the particles (without corona) is roughly the same
when it is determined from the topography image (Fig. 6.4d) and from the phase
image (Fig. 6.4e). The particle diameter thus determined is considerably lower than
the diameter of the particles corresponding to fully extended chains (ca. 320 nm;
diameter of core plus twice the contour lengths of the attached chains, cf. Table 6.1).
From these finding it must be concluded that the cationic particles strongly interact
with mica. The corona visible in Fig. 6.4e is due to the positively charged polymer
chains on the surface of the cationic particles that are strongly attached to the neg-
atively charged mica surface. The phase-sensitive detection in the AFM analysis is
able to visualize these attached chains directly. Moreover, Fig. 6.4e demonstrates
that the chains have not retracted during the drying process. This indicates that the
interaction between the polyelectrolyte chains and the surface already exists when
water is still present. For geometrical reasons the particle diameters (including the
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Fig. 6.4 Intermittent contact AFM images of topography (a, b, d) and phase contrast (e) of
cationic polymer particles (see Table 6.1) having positively charged chains attached to their cores.
The solid substrate is mica. (¢) Shows the cross section of two single particles along the white line
in (b) and the arrow in (c¢) marks the corresponding particle in (b). In (e) the particles show an
irregular phase distribution on their surfaces. They are surrounded by a corona consisting of the
polyelectrolyte chains that are attached to the solid mica surface. As shown in (a), the particles
tend to form network-like aggregates on the surface without long-range two-dimensional order
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corona) determined from Fig. 6.4e must still be smaller than the maximal diameter
of the particles (cf. Table 6.1). This is found indeed when comparing the overall
particle diameters including the corona detected by AFM (ca. 220 nm) to the theo-
retical maximum size derived from the core diameter and the contour length of the
chains (ca. 320 nm; see above). A schematic rendition of the process of drying is
given on the right-hand side of Fig. 6.5: The substrate becomes the counterion for
the positively charged polyelectrolyte chains and balances a part of the charge of
the shell of the cationic SPB. The sodium counterions as well as the cations bal-
ancing the charge of the mica surface are released in this way. Thus, the entropy of
the entire system is increased. This “counterion release force” has recently been the
subject of a thorough theoretical study (Fleck and von Griinberg, 2001). It is seen
experimentally in investigations of the interaction of DNA with appropriate solid
substrates (Wagner et al., 2000; Maier and Réadler, 2000). The strong interaction of
the positive polyelectrolyte chains and the negative surface thus effected must lead
to a partial spreading of the chains which is detected as the corona around the SPB
in Fig. 6.4e. Moreover, this attachment counterbalances partially the strong capillary
forces that tend to aggregate the particles during the drying process.

As a consequence of the sticking of the particles to the surface, a loose network
of particles is formed upon drying (see Fig. 6.4a), but no close packing is observed
as in the case of the anionic SPB particles (see Fig. 6.3a). It is now obvious that the
anionic particles (see Fig. 6.3) must interact in a totally different fashion as shown
schematically on the left-hand side of Fig. 6.5: The particles are at first repelled
from the negatively charged surface. The counterions are kept within the shell upon
drying, and a smooth surface results. After evaporation of water the particles are
attracted to the surface only by conventional van der Waals attraction if their dis-
tance to the surface is small enough (Russel et al., 1989). The chains of the particles
keep the cores sufficiently above the surface, however, unless all water has evapo-
rated. Hence, the van der Waals interaction of the particles with the surface remains
small, and their surface diffusion remains unhampered up to the point where vir-
tually all water has been evaporated. This results in a long-range two-dimensional
order of the particles on the surface as seen in Fig. 6.3a.

6.4 In Situ AFM Investigations of Adsorption and Desorption of
Cationic Polymer Nanoparticles on Mica Substrates

6.4.1 Motivation for In Situ AFM Studies

It was shown in Sect. 6.2 that the adsorption of cationic spherical polyelectrolyte
brushes (SPB) on mica is driven by the counterion release force which is much
more efficient than the adsorption of the anionic polymer brushes predominated by
the weak attractive van der Waals forces. Although these results derived from dried
particles on mica give valuable information about the different driving forces of par-
ticle adsorption as a function of the particle properties, it is necessary to get detailed
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anionic SPB cationic SPB

Fig. 6.5 Scheme of the interaction of the anionic and the cationic polymer particles with nega-
tively charged surfaces. The left-hand side displays schematically the interaction of the negatively
charged particles (see Table 6.1) with the solid mica substrate, whereas the right-hand side dis-
plays the interaction of the positively charged spherical polyelectrolyte brushes. The solid substrate
which bears a negative charge becomes the counterion of the positive chains attached to the
cationic particles. The respective number of counterions both of the particles and of the substrate
is, therefore, released. This leads to a strong attractive force between the particles and the substrate
(“counterion release force”; see Fleck and von Griinberg, 2001; Maier and Rédler, 2000; Wagner
et al., 2000 for further details). The negatively charged particles (left-hand side), on the other hand,
do not exhibit this interaction with the mica surface. Their spatial structure obtained upon dry-
ing resembles the result found for uncoated polystyrene particles in previous investigations (Evers
et al., 2000, 2002)
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information on the in situ processes during the adsorption and how the adsorption
can be influenced. Particularly for the adsorption processes of nanoparticulate sys-
tems on mineral surfaces in wet soil material the ionic strength is relevant for the
adsorption and desorption processes and thus for the mobility of the particles in the
soil. Therefore, as the counterion release force should depend on the ionic strength
in solution, the influence of the amount of added electrolyte on the adsorption behav-
ior of cationic SPB was investigated. It is demonstrated that the efficiency of particle
adsorption on mica based on the counterion release force can indeed be tuned by the
ionic strength of the solution: By an increase of the ionic strength, a desorption of
the cationic particles from the mineral surface could be induced and observed in situ
and in real time by atomic force microscopy (AFM).

6.4.2 In Situ AFM Studies: Experimental Details

For the in situ AFM investigation of the adsorption behavior of the particles in lig-
uid a piece of mica was freshly cleaved and a circle line was drawn on the mica
surface with a water-resistant marker (Fig. 6.6). This line acts as a hydrophobic bar-
rier which avoids the spreading of the suspension over the entire surface area. A drop
of diluted suspension of the particles (300 wL) was deposited on the inner part of the
circle. To avoid the adsorption of the particles on the back of the cantilever during
the AFM investigation which would result in a loss of laser light intensity reaching
the photodiode of the AFM, the suspension was subsequently substituted by a drop
of bi-distilled water after exposure to the suspensions. This washing procedure was
repeated five times and removes most of the suspended polymer particles. Then the
substrate was fixed on the sample holder of the AFM and the AFM tip on the can-
tilever, which is mounted underneath a glass piece, is approached to the surface of
the mica substrate. A stable meniscus is formed between the substrate and the glass
piece and the hydrophobic barrier avoids the spreading of the liquid (Fig. 6.6). For
the investigations in liquid the AFM was operated in the intermittent contact mode
with bar-shaped silicon cantilevers having an average force constant of 1.75 N/m.
The operation frequency of the cantilevers was approx. 30 kHz for all experiments
done in situ. For the intermittent contact mode investigations the tip amplitude is
damped to 80% of the free off-surface value before the feedback loop is triggered
and the sample is withdrawn.

Fig. 6.6 Experimental setup hydrophobic | glass piece |
for the in situ AFM studies of barrier
the adsorption and desorption > pﬁo .
of cationic spherical / mica \
polyelectrolyte brushes |

adsorbed cantilever

particle  with AFMtip  9"oP of water
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6.4.3 In Situ AFM Investigation of the Adsorption of Cationic
Polymer Nanoparticles

Figure 6.7 shows the liquid-AFM amplitude images (intermittent contact mode) of
cationic SPB adsorbed on a mica substrate 5 min (Fig. 6.7a) and 1 h (Fig. 6.7b) after
the suspension was dropped onto the mica substrate. For the analysis of the AFM
results obtained in the liquid the amplitude images are used, because they show a
much better contrast between the particles and the substrate than the correspond-
ing topography images. Figure 6.7b shows a zoom-out image of Fig. 6.7a. It was
obtained after 12 AFM image scans of the surface area displayed in Fig. 6.7a. The
number of particles on the 10 x 10 pwm surface area in Fig. 6.7b is about 220.

All particles which can be observed in Fig. 6.7a can also be found in Fig. 6.7b.
This indicates that no particles were removed during the 12 AFM image scans which
took place before the zoom-out displayed in Fig. 6.7b was carried out. The zoom-
out in Fig. 6.7b also shows that there are no particles deposited along the border
of the scan area shown in Fig. 6.7a. This is an important indicator that no particles
were removed from their positions during the scan 5 min after the suspension was
dropped onto the mica surface.

For anionic spherical polyelectrolyte brushes a high mobility of the particles on
the mica surface during the evaporation process of the water was found (see Sect.
6.3.3). As a result a densely packed, well-ordered particle array was formed after
drying the sample (Fig. 6.3a). This behavior was explained by strong capillary forces
between the particles caused by the receding water droplet so that the adhesion force
between the anionic particles and the surface is overcompensated. Therefore, the
effect of the drying process on the particle position on the surface can be used as

Fig. 6.7 Liquid-AFM amplitude images (intermittent contact mode) of cationic spherical poly-
electrolyte brushes on mica 5 min (a) and 1 h (b) after the suspension was dropped onto the mica
surface and after 12 subsequent AFM scans. (a) and (b) show different magnifications of the iden-
tical location on the sample surface. The white frame in (b) marks the scan area of (a); the particle
density for (b) is about 220 particles/100 umz; all particles observable in (a) can also be found in
(b) and no scan window can be detected in (b), indicating that the particles are not (re)moved by
the AFM tip during the scan; scan area in (a) 5 x 5 wm, scan area in (b) 10 x 10 pm
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a first qualitative indicator for the force with which a particle is adsorbed on the
surface.

Here we investigated the effect of the drying process on the adsorption of the
cationic SPB in more detail. AFM studies of identical sample areas before and after
drying the surface were carried out. Figure 6.8 A shows the liquid-AFM amplitude
image (10 x 10 pm) of cationic SPB on mica and Fig. 6.8B shows the image of
the identical sample area after drying the suspension. It is obvious that the particle
density has increased during the drying process. This can be explained to the fact
that during the washing process described in the experimental part (Sect. 6.4.2) not
all dispersed particles are removed from the liquid above the surface. During the
drying process these particles reach the surface and adsorb. The images 6.8a and
b in Fig. 6.8 show AFM zoom-ins of the surface areas displayed in Fig. 6.8 A and
B (white frames), respectively. They give a more detailed information about the
influence of the drying process on the adsorbed particles. To compare images 6.8a
and b, all particles of image 6.8a (before drying) were marked with a circle. In a
second step this arrangement of the circles and the AFM image of the corresponding
surface area after drying were superposed and image 6.8b was obtained. As the
center of each circle is occupied by a particle in Fig. 6.8b, it can be concluded
that no particle which can be detected in Fig. 6.8a was removed during the drying
process.

Fig. 6.8 AFM amplitude after drying
images (intermittent contact KRGS T Aaton
mode) of cationic polymer e ; !
particles adsorbed on mica;
(A) shows an image obtained
in liquid and (B) an image of
the identical surface area after
drying the substrate. (a) and
(b) were obtained by
zooming into (A) and (B)
(white frames), respectively.
The white rings in (b) mark
those particle positions which
are occupied by a particle in
(a). As aresult all particle
positions from (a) remain
occupied in (b) without
exception, which means that
no particles were removed
from their original positions
in spite of the strong capillary
forces acting during the
drying process
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This indicates a strong interaction between the particles and the surface. In the
case of a weak particle—surface interaction the capillary forces — operative during
the drying process — would remove the particles from their original positions. This
was shown for anionic particles on mica in Sect. 6.3.3. However, it is not observed
in the case of the cationic SPB studied here in situ.

To exclude possible changes of the mica surface due to cleavage in air and the
surface exposure to the particle suspension, additional experiments were carried out
where mica was cleaved within the suspension. There were no significant differ-
ences in particle density between mica substrates which were cleaved in liquid or
in air.

All findings are easily explained in terms of the counterion release force: As
soon as the particles come into contact with the substrate, the negative counteri-
ons of the positively charged SPB chains are substituted by the negative charges of
the freshly cleaved mica substrate. Concomitantly, the positive counterions of the
mica are substituted by the positive charges of the SPB chains. As a result of the
process of adsorption, a corresponding number of counterions are released and the
entropy of the entire solution is increased. This creates a strong adhesion of the
particles.

6.4.4 In Situ AFM Investigations of the Desorption of Cationic
Polymer Nanoparticles

We now discuss the influence of the ionic strength onto the counterion release force
in solution. Evidently, a sufficiently high concentration of added salt is expected
to diminish this force significantly and no adsorption should take place any more.
Figure 6.9a shows a liquid-AFM amplitude image (5.3 x 4.7 pwm) of cationic poly-
mer particles adsorbed on the mica surface. As about 5% of the counterions of the
SPB polyelectrolyte chains leave the shell material the ionic strength within the
suspension is about 10~* mol/L. No additional electrolyte was added to the solu-
tion. The particle density in Fig. 6.9a is about 210/100 wm?. The ionic strength was
then increased within the meniscus between the mica substrate and the glass piece
(Fig. 6.6) by lifting up the AFM tip and adding one drop (30 nL) of an aqueous
0.1 M NaCl solution to the suspension. In this way the ionic strength of the volume
was increased to ca. 10~> mol/L. The first amplitude image of the surface 9 min
after the electrolyte was added is shown in Fig. 6.9b, which represents the identical
surface area as Fig. 6.9a.

From the first scan after increasing the ionic strength we see that about one
quarter of the particles were removed from the surface. Figure 6.9c shows that
after the first scan about 70% of the particle positions occupied in Fig. 6.9a
remain occupied while about 20% of the particles were removed from their orig-
inal positions. The relatively high amount of particles (about 12%) appearing
on new positions in Fig. 6.9b may be the result of the particle displacement
by the AFM tip and/or an additional adsorption due to the increased ionic
strength.
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particle positions before
adding NaCl

;First scan after adding

NaCl solution

relative particle amount

m particle positions unchanged g
4 :l particle positions unoccupied

I:I new particle positions

Fig. 6.9 Liquid-AFM amplitude images (scan area 5.3 x 4.7 pm) of cationic polymer particles
adsorbed on freshly cleaved mica. In (a) the ionic strength is ca. 10~ mol/L. (b) The first AFM scan
after increasing the ionic strength to 102 mol/L by adding aqueous solution of NaCl is shown. The
statistics in (¢) summarizes the influence of the increase in ionic strength on the particle density
and on the particle distribution on the surface

The results of the AFM investigation presented in Fig. 6.9 show that the adhesion
force of the particles is significantly reduced due to the reduced activation barrier
for the particle desorption which is the result of the increased ionic strength.

This has also been proved directly by repeated AFM scans after increasing the
ionic strength of the solution. Figure 6.10a—f shows a sequence of liquid-AFM
amplitude images of the identical mica surface area before (Fig. 6.10a) the addi-
tion of the aqueous solution of NaCl and after the increase of the ionic strength
of the suspension. The parameter of the different graphs in Fig. 6.10 is the num-
ber of AFM scans. Each scan removes more and more particles from the surface.
Figure 6.10f shows that after 90 min (corresponding to eight intermittent contact
mode image scans) no more particles can be detected on the substrate surface any
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before adding NaCl

5th scan after adding

7th scan after adding NaCl

8th scan after adding NaCl

Fig. 6.10 Liquid-AFM amplitude images (5 x 5 pm) of cationic polymer particles adsorbed on
freshly cleaved mica without adding aqueous solution of NaCl to the suspension (a), immediately
after the increase of the ionic strength to 102 mo/L (b), and after different numbers of scans after
NaCl addition (c—f); all images represent the identical surface area; after the addition of NaCl no
particles can be detected anymore after scanning the identical surface area eight times

more. This result must be compared to the corresponding results of the in situ AFM
studies in pure water mentioned earlier, where at low ionic strength no particle was
removed even after 12 scans (Fig. 6.7). This demonstrates clearly a significantly
reduced adhesion force between the particles and the surface if the ionic strength is
sufficiently high.
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6.5 Conclusions

An investigation of the interaction of anionic and cationic spherical polyelectrolyte
brushes with negatively charged mica surfaces by AFM in intermittent contact mode
was presented. It was demonstrated on dried samples that the negatively charged
spherical polyelectrolyte brushes (SPB) are repelled from the mica surface and that
the particle—particle interaction is dominating as compared to the interaction of the
particles with the substrate. The positively charged SPB, however, interact strongly
with the mica surface as expected and network-like structures without long-range
two-dimensional order are formed on the surface. The shell of these particles con-
taining positively charged polyelectrolyte chains spreads over the negative surface
and anchors the particles. Hence, a shell of polyelectrolyte chains is a highly effi-
cient means of adjusting the interaction of colloidal particles with solid, mineral
substrates.

In the case of cationic spherical polyelectrolyte brushes the adsorption on mica
substrates was investigated in situ, i.e., in suspension, by AFM. The results show that
the adsorption of the particles on negatively charged mica substrates is influenced
by the particle—surface interaction. Strong adhesive interaction between the cationic
SPB and the mica surface is present within suspensions in pure water. Increasing
the ionic strength in the system leads to a weakening of the particle—substrate inter-
action. The results demonstrate that the counterion release force is responsible for
the strong interaction between the particles and the surface in the case of cationic
SPB suspensions. From a practical point of view this means that it is possible (i)
to control the adhesion force of the cationic SPB on the substrate by varying the
ionic strength within the suspension and (ii) to remove particles from the substrate
which are already adsorbed by increasing the ionic strength. The findings presented
here not only open up new perspectives for technological application but also help to
understand the basics of the adsorption and desorption processes of nanoparticles on
mineral surfaces and thus to understand the transport of nanoparticulate pollutions
in soils.

Acknowledgment This work was financially supported within the DFG-Center for Functional
Nanostructures (CFEN), by the Research Prize for Applied Science (‘“Landesforschungspreis’)
Baden-Wiirttemberg, by the Deutsche Forschungsgemeinschaft (SFB 481, Bayreuth), by the
European Community (Project “POLYAMPHI”), by the Fonds der Chemischen Industrie, and by
the Landesstiftung Baden-Wiirttemberg within the Research Network of Excellence “Functional
Nanostructures”.

References

Almeida AT, Gliemann H, Schimmel Th, Petri DFS (2003) Adsorption kinetic of enolase on silicon
studied by in-situ ellipsometry and wet AFM. Acta Microsc A 12: 41-44.

Almeida AT, Gliemann H, Schimmel Th, Petri DFS (2005) Characterisation of PMMA/PVB blend
films by means of AFM. Microsc Microanal 11: 122-125.

Ballauff M (2007) Spherical polyelectrolyte brushes. Progr Polymer Sci 32: 1135-1151.

Baumann T, Fruhstorfer P, Klein T, Niessner R (2006) Colloid and heavy metal transport at landfill
sites in direct contact with groundwater. Water Res 40: 2776-2786.



6 Adsorption/Desorption Behavior of Charged Polymer Nanoparticles 101

Berlinger A, Gliemann H, Barczewski M, Durigon PER, Petri DES, Schimmel Th (2001) Influence
of sulphonating on polymer and polymer blend surfaces studied by atomic force microscopy.
Surf Interface Anal 32: 144-147.

Binnig G, Quate CF, Gerber C (1986) Atomic force microscope. Phys Rev Lett 56: 930-933.

Binnig G, Rohrer H (1982) Scanning tunneling microscopy. Helvetica Physica Acta. 55: 726-735.

Borisov OV, Birshtein TM, Zhulina EB (1991) Collapse of grafted polyelectrolyte layers. J Phys II
1: 521.

Das B, Guo X, Ballauff M (2002) The osmotic coefficient of spherical polyelectrolyte brushes in
aqueous salt-free solution. Prog Colloid Polym Sci 121: 34.

Distler D (1999) Wissrige Polymerdispersionen. Wiley-VCH, New York.

Evers M, Palberg T, Dingenouts N, Ballauff M, Richter H, Schimmel Th (2000) Vitrification in
restricted geometry: dry films of colloidal particles. Progr Colloid Polym Sci 115: 307-314.
Evers M, Schope HJ, Palberg Th, Dingenouts N, Ballauff M (2002) Residual order in amorphous
dry films of polymer latices: indications of an influence of particle interaction. J Non-Cryst Sol

307-310: 579-583.

Fleck C, von Griinberg HH (2001) Counterion evaporation. Phys Rev E 63: 061804.

Fleer GJ, Cohen Stuart MA, Scheutjens JIMHM, Cosgrove T, Vincent B (1993) Polymers at
Interfaces. Chapman and Hall, London.

Gliemann H, Almeida AT, Petri DFS, Schimmel Th (2007) Nanostructure formation in polymer
thin films influenced by humidity. Surf Interface Anal 39: 1-8.

Gliemann H, Mei Y, Ballauff M, Schimmel Th (2006) Adhesion of spherical polyelectrolyte
brushes on mica: an in-situ AFM investigation. Langmuir 22: 7254-7259.

Guo X, Ballauff M (2000) Spatial dimensions of colloidal polyelectrolyte brushes as determined
by dynamic light scattering. Langmuir 16: 8719-8726.

Guo X, Ballauff M (2001) Spherical polyelectrolyte brushes: comparison between annealed and
quenched brushes. Phys Rev E 64: 051406.

Guo X, Weiss A, Ballauff M (1999) Synthesis of spherical polyelectrolyte brushes by photoemul-
sion polymerization. Macromolecules 32: 6043-6046.

Israelachvili JN (1992) Intermolecular and Surface Forces. Academic Press, London.

Jusufi A, Likos CN, Lowen H (2002a) Conformations and interactions of star-branched polyelec-
trolytes. Phys Rev Lett 88: 018301.

Jusufi A, Likos CN, Lowen H (2002b) Counter ion-induced entrophic interactions in solutions of
strongly stretched, osmotic polyelectrolyte stars. J Chem Phys. 116: 11011.

Kaufhold S, Kaufhold A, Jahn R, Brito S, Dohrmann R, Hoffmann R, Gliemann H, Weidler PG,
Frechen M (2009) A new massive deposit of Allophane raw material in Ecuador. Clays Clay
Miner 57: 72-81.

Keller AA, Auset M (2007) A review of visualization techniques of biocolloid transport processes
at the pore scale under saturated and unsaturated conditions. Adv Water Res 30: 1392-1407.

Kralchewsky PA, Nagayama K (2000) Capillary interactions between particles bound to interfaces,
liquid films and biomembranes. Adv Colloid Interface Sci 85: 145-192.

Linke-Schaetzel M, Bhise AD, Gliemann H, Koch Th, Schimmel Th, Balaban TS (2004) Self-
assembled chromophores for hybrid solar cells. Thin Solid Films 451-452: 16-21.

Maier B, Ridler JO (2000) DNA on fluid membranes: a model polymer in two dimensions.
Macromolecules 33: 7185-7194.

Marra A, Pleuvrel-Disdier E, Wittemann A, Guo X, Ballauff M (2003) Rheology of dilute and
semidilute suspensions of spherical polyelectrolyte brushes. Colloid Polym Sci 281: 491-496.

Mei Y, Wittemann A, Sharma G, Ballauff M, Koch Th, Gliemann H, Horbach J, Shimmel Th
(2003) Engineering the interaction of latex spheres with charged surfaces: AFM investigation
of spherical polyelectrolyte brushes on mica. Macromolecules 36: 3452-3456.

Montero-Pancera S, Gliemann H, Petri DFS, Schimmel Th (2005) Adsorption behavior of crea-
tine phosphokinase onto silicon wafers: comparison between ellipsometric and atomic force
microscopy investigation. Microsc Microanal 11: 56-59.

Montero-Pancera S, Gliemann H, Schimmel Th, Petri DFS (2006a) Adsorption behavior and
activity of hexokinase. J Colloid Interface Sci 302: 417-423.



102 H. Gliemann et al.

Montero-Pancera S, Gliemann H, Schimmel Th, Petri DFS (2006b) Effect of pH on the immobi-
lization and activity of creatine phosphokinase. J Phys Chem B 110: 2674-2680.

Miiller M, Schimmel Th, HauBler P, Fettig H, Miiller O, Albers A (2006) Finite element analysis
of V-shaped cantilevers for atomic force microscopy under normal and lateral force loads. Surf
Interface Anal 38: 1090-1095.

Napper DH (1983) Polymeric Stabilization of Colloidal Dispersions. Academic Press, London.

Pang GKH, Baba-Kishi KZ, Patel A (2000) Topographic and phase-contrast imaging in atomic
force microscopy. Ultramicroscopy 81: 35.

Pfrang A, Reznik B, Schimmel Th, Gerthsen D (2003) Comparative study of differently textured
pyrolytic carbon layers by atomic force, transmission electron and polarized light microscopy.
Carbon 41: 181-185.

Pincus P (1991) Colloid stabilization with grafted polyelectrolytes. Macromolecules 24: 2912—
2919.

Rakers S, Chi LF, Fuchs H (1997) Influence of the evaporation rate on the packing order of
polydisperse latex monofilms. Langmuir 13: 7121-7124.

Russel WB, Saville DA, Schowalter WR (1989) Colloidal Dispersions. Cambridge University
Press, Cambridge.

Wagner K, Harries D, May S, Kahl V, Ridler JO, Ben-Shaul A (2000) Direct evidence for
counterion release upon cationic lipid—DNA condensation. Langmuir 33: 303-306.

Wen L, Wu RC, Eschenazi E, Papadopoulos K (2002) AFM of amidine latex particles attachment
on mica. Colloids Sur A 197: 157-165.

Zhong Q, Inniss D, Kjolle K, Elings VB (1993) Fractured polymer/silica fiber surface studied by
tapping mode atomic force microscopy. Surf Sci Lett 290: L688.



Chapter 7
X-Ray Spectromicroscopy Studies
of Nanoparticles in Aqueous Media

Jiirgen Thieme, Sophie-Charlotte Gleber, Julia Sedlmair, Jens Rieger,
Jiirgen Niemeyer and John Coates

7.1 X-Ray Spectromicroscopy

In 1952 Horst Wolter wrote that X-radiation in the energy range between the
K-absorption edge of carbon and of oxygen is very well suited for microscopy pur-
poses. For this energy range he created the phrase “water window” (Wolter, 1952).
The reason for this namegiving becomes clear when looking at the linear absorption
coefficients plotted in Fig. 7.1.

The intensity /7 of X-rays transmitted through an object can be calculated using
the Lambert—Beer equation (Attwood, 2000):

Ii=Iy exp( — pd)

Here Iy is the incident radiation, p is the linear absorption coefficient, and d is the
thickness of the object along the path of the X-rays. A good measure for calculating
the penetration of X-rays through a sample is to determine at what thickness the
transmitted radiation /7 is weakened to /e of the incident intensity /y. The resulting
penetration depth //u; for water ranges from 2 um at the carbon K-edge up to
10 wm at the oxygen K-edge (Kirz et al., 1995).

In Fig. 7.1 the linear absorption coefficients |1 of water, of the mineral smectite,
and of the organic substance phenol are shown as a function of the incident X-ray
energy. Smectite is a clay mineral abundant in soils, and phenolic systems can be
found in a large set of organic molecules in the environment. Both can be seen as
representatives for inorganic or organic matter. The linear absorption coefficient |
of water is, compared to ] of organic or inorganic matter between the K-absorption
edge of carbon and of oxygen, significantly lower. This absorption difference is
the source for a natural amplitude contrast when imaging specimen with X-rays
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Fig. 7.1 Linear absorption
cross section | | of a clay
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within this energy range. Therefore, samples can be studied directly in aqueous
media without fixation or staining.

This is true for the following reason, too: In the X-ray energy region of the water
window the complex refractive index is, as everywhere else

n=1-5 — ip

The values for § and g are very small leading to a refractive index very close to
unity (Henke et al., 1993). As a result scattered X-ray light will not be reflected from
inner surfaces in inhomogeneous media (Pohl, 1967). Clear images can therefore be
expected even when studying thick and heterogeneous specimen.

The spatial resolution achievable when looking with a microscope at a sample is
directly related to the energy of the radiation. Increasing the energy implies increas-
ing the resolution capabilities, i.e., the higher the energy the smaller the structures
visible. Compared to visible light, the energy of the X-rays used for experiments
in the water window is much higher. This means that with an X-ray microscope a
much better resolution can be achieved than with a conventional microscope using
visible light. At present, the smallest structures visible with an X-ray microscope
are less than 15 nm in size (Chao et al., 2005).

A light source usable for spectromicroscopy experiments has to be highly bril-
liant and must supply radiation in a wide energy range as well. Up to now, only
electron storage rings, i.e., large-scale facilities providing synchrotron radiation, are
capable of meeting these needs. Therefore, all spectromicroscopy stations are set up
at these light sources. Using a monochromator it is possible to reduce the bandwidth
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of the radiation to a very small value and thus to tune the energy of this radiation in
very fine steps. This allows for mapping elements and for the determination of bind-
ing states within the sample under investigation. For obtaining a distribution map
of a single element within a sample it is sufficient to take two images with X-ray
energies above and below the absorption edge of this element. Dividing the spatially
resolved absorption values gives rise to a map of the distribution of this element in
the sample.

To examine binding states of the chemical elements within the sample it is pos-
sible to excite and detect near-edge resonances for NEXAFS- (= XANES-) studies
(Stohr, 1992). When the used X-ray energy is tuned across the absorption edge,
resonances appear reflecting the chemical bonding state of the element. These res-
onances superimpose the step-like rise in absorption due to the element. Important
absorption edges within the energy range of the water window are listed in Table 7.1.
Knowing the intensity /p impinging on the sample and measuring the intensity /
transmitted through the sample, spectra can be created showing the optical density
K d as a function of the X-ray energy. From these spectra the binding states within
the sample can be derived as shown below.

In summary, X-ray microscopy is a tool capable of imaging particles in the
colloidal size range directly in their aqueous environment with high spatial reso-
lution and furthermore it is possible to combine this with high spectral resolution
for spectromicroscopy studies.

Fresnel zone plates, i.e., circular diffraction gratings that work in X-radiation
like thin lenses in visible light, are used as high resolution optical elements in X-
ray microscopy, both in the transmission X-ray microscope and in the scanning
transmission X-ray microscope (Schmahl and Rudolph, 1969).

The optical setup of a transmission X-ray microscope consists of a monochroma-
tor, a condenser, and a micro-zone plate. The monochromator reduces the bandwidth
of the synchrotron radiation coming from the electron storage ring to at least E/AE
of several hundreds. This reduction of the bandwidth is necessary as the micro-zone
plate only acts as a high resolution optical element when supplied with quasi-
monochromatic radiation. The condenser focuses the radiation on the object. The
micro-zone plate is placed behind the object. It creates an enlarged image of the
object in the image plane, which is recorded by a CCD camera with exposure
times in the range of seconds. The Institute for X-ray Physics in the University

Table 7.1 K- and

L-absorption edges within the Element Absorption edge Energy (eV)
i:;lii;gg V;range of the water o K 543

N K 410

Ca Ly, L3 350, 346

K Ly, L3 297, 295

C K 284
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Fig. 7.2 Sketches of the optical setups of the transmission X-ray microscope (fop) and the scan-
ning transmission X-ray microscope (bottom) at the electron storage ring BESSY II in Berlin

of Gottingen has developed several generations of these X-ray microscopes. The X-
ray images presented here have been taken with the X-ray microscope designed for
and operated with the undulator U41 at the electron storage ring BESSY II in Berlin
(Guttmann et al., 2003). A sketch of the optical setup is shown in the upper drawing
of Fig. 7.2. The X-radiation coming from the undulator U-41 is reduced in band-
width and focused onto the object by an off-axis transmission zone plate. A mirror
set, consisting of one fixed and two rotating mirrors, provides for aperture matching
with the micro-zone plate and for incoherent illumination of the sample. Using this
rotating mirror condenser the bandwidth reduction of the radiation is E/AE = 2000,
leading to a very high clarity of the images (Niemann et al., 2003). A backside illu-
minated thinned CCD camera records the image generated by the micro-zone plate.
Other transmission X-ray microscopes are operated as well at the Advanced Light
Source, Berkeley, USA (Meyer-Ilse et al., 2000,Fischer et al., 2006), the storage
ring Astrid in Arhus, Denmark (Medenwaldt and Uggerhgj, 1998), and in a dual
microscopy setup (TwinMic) at ELETTRA, Trieste, Italy (Kaulich et al., 2003).
For a scanning transmission X-ray microscope the bandwidth of the polychro-
matic synchrotron radiation is reduced by a grating monochromator to E/AE of sev-
eral thousands. The micro-zone plate focuses this radiation into a spot of diffraction
limited size onto the object. A detector records the radiation transmitted through the
object and the signal is stored in a computer. By scanning either the focus spot over
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the object or the object across this spot and recording the transmitted signal as a
function of scan position, an image can be generated in the computer. Due to the
scanning process, the total time needed for the generation of an image is longer than
with a transmission X-ray microscope. Tuning the energy of the X-radiation with the
monochromator and keeping the position of the light spot on the object the transmit-
ted signal can be measured as a spectrum from this specific object point. By using
a segmented detector it is possible to detect the signal not only in bright field mode
but also in dark field and in differential phase contrast mode simultaneously. In the
lower drawing of Fig. 7.2 the setup of the scanning transmission X-ray microscope
at BESSY II is shown (Wiesemann et al., 2003). It is located side by side with the
transmission X-ray microscope. The monochromator consists of a plane mirror and
a plane grating with variable line density (Wiesemann et al., 2001). The latter pro-
vides for reduction of the bandwidth of the radiation and for a coherent illumination
of the micro-zone plate. Thus, the zone plate creates the desired diffraction limited
small spot. The zone plate, and so the spot, is moved by a piezo scanning device with
an accuracy of a few nanometers across the object. To choose beforehand regions of
interest, the object can be looked at using a visible light microscope, which allows
as well for pre-focusing. Subsequently, the object can be scanned coarsely by using
stepper motors for gaining a more detailed overview. A pn-CCD camera behind the
object acts as a configured detector. Additional scanning transmission X-ray micro-
scopes for the energy range discussed here are set up at the electron storage rings
NSLS (Jacobsen et al., 1991) and ALS (Warwick et al., 1998, Ade et al., 2003) in
the USA, the Canadian Light Source (Kaznatcheev et al., 2007), and the Swiss Light
Source (Flechsig et al., 2006).

In general, transmission X-ray microscopes are used to take high resolution
images from an object with exposure times of a few seconds or less, whereas with
the slower scanning transmission X-ray microscope spectromicroscopy analysis can
be performed. An intrinsic advantage of a scanning transmission X-ray microscope
is that the micro-zone plate is located in front of the sample. Therefore, all radia-
tion penetrating the sample is collected by the detector. Zone plates show diffraction
efficiencies of around 10%, meaning that only this part of the radiation is used in a
transmission X-ray microscope for image generation. This results in a much lower
dose and thus lower radiation damage when studying a sample with a scanning
transmission X-ray microscope.

7.2 Visualization of Nanoparticles

Dispersed clay and soil samples, and dispersions with zinc containing particles, all
in aqueous media, have been imaged with the transmission X-ray microscope. The
morphology of clusters built up by these particles is clearly imaged.

Two clay samples, Na*-montmorillonite and nontronite (Fig. 7.3), and col-
loidal structures within a chernozem soil (Fig. 7.4) have been imaged. The images
clearly show the expected morphology of clusters of colloids or nanoparticles.
A micro-zone plate with dr, = 25 nm has been used as high resolution X-ray
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Fig. 7.3 Transmission X-ray microscopy images of two clay types, Na*-montmorillonite (leff)
and nontronite (right), imaged in aqueous media with the X-ray microscope at BESSY II with a
resolution of about 25 nm at an X-ray energy of E = 520 eV. The scale bar indicates 2 um

Fig. 7.4 Transmission X-ray microscopy images of colloids in an chernozem soil, imaged in aque-
ous media with the X-ray microscope at BESSY II with a resolution of about 25 nm at an X-ray
energy of E = 520 eV. The scale bar indicates 1 pm

objective, resulting in a resolution in the images of about the same value. Thus,
single particles within the clusters can easily be identified.

The clay samples have been chosen to demonstrate the variety in shapes of clay
particles. Na*-montmorillonite consists of small particles stacked together whereas
nontronite particles are of much larger size.

Samples have been taken from the Ag horizon of an otherwise well-characterized
chernozem soil from an area close to Gottingen (Ahl et al., 1985). This chernozem
is an alkaline soil (pH = 8.2-8.4) with a high organic content (4.1%). The X-
ray images show that in the colloidal size range clusters of particles feature many
different appearances. The trained eye, however, quickly identifies in each clus-
ter particles of similar shapes. In this size range all clusters mainly consist of clay
particles making these similarities understandable. Microorganisms are very often
attached to the particles. They can be found in the left image of Fig. 7.4 as rod-
like shapes with a distinct membrane attached to other soil particles, indicated by
the arrow.
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X-ray microscopy images usually are two-dimensional projections, therefore it is
not possible to clarify an exact spatial arrangement of colloidal structures. All par-
ticles are clearly visible, but the question remains whether they are attached to each
other or whether there is a distance between them not visible in that particular pro-
jection. X-ray stereo microscopy can probe the proximity relation between particles
with just two images (Gleber et al., 2003a). Tomography based on X-ray microscopy
images will reveal the full three-dimensional morphology of the sample. For these
experiments the transmission X-ray microscope of the Center for X-ray Optics
at beamline 6.1.2 of the Advanced Light Source, Lawrence Berkeley Laboratory,
Berkeley, is very well suited (Thieme et al., 2003). This can be seen in the follow-
ing example. To obtain information about the morphological changes of clusters of
humic substances as a result of a redox change, the three-dimensional structure has
been imaged with cryo-tomography based on X-ray microscopy images. For this
the samples were filled into capillaries with diameters around 8—10 pm, then shock-
frozen and kept at liquid nitrogen temperatures to prevent changes in the sample
due to radiation damage during recording the tomographic data set. The sample is
a microbially reduced humic substance from Suwannee River, a well-characterized
humic substance from the International Humic Substances Society. Simply expos-
ing the test tube to air has reoxidized the reduced sample. In Fig. 7.5 two images of a
set taken for tomographic reconstruction are shown revealing already the changes in
the spatial arrangement of the humic substances. The resolution of the tomographic
data set has been determined to be 45 nm. Using tomography it can be verified that
humic substances, appearing as a sponge-like structure in a reduced state, change

Fig. 7.5 X-ray micrographs
of humic substances in a
reduced (fop image) and a
reoxidized (botttom image)
state. The samples were filled
in capillaries with diameters
of 8-10 wm and kept at
cryogenic temperatures
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dramatically their morphology to isolated clusters when reoxidized (Coates et al.,
2000,Thieme et al., 2007).

Precipitation reactions, i.e., the formation of colloidal solids or nanoparticles
from supersaturated solutions, are still far from being fully understood even after
more than 100 years of research. Processes occurring at a molecular and nanoscale
level seem to be much more complex than usually assumed in the past. It has become
apparent that solid-phase conversions, aggregation processes, and recrystallization
phenomena during precipitation have to be taken into account. A fundamental
understanding of structure evolution in precipitation reactions is only possible if
the processes can be followed from commencement of supersaturation on which
the precipitation initiates. The ability of X-ray microscopy to study samples under
ambient conditions with virtually no sample preparation allows for the study of
these aqueous systems (Rieger et al., 2000). In addition, time-resolved studies can
be carried out (Rieger et al., 2007).

Therefore, X-ray microscopy is a powerful tool for the investigation of precipi-
tation reactions. As an example, the precipitation of Zn containing particles, mainly
Zn(OH),, is shown in Fig. 7.6, where a ZnCl, solution and NaOH solution have

Fig. 7.6 Zinc containing particles in an aqueous dispersion imaged as a time sequence with the
X-ray microscope at BESSY II with a resolution of approx. 25 nm at an X-ray energy of E =
520 eV with exposure times of a few seconds. The images span over 50 min after the first mixing
of ZnCl, and NaOH solutions
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been mixed. In the beginning, the dispersion did not show particles on the res-
olution scale of the X-ray microscope as can be seen in the upper left image of
Fig. 7.6. After 30 min, particles a few hundred nanometers in size are visible on X-
ray images, shown in the upper right of Fig. 7.6. After another 20 min the particles
have become larger and more particles appear as can be seen in the lower images of
Fig. 7.6.

7.3 Morphology and Chemistry

To combine morphological information of a sample with knowledge of the chemical
composition within the sample, a very useful method is to take a set of images at
closely spaced energies throughout the region of interest near to the absorption edge
of the desired element (Jacobsen et al., 2000). This approach is visualized in Fig. 7.7,
where some of a stack of images from a soil sample taken with the scanning trans-
mission X-ray microscope at BESSY II are shown. Here it was measured around
the K-absorption edge of carbon. The full set spans a three-dimensional coordinate
system of x, y, and the energy. The energy ranges here from 280 to 295 eV with
steps of 0.5 eV. Due to possible drifts or movements within the instrumentation dur-
ing recording, the images have to be aligned to each other. Afterward, a spectrum
can be obtained by selecting an object region and plotting the optical density of that
region as a function of energy. Spectra can be obtained from discrete image pixels
as well as from larger regions by integrating the optical density of all pixels within
the chosen area. This experiment is more time consuming than simply taking a spec-
trum from a fixed position, but spatially and spectrally resolved data of an object are
available at the same time (Mitrea et al., 2008). Thus, spectromicroscopy provides
information about the chemistry within a sample in combination with high spatial
resolution. The radiation dose applied to a single point within the sample is the same
for point spectra as for stacks.

Fig. 7.7 A stack of images
as a function of energy taken
with the scanning
transmission X-ray
microscope at BESSY II,
showing colloidal structures
within a chernozem soil. The
image size is 8 x 6 wm? with
160 x 120 pixel? and the
dwell time is 12 ms/pixel, the
energy range for the full stack
is 280-295 eV,

step size AE =0.5eV
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Fig. 7.8 Selected object region marked in light gray from the stack of images in the previous figure
and the corresponding spectrum at the carbon K-absorption edge. The regions used for extracting
are marked in dark gray. The stack was taken with the scanning transmission X-ray microscope at
BESSY 11, the image size is 8 x 6 wm? with 160 x 120 pixel? and with a dwell time of 12 ms/pixel,
the energy range for the full stack is 280-295 eV, with an energy step size of AE = 0.5 eV

A sample of the chernozem soil mentioned above has been taken as a sample for
demonstration. A small drop of a 1% (w/w) dispersion in deionized water has been
placed on a 100-nm thick SizN4 membrane and let dry. As a result, small clusters of
soil colloids were found on the membrane.

A stack of images of this chernozem sample has been taken at energies around
the K-absorption edge of carbon. Figure 7.8 shows on the left side one image of
the whole stack, grayscale inverted. Four regions are marked in dark gray and one
region marked in light gray. Integrating the transmission signal /7 of the light gray
region as a function of energy and using the regions marked in dark gray in the same
way to obtain Iy the spectrum below each image could be obtained as —In(1/ly). This
yields the optical density. The derived spectrum in the right image clearly reveals
resonance features of the content of organic carbon of the sample. To extract chem-
ical information from the spectra, the program SpecFit has been developed (Gleber
et al., 2003b). With this tool it is possible to assemble the spectrum using combi-
nations of Gaussians and Lorentzians for the resonances and arctan functions for
the corresponding edge jumps. In Fig. 7.9 the achieved result for the spectrum in
Fig. 7.8 is shown. The aromatic, phenolic, and carboxylic content of the sample can
be extracted from the spectrum, revealing the nature of the main organic components
in that soil sample.

7.4 Summary

X-ray microscopy is a very suitable tool for imaging nanoparticles and colloidal
structures in aqueous media. Two-dimensional imaging and three-dimensional
tomographic reconstruction are very powerful methods for examining the mor-
phology of clusters of nanoparticles and colloids. The analysis of samples from
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Fig. 7.9 XANES spectrum of the Ay horizon of a chernozem soil obtained from an image stack
at the K-absorption edge of carbon (see Fig. 7.8). Functional groups are fitted as described in the
text, indicating contributions from aromatic, phenolic, and carboxylic groups to the spectrum

environmental science, which are very heterogeneous physically as well as chem-
ically, is a real challenge for X-ray spectromicroscopy but possible. Spatially
resolved spectromicroscopy studies allow for the characterization of structure and
chemistry of nanoparticles and colloidal structures in relation to other elements.
The results presented here document the possibilities for studies not only compar-
ing spectra obtained from bulk samples but looking in detail into the nanometer to
micrometer size range within a sample.
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Chapter 8

In Situ Measurements on Suspended
Nanoparticles with Visible Laser Light, Infrared
Light, and X-Rays

Harald Zinker

8.1 Introduction

The presence of engineered nanoparticles (ENPs) in the water cycle is a subject of
discussion among toxicologists, producers of nanomaterials, environmentalists, and
politicians. Currently, it is more a vision (or an apprehension) to become exposed
to such particles by drinking tap water, having a wash, or going for a swim because
the release of ENPs to the environment is still marginal. But this may change. The
exposure of men, animals, and plants to ENPs might become a major environmental
challenge of the future. Nevertheless, at this stage the influence of ENPs on the
environment is still minimal and there is also hardly any experience with measuring
such artificial nanoparticles within the complex matrices of environmental samples.

But there is experience with measuring natural nanoparticles in environmen-
tal waters. Over decades, naturally occurring nanoparticles (colloids) such as
iron-containing, silicate-containing, or organic particles have been studied with
numerous methods (cf. Buffle and van Leeuwen, 1992; 1993; Frimmel et al.,
2007; Wilkinson and Lead, 2007). Because of the lack of knowledge concerning
the behavior and the lack of experience concerning the measurement of artificial
nanoparticles under environmental conditions, this chapter will (with few excep-
tions) focus on measurements referring to natural nanoparticles. It is expected that
future measurements on artificial nanoparticles will benefit a lot from the existing
measuring experience on natural nanoparticles.

What are the measurands that are of interest (for both ENPs and natural nanopar-
ticles)? It is obvious that information on the absence or presence of a particle under
discussion is a primary goal. Thus, it is important to recognize if matter in the col-
loidal form is present, and if so, what its concentration is. But this is not enough
if predictions on the toxicity, the transport behavior in water bodies, the transport
behavior in biological systems, the ability to carry environmental pollutants, the
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aggregation behavior, the aging behavior, etc., are needed. For such complex pre-
dictions the knowledge of further particle properties is inevitable. These are particle
size, size distribution, shape, surface area, chemical composition, crystal structure,
surface functionality, affinity to environmental contaminants, surface charge, and
others.

8.2 Strategies of Particle Characterization

8.2.1 Invasive Methods

Any method of nanoparticle characterization, no matter which of the above-
mentioned “measurands” are to be determined with it, as well as any method of
nanoparticle separation, can be assigned to one of two main categories: invasive
techniques and “non-invasive” techniques. Filtration/ultrafiltration (Buffle et al.,
1992; Lead et al., 1997), scanning electron microscopy (Buffle and Leppard,
1995), energy dispersive X-ray analysis (Kaplan et al., 1994), transmission electron
microscopy (Nomizu et al., 1988), atomic force microscopy in air (Namjesnik-
Dejanovic and Maurice, 1997), X-ray photoelectron spectroscopy (Ding et al.,
2000), secondary ion mass spectrometry (Novikov et al., 2006), centrifuga-
tion/ultracentrifugation (Jones and Bryan, 1998; Zinker et al., 2006), size exclusion
chromatography (von Wandruszka et al., 1999), hydrodynamic chromatography,
split-flow-lateral-transport-thin-cell-fractionation (George et al., 2000), or field-flow
fractionation (Klein and Niessner, 1998; Lyven et al., 2003; Prestel et al., 2006;
von der Kammer et al., 2005) belong to the invasive techniques. They have been
applied extensively on natural environmental nanoparticles. It is easily conceivable
that invasive methods have their disadvantages (cf. Johnston et al., 1993) since they
are more plagued by artifacts than non-invasive ones. Nevertheless, for certain mea-
suring problems their application is justified; in order to get certain information,
invasive techniques cannot be avoided. Moreover, note that the “degree of invasiv-
ity” differs greatly between the methods mentioned. Scanning electron microscopy,
for instance, is a very invasive method. It requires separation of the particles from
the solution (filtration), drying, possibly coating with gold or carbon, possibly appli-
cation of vacuum. Conversely, ultracentrifugation and, even more so, field-flow
fractionation are only very moderately invasive (flow field-flow fractionation only
causes dilution of the sample which normally does not have significant influence on
the nanoparticles) making it hard to assign these latter methods to one of the two
categories.

8.2.2 Non-invasive Methods

There is no in situ or non-invasive technique in the strictest sense of the term.
Measuring the properties of an object of matter such as a colloidal particle is always
getting in interaction with this object. However, as already mentioned, there are
ways to minimize this interaction; it is understood in this chapter that “non-invasive”
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methods are in reality always little-invasive methods or “minimum invasive meth-
ods.” There are also ways to corroborate results by using methods of particle
characterization that are based on different physical principles and have, therefore,
different types of interactions with the measured object (i.e., they are associated
with different types of artifacts).

The so-called non-invasive techniques of particle characterization very often use
photons such as the photons of visible laser light, infrared light, or X-rays as probes.
They are able to work in the presence of the original water and, thus, their influence
on the colloidal system is little to none. Such photon-based methods are

— photon correlation spectroscopy (Filella et al., 1997; Schurtenberger and
Newman, 1993) and laser-induced breakdown detection (Kim and Walther, 2007)
for particle size determination,

— laser Doppler velocimetry (Fourest et al., 1994; Riley, 2005) for determining
electrophoretic mobility and zeta potential,

— time-resolved laser fluorescence spectroscopy (Geipel et al., 1996), attenuated
total reflection Fourier transform infrared spectroscopy (Johnston et al., 1993;
Miiller et al., 2009), and X-ray absorption spectroscopy (XAS) with synchrotron
radiation (Charlet and Manceau, 1993; Gaillard, 2007) for identifying the binding
states of contaminants onto nanoparticles.

Examples of using these six methods for the characterization of environmentally
relevant nanoparticles are given in Sect. 8.3. Other minimum invasive methods of
determining particle size are static light scattering (Schurtenberger and Newman,
1993) and single particle counting (Knollenberg and Veal, 1992; Walther et al.,
2006). A new very gentle method for the characterization and separation of par-
ticles of a size from several hundred nanometers is photophoretic velocimetry in a
flowing solvent (Helmbrecht et al., 2007). It allows properties such as the size or the
refractive index of the single particles to be analyzed. Additional minimum invasive
methods applicable for identifying binding states of adsorbants onto colloids are
nuclear magnetic resonance (NMR) spectroscopy (Johnston et al., 1993), electron
spin resonance (ESR) spectroscopy (Boughriet et al., 1995), Raman spectroscopy
(Hedderman et al., 2006), and coherent anti-Stokes Raman scattering (CARS) spec-
troscopy (Druet and Teran, 1981). Apart from these “bulk methods,” little-invasive
techniques of microscopy have evolved that image the shape of nanoparticles such
as liquid-cell atomic force microscopy (Plaschke et al., 2002) or that give “chemi-
cal images” such as X-ray spectromicroscopy (Thieme et al., 2007), laser-scanning
CARS microscopy (Cheng et al., 2002), surface-enhanced Raman scattering (SERS)
microscopy (Alvarez-Puebla et al., 2004), or tip-enhanced Raman spectroscopic
(TERS) microscopy (Schmid et al., 2008).

8.2.3 Invasive vs. Non-invasive

Many colloidal systems are in fragile equilibrium. In particular, hydrophobic col-
loids are thermodynamically unstable and exist thanks to electrostatic or steric
stabilization only. They tend to reduce their specific surface area by aggregation
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(and sedimentation), i.e., the slightest perturbations from outside may change them.
In general, methods of sampling, sample preparation, and measurement which exert
as little influence on them as possible should therefore be preferred to others. Such
“non-invasive” methods are in the focus of this chapter. However, non-invasive
methods have also disadvantages over invasive ones. These are primarily

— the measuring results of non-invasive methods are, as a matter of fact, more rep-
resentative of the real colloidal system; but they are often also less unambiguous,

— non-invasive methods do normally not fractionate the nanoparticles which pre-
vents subsequent experiments on individual particle fractions being performed,

— less invasive methods are often more cumbersome than more invasive ones (e.g.,
liquid-cell atomic force microscopy vs. atomic force microscopy in air).

The best choice between invasive and non-invasive methods of nanoparticle char-
acterization normally depends on the desired information. Some of the measuring
values are very sensitive to solution conditions. This refers, for instance, to particle
size. This also refers to measuring values characterizing the binding form of contam-
inants onto nanoparticles. Such measuring values should be determined in situ, i.e.,
with a non-invasive method. On the other hand, the chemical composition of the par-
ticles is often rather robust to influences from the liquid phase and can in such cases
be determined by filtration through filters of pore size as small as possible and

— either determining the difference of the element concentrations before and after
filtration (e.g., by ICP-MS)
— or analyzing the filter cake after washing and digesting (e.g., by ICP-MS)
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Fig. 8.1 FTIR spectra (KBr pellet) of pristine (CNT-PRIST) and modified CNTs (CNT-MOD16h
and CNT-MOD42h) (from Schierz and Zénker, 2009; with permission)
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which is a fairly invasive way of determination. Another example of an analysis
relatively insensitive to undesired influences and undefined falsifications which can
well be carried out with an invasive technique may be the detection of the functional
groups on the surface of nanoparticles. In an oxidation experiment carboxyl groups
were produced on carbon nanotubes (CNTs) by heating them in a mixture of con-
centrated HNO3 and HySO4 under reflux for 3 h at 100°C and subsequent stirring
under sonication for two different periods of time (16 and 42 h) at 70°C (Schierz and
Zinker, 2009). The modified CNTs were removed, washed, dried, and mixed with
KBr. Pellets were pressed of the mixture for Fourier transform infrared spectroscopy
(FTIR). Figure 8.1 shows that the IR absorption bands at 1738 cm™! (stretching
vibration of C=0) and at 1212 cm™' (stretching vibration of C-O) are missing in
the pristine CNTs, but appear in the modified CNTs. These two absorption bands
together represent the carboxyl groups, i.e., the carboxyl groups are reliably detected
also with this invasive technique.

8.3 In situ Techniques

8.3.1 General

It would be beyond the scope of this chapter to give a comprehensive overview of
particle characterization by non-invasive methods. The intention is to give several
examples of the application of such methods, to show the general strategies, to indi-
cate typical problems and difficulties of their application, and to demonstrate how
such difficulties can be overcome.

8.3.2 Visible Laser Light

Particle size of very small nanoparticles at high concentration by photon cor-
relation spectroscopy (PCS). PCS is based on the analysis of the time-dependent
fluctuations of the light scattered by particles when illuminated by a laser beam.
Since the fluctuations are due to the particle movement, they contain information on
the particles’ diffusion coefficient(s). The primary information obtained by a PCS
measurement is the autocorrelation function C(t) of the scattered light intensity
fluctuations which is defined by (cf. Ford, 1985; Weiner, 1984)

g
Cr)y = lim Z;n,-nj,m, m=123,..M (8.1)
I:

C(t) = autocorrelation function

n = number of pulses registered during the sampling time At =1¢—T,

with ¢t = time, t = jAt, T = delay time, T = mAt, At = time increment into
which the time axis has been divided (sampling time),
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N = total number of samples T/At,
with T = measuring time,

M = number of correlator channels,
J, m = running terms.

More information on the principles of PCS can be found in articles by Ford
(1985), Tscharnuter (2000), or Weiner (1984).

Figure 8.2 shows a puddle of acid rock drainage (ARD) solution in an aban-
doned Zn—Pb—Ag mine at Freiberg, Germany. Such highly mineralized, red-colored
ARD solutions are formed in ore or coal mines due the sulfide oxidation process.
The figure also shows precipitates of ochre which usually accompany ARD solu-
tions in mines. The solutions can be very acidic (see, for instance, Nordstrom et al.,
2000) and there is general lack of knowledge as to the chemical speciation of their
constituents. In particular the colloid chemistry of such waters has scarcely been
studied.

ARD from the puddle depicted in Fig. 8.2 was investigated by PCS (BI-go,
Brookhaven Instr., USA) using a laser of a wavelength A of 514.5 nm (Zénker et al.,
2002). The samples were of reddish color but visibly clear. The pH was 2.7, the
sulfate concentration was 411 mmol/L. Table 8.1 gives the chemical analysis. The
goal was to find out if nanoparticles play a role in the chemistry of this solution.

Parallel filtration of aliquots of the ARD solution with Nuclepore filters of
decreasing pore size (i.e., of a series of subsamples of the original solution) and
centrifugation of aliquots (subsamples of the original solution again) with increas-
ing centrifugal force were performed. Figure 8.3 shows the autocorrelation functions
of the raw sample and the filtered sample fractions. The shape of the autocorrelation
functions is controlled by the time-dependent relaxation of particle concentration
fluctuations. In our case, these concentration fluctuations are primarily caused by the

Fig. 8.2 Acid rock drainage solution in the “Himmelfahrt Fundgrube” mine at Freiberg, Germany
(length of the puddle: ca. 1 m)
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Table 8.1 Chemical data of

the ARD solution of pH 2.7 Component Concentration/mmol L™!
éio;latizd(;g;;al data cf. Zdnker Fe 013
) Zn 82.2
Mg 93.7
Al 54.4
As 6.73
Pb 0.09
Cd 0.26
Sulfate 411
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Fig. 8.3 Autocorrelation functions of the light scattered from the ARD sample: (a) raw sample,
(b) 5-pum filtrate, (¢) 400-nm filtrate, and (d) 50-nm filtrate (from Zinker et al., 2002; with
permission)

translational diffusion of rigid particles, i.e., the autocorrelation functions provide
the distribution of the diffusion coefficients and the particle size (equivalent spher-
ical diameter) distributions can be calculated with the aid of the Stokes—Einstein
equation. Monodisperse spherical particles of 10 nm, for instance, reach practically
full relaxation (decay of the autocorrelation function to the baseline) after about
10? s. The autocorrelation function of a polydisperse real sample is the sum of dif-
ferent decaying contributions, normally the sum of exponentials (Grabowski and
Morrison, 1983; Stock and Ray, 1985; Schurtenberger and Newman, 1993). As
one can see, the first three autocorrelation functions in Fig. 8.3 consist primarily
of components of relaxation times larger than 10% jus (the point in time of 10? s is
highlighted by an arrow). However, the autocorrelation function in Fig. 8.3d (50-nm
filtrate) is different from the others. It shows its major decay already before 10% js.
These features of the scattered light fluctuations are also reflected in the CONTIN
deconvolutions of the autocorrelation functions (Provencher, 1982), i.e., the
particle size distributions (Fig. 8.4). The figure shows that the raw sample and the
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Fig. 8.4 Light-intensity-weighted particle size distribution in the ARD sample according to the
CONTIN deconvolution of the autocorrelation functions. (a) Raw sample, (b) 5-pm filtrate,
() 400-nm filtrate, and (d) 50-nm filtrate. Removing the larger submicron particles results in the
appearance of the weakly scattering ultrafine particles (<10 nm) (from Zinker et al., 2002; with
permission)

first two filtrates are dominated by particles of about 100 nm (this peak corresponds
to the hump between 10> and 10° s in the autocorrelation function) whereas most
of the larger submicron particles have been removed by the 50-nm filtration which
makes ultrafine particles of <10 nm detectable by PCS (the detection of extremely
small colloid particles can be prevented in the presence of larger submicron parti-
cles due to optical masking which results from the d® dependence of the scattered
light intensity on the particle diameter d in the particle size range of Rayleigh scat-
tering, i.e., for particles of a size of d < A/10). Similar results were obtained by the
centrifugation experiments. In this case the ultrafine particles appeared in the PCS
spectra after a 1-h centrifugation at >15,000x g.

ICP-MS/AAS on the retentates of the 50-nm filters revealed that the strongly
scattering 100-nm particles are a trace component of only about 20 mg/L consisting
primarily of Fe and As compounds. On the other hand, ultrafiltration with 3-kD
filters showed that at least 680 mg/L Fe, 230 mg/L As, and 20 mg/L Pb occurred in
the form of the ultrafine nanoparticles of <10 nm in this ARD solution which means
that at least 15% of the Fe, 50% of the As, and 80% of the Pb were colloidal heavy
metal/metalloid.

Particle size of nanoparticles at very low concentration by laser-induced break-
down detection (LIBD). A method of a lower particle concentration detection limit
is LIBD. Figure 8.5 shows the LIBD setup according to Opel et al. (2007). A pulsed
Nd:YAG laser is used as the light source; the laser beam reaches the cuvette via
beam adjustment and beam diagnostics units and a lens system for focusing (laser
wavelengths: 532 nm). The laser pulse energy is adjusted in a way that
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|

- no breakdown events occur in the liquid and
— breakdown events occur on solids.

Thus the laser pulses may cause a breakdown event as soon as a particle enters
the laser focus. The events are detected acoustically by a piezoelectric detector and
optically by a CCD camera. From the breakdown probability (the number of break-
downs per number of laser pulses) information on the particle concentration can
be derived. The so-called ignition length is obtained by the optical detection and
denotes the length of the focal area of the laser beam in propagation direction where
colloids of certain size cause breakdown events. The ignition length is proportional
to the average particle size (Bundschuh et al., 2001; Scherbaum et al., 1996); this
dependence can be quantified by a calibration of the system with reference parti-
cles. Here, suspensions of polystyrene latex particles in ultrapure water were used
for calibrating the apparatus. Note that LIBD is less troubled by masking of small
particles by larger ones than PCS. The intensity of scattered light, which is used
in PCS, is proportional to d® for particles of the size range of Rayleigh scattering
whereas it is proportional to roughly d” for particle diameters larger than about
d = M6. This makes PCS relatively insensitive to small particles in the presence of
larger particles which scatter much more light than the small particles. LIBD, on the
other hand, shows a dependency of about @ also for very small particles (Plaschke
et al., 2001) making it more sensitive for the detection of such small particles and
less susceptible to masking problems by larger ones. Nevertheless, a d> dependence
is still considerable and a spatiotemporal separation of the particles before detection
is often desirable also for LIBD.

The LIBD apparatus depicted in Fig. 8.5 was applied to determine the parti-
cle concentrations and sizes of several commercial mineral waters (Opel et al.,
2006). Mineral waters are very poor in particles since they are de-ironed which also
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Table 8.2 Mean diameter dp and number concentration cp of particles in four mineral waters
determined by LIBD (ppp: breakdown probability, zr: focal length)

Water PBD Zr/pm dp/nm cp/NL™!
Hunyadi Janos 0.181 1438 20 3.7x10°
Margon medium 0.381 1540 30 1.6x10'0
Margon still 0.133 1514 25 2.1x10°
San Pellegrino 0.052 1459 20 9.2x10°
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Fig. 8.6 Frequency distribution of breakdown events in the focal area of the laser beam for San
Pellegrino mineral water (from Opel et al., 2006)

removes most of the naturally occurring particles. The breakdown probabilities and
ignition lengths for the investigated mineral waters are given in Table 8.2. Table 8.2
also gives the resulting particle sizes and particle concentrations. Note that PCS as
a classical characterization method for colloidal solutions was not able to determine
the particle size in any of the mineral water samples. Figure 8.6 exhibits the longitu-
dinal distribution of the breakdown events within the focal area of the laser beam for
the San Pellegrino mineral water from which the mean ignition length and the mean
particle diameter are derived. Monomodal particle size distributions would yield
one nearly Gaussian peak. The distribution in Fig. 8.6 shows a significant deviation
from the Gaussian shape. This suggests that there is a more complicated particle
size distribution such as a bimodal distribution in the mineral water.

A method of determining particle size distributions of aquatic colloids by LIBD
was suggested by Walther et al. (2004). It is intended to be used for bulk samples
without any sample preparation. Another way of determining particle size distri-
butions by LIBD is the above-mentioned detection after spatiotemporal particle
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separation. Such a separation is ideally done by field-flow fractionation (cf. Thang
et al. 2000). Field-flow fractionation overcomes the limits of LIBD in particle sizing
resolution whereas the high sensitivity of LIBD counteracts the detection problems
often caused by field-flow fractionation due to sample dilution.

Zeta potential of carbon nanotubes (CNTs) by laser Doppler velocimetry. The
zeta potential of a colloidal particle is the potential at the shear plane between the
ions which are “stuck” to the particle when it moves through the solution and the
ions which are stripped off from the particle due to particle motion. The zeta poten-
tial can be measured by electrokinetic methods such as laser Doppler velocimetry
(cf. Riley, 2005) which is similar to PCS. There are various technical versions of
laser Doppler velocimetry, however, the basic principle is always the same. The
particles are exposed to an electrical field causing them to move between the elec-
trodes. By splitting and recombining an illuminating laser beam, interference fringes
can be produced in the cell. As particles move through the fringes under the influ-
ence of the electric field, intensity fluctuations are produced whose frequencies
are directly related to the velocity of the particles. The intensity fluctuations are
detected by a detector such as a photomultiplier and analyzed in a similar way as in
PCS. Consequently, the primary information obtained is the electrophoretic mobil-
ity of the particles. The zeta potential is derived from the electrophoretic mobility
using the Smoluchowski equation or the Hiickel equation. The information obtained
is information on the effective particle charge in an electric field. There may be
contradictions to charge information from titration experiments. For instance, the
isoelectric point (laser Doppler velocimetry) may deviate from the point of zero
charge (titration) which is due to possible shielding of charged surface sites that are
accessible to titrants but do not influence the electrostatic properties of the particle in
the electric field. Limitations of the method arise from problems such as too strong
electrode polarization or too strong Joule heating. Such problems are encountered
with samples of high electrical conductivity (high electrolyte concentration), high
viscosity, or low particle charge (low zeta potential). Particle sedimentation can also
be a problem.

In Fig. 8.1 the modification of CNTs by surface oxidation (generation of carboxyl
groups) is demonstrated. It is obvious that such surface modifications also influence
the surface charge and, thus, the zeta potential of nanoparticles. Figure 8.7 shows
the zeta potential for the above-discussed pristine and modified CNTs depending
on pH as determined by laser Doppler velocimetry (Schierz and Zinker, 2009). A
significant shift of the zeta potential toward more negative values caused by the
formation of the deprotonable COOH groups is to be seen.

Binding states of uranium(VI) onto lipopolysaccharide macromolecules by
time-resolved laser fluorescence spectroscopy (TRLFS). There are many interac-
tions between nanoparticles and environmental contaminants such as hydrophobic
organic toxicants or heavy metals in natural waters. The reaction of the uranyl
cation, UO»>*, with lipopolysaccharide (LPS) from Pseudomonas aeruginosa
(commercially available as a powder prepared by trichloroacetic acid extraction)
was studied with the aid of both potentiometric titration and TRLFS (Barkleit et al.,
2008). The TRLFS apparatus applied is described in an article by Geipel et al.
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(1996). A Nd:YAG laser system with a fast pulse generator and a digital delay gen-
erator was used. The excitation wavelength of the uranyl fluorescence was 266 nm;
the pulse energy was 0.2-0.5 mJ. The time-resolved fluorescence emission from
the bulk of the sample was detected using a detector interface and a spectrograph.
For Gram-negative bacteria, the LPS unit in the outer membrane provides the major
binding sites for metal ions. These potential binding sites are carboxyl, phospho-
ryl, hydroxyl, and/or amino groups. The objective was to identify the major binding
sites for the uranium on the LPS macromolecules and to assess the relative stability
of the different surface complexes formed.

The LPS under study has a molecular weight of 50-100 kD, i.e., the LPS
molecules are much bigger than the uranyl ions or inorganic uranyl complexes.
Because of this difference the complexation of uranyl with LPS can be regarded
as a surface complexation reaction between a nanoparticle (the macromolecule) and
the uranyl. The uranyl adopts the transport behavior of the LPS macromolecules in
an aquatic system and will no longer behave as an individual small metal ion (or, in
a “real-world” system, it even adopts the transport behavior of a bacterium since the
LPS is part of a bacterial membrane if it is not separated from it).

Figure 8.8 gives a summary of the measured fluorescence (photoluminescence)
spectra of the UO,>*-LPS system at different pHs. For comparison, the uranyl spec-
tra at pH 2.5 (100% UO»**(aq)) and pH 6.0 (main species (UO,)3(OH)s") are
included. A strong increase in fluorescence intensity, connected with a red shift of
the peak maxima of about 8 nm at pH 2.5 and up to 11 nm at neutral pH, compared
to the free uranyl ion UO,2*(aq), was observed. At very low LPS concentrations
(< 0.05 g/L) uranyl hydroxide species appear at pH 7, but at higher LPS concentra-
tion uranyl hydroxide formation was not observed until pH 8. Thus, the experiment
takes advantage of the high stability of the UO,**-LPS complex species. Due to this
high stability of the complex the presence of free UO,%*(aq) or dissolved uranyl
hydroxid species was negligible for most of the samples, and for the few low-LPS
samples the disturbance by such species could be quantified from the different fluo-
rescence properties of the inorganic uranyl species and be taken into consideration.
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Fig. 8.8 Fluorescence spectra at fixed uranyl concentration (10~ M) and various LPS concentra-
tions at different pH values (from Barkleit et al., 2008; with permission)
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A red shift of about 8—11 nm is very typical of uranyl-phosphoryl complexes
(Barkleit et al., 2008 and literature therein). On the other hand, most of the carboxy-
late complexes do, like inorganic uranyl carbonates, not show photoluminescence at
room temperature, i.e., they would not be recognized by fluorescence spectroscopy.
Inorganic phosphate causes a still stronger red shift (about 10-14 nm), i.e., it should
be ruled out as an important reaction partner of the uranyl. Thus, uranyl-phosphoryl
complexes are the most probable fluorescent entities in these samples according to
the location of the fluorescence peaks.

Further information comes from the time-resolved measurements with the help
of which the lifetimes of the excited states can be determined. Lifetime measure-
ments allow the estimation of the number of fluorescent species in the sample. They
can also help to recognize whether or not inorganic fluorescent species such as
UO»2*(aq) or uranyl hydroxide species are present. The lifetime studies support
the conclusions that can be drawn from the red shift of the peak maxima in Fig. 8.8.

It follows from this study based on potentiometric titration (cf. Barkleit et al.,
2008) and TRLFS that there is a coordination of the uranyl ion with both the
phosphoryl and the carboxyl groups of the LPS. The phosphoryl complexes are
detectable by fluorescence spectroscopy, the carboxylate complexes are not. Under
conditions of ligand excess, coordination via phosphoryl groups prevails, whereas
under conditions of a slight deficit of phosphoryl groups (deficit of LPS) also
carboxyl groups play an important part for uranyl coordination.

The study is an example of using a minimum invasive technique for the elucida-
tion of binding states at the surface of nanoparticles under well-defined laboratory
conditions, i.e., of an in situ study under idealized, not “real-world,” conditions.

8.3.3 Infrared Light

Binding states of uranium(VI) and carbonate on ferrihydrite nanoparticles by
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR).
Near-neutral or slightly acidic floodwaters of abandoned mines very often contain
significant amounts of iron-rich nanoparticles (cf. Zinker et al., 2003). However,
these nanoparticles are different from the ultrafine particles found in strongly acidic
ARD solutions as the solution depicted in Fig. 8.2. In laboratory simulation experi-
ments with ferrihydrite at near-neutral or slightly acidic pH values the binding states
of the uranyl ion on freshly precipitated ferrihydrite and the influence of carbon-
ate on these binding states were investigated by ATR-FTIR (Ulrich et al., 2006).
Figure 8.9 shows the principle of ATR-FTIR. ATR-FTIR enables water-containing

N 7

Fig. 8.9 Principle of ATR Crystal
ATR-FTIR Infrared Beam To Detector
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samples (i.e., the bulk of the samples, not single particles) to be investigated in spite
of the strong IR absorption by water. The infrared beam is guided through the ATR
crystal by total reflections. However, at every reflection point the infrared light (the
evanescent wave) slightly penetrates the sample which produces the IR spectrum.
The ferrihydrite nanoparticles precipitated at varying uranyl and carbonate con-
centrations were separated from the solution as a wet paste by ultracentrifugation
without any further treatment. Note that more than 98% of the uranyl added was
adsorbed to the ferrihydrite (information from ultrafiltration plus ICP-MS) mak-
ing dissolved U species negligible for the following considerations. An aliquot
of the wet ferrihydrite precipitate was spread over the optical crystal surface as
a thin layer (<1 mm). The spectrum of a U-free ferrihydrite precipitate prepared
at pH 5.5 and pCO; < 0.2 Pa, i.e., without adsorption of U(VI) and carbonate,
shows a broad absorption band in the region of 937 cm™' representing the §(OH)
bending vibration of the ferrihydrite (Fig. 8.10, curve A right). The spectra of fer-
rihydrite samples containing UO,2* ions exhibit an additional band at ~903 cm™!,
the intensity of which correlates with the increasing U(VI) concentration (Fig. 8.10,
curves C-E right). This band represents the antisymmetric stretching vibration (v3)
of the UO,%* cation adsorbed to the Fe hydroxide phase. Contrary to the samples
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Fig. 8.10 ATR-FTIR spectra of U(VI) adsorbed onto ferrihydrite. Samples prepared at pH 5.5 and
at different UO,2* concentrations (from Ulrich et al., 2006; with permission)
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Fig. 8.11 Structure of a binary and of a ternary surface complex of uranyl on ferrihydrite colloids
as derived from ATR-FTIR (and EXAFS) spectroscopy (from Ulrich et al., 2006; with permission)

prepared at atmospheric pCO; of 35.5 Pa, the spectra of both samples prepared
while excluding CO; from the system have no absorption bands in the range of
1,250-1,600 cm™!, thus verifying the absence of adsorbed carbonate (Fig. 8.10,
curves A-F left). The other sample spectra show additional bands around 1,365 and
1,500 cm™! (Fig. 8.10, curves B-E left) which are due to the symmetric (vy) and
antisymmetric (v4g) stretching vibration of carbonate ligands bound to the ferrihy-
drite phase. These bands show a steady shift to higher wavenumbers with increasing
U(VI) concentration. In particular the frequency of the v,s(CO3 2-) vibration shifts
from 1,478 to 1,515 cm™!, the latter being reached by the sample prepared with
initially 0.1 mM U022+. A similar, but smaller shift from 1,365 to 1,372 cm™!
was observed for the vS(C032‘) vibration (Avg ~7 cm; Fig. 8.10, curve E left).
The experiment elucidates the interrelation of the different interactions in the sys-
tem which are in competition with each other: the ferrihydrite—uranyl interaction,
the ferrihydrite—carbonate interaction, and the interaction of adsorbed uranyl with
carbonate (dissolved uranyl-carbonato complexes play a minor role because, as
mentioned above, almost all the uranium is adsorbed to the ferrihydrite under the
conditions chosen). The resulting surface complexes of uranyl on ferrihydrite are
depicted in Fig. 8.11 (for details see Foerstendorf and Heim, 2009; Ulrich et al.,
2006). An alternative ternary surface complex in which a carbonate ligand acts as a
bridge between uranyl and ferrihydrite was suggested by Rossberg et al. 2009. The
formation of the binary surface complex is promoted by low carbonate concentration
and low pH. The formation of the ternary surface complex is supported by higher
carbonate concentration and higher pH. These interrelations directly influence the
transport behavior of U(VI) in mine waters such as floodwaters of abandoned
uranium mines.

8.3.4 X-Rays

Binding states of arsenic(V) on acid rock drainage colloids by extended X-ray
absorption (EXAFS) spectroscopy. As was shown in Sect. 8.3.2, the acid rock
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drainage (ARD) solution depicted in Fig. 8.2 and characterized by Table 8.1 con-
tained a high concentration of ultrafine nanoparticles of less than 10 nm in size.
Furthermore, a more aggregated ochre-like long-term precipitate evolved in this
solution within months. The nanoparticles seem to be an intermediate of this ochre
precipitation process (cf. Zinker et al., 2002). The ARD solution was studied by
EXAFS spectroscopy, a version of X-ray absorption spectroscopy (XAS) which
belongs to the few methods capable of getting information on the binding states
of adsorbed trace elements at the surface of solids in the original aquatic environ-
ment. For the principles of EXAFS see Charlet and Manceau (1993). The raw ARD
solution, two filtrates from filters of different pore size (5 wm, 1 kD), the 1-kD
retentate, the long-term precipitate (all in the presence of the original Water), and
two reference minerals (as dry samples) were investigated (Moll et al., 2000; Zanker
et al., 2002).

The EXAFS data were recorded at the Rossendorf Beamline (ROBL) at the ESRF
in Grenoble. For details concerning this beamline see Matz et al. (1999). The data
were treated using the EXAFSPAK software developed by George and Pickering
(1995). Theoretical backscattering phase and amplitude functions, (k) and F(k),
used in data analysis, were calculated using the FEFF7 (Zabinsky et al., 1995)
program. The EXAFS oscillations were isolated using standard procedures for pre-
edge subtraction, spline removal, and data normalization (Koningsberger and Prins,
1988). EXAFS spectra provide mainly two parameters:

— the distance between metal (or metalloid) atoms and
— the number of metal/metalloid neighbors of the element studied (coordination
number).

They are defined by the type of linkage and the ionic radii of the neighbor-
ing atoms. Their knowledge allows the determination of the type of linkage and,
therefore, the type of adsorption between a metal and an adsorbent.

Figure 8.12 shows the measured arsenic K-edge EXAFS spectra and the corre-
sponding Fourier transforms (FTs) obtained from the model compounds, the ARD
raw sample, the ARD filtration fractions, and the ochre-like long-term precipi-
tate. As can be seen, the FTs of the ARD fractions are quite different from that
of the pure arsenate solution. They indicate a pronounced As—Fe contribution at
about 3.28 A. On the other hand, the As—Fe distance in the ARD samples was by
0.04-0.08 A shorter than that of the minerals scorodite (FeAsO4-2H>O) and
bukowskyite (FeoAsO4SO4OHA-7H,0).

It follows from the EXAFS results that the arsenate is bound to the colloid
particles by surface complexation (formation of a bidentate binuclear inner-sphere
complex). However, the transformation of the colloidal material into the more aggre-
gated ochre-like long-term precipitate results in a change of the arsenate binding in
this material. Obviously, the incorporation of the arsenate into the interior of the iron
hydroxy sulfate crystal structures is more pronounced in the precipitate which was
indicated by an increase in the Fe—As coordination number. The mechanisms of this
incorporation are either the substitution of arsenate for sulfate in the iron hydroxy
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Fig. 8.12 As K-edge k 3-weighted EXAFS spectra (leff) and the corresponding Fourier transforms,
FTs (right), of model compounds and ARD fractions. The FTs are not corrected for EXAFS phase
shifts. The peaks appear at shorter distances (R+A) relative to the true near-neighbor distances (R)
(from Zanker et al., 2002; with permission)

sulfate structure or the formation of extremely small scorodite clusters as occlusions
within iron hydroxy sulfate (for details see Zinker et al., 2002).

8.4 Conclusions

For six examples of nanoparticle systems the application of “in situ” methods of
particle characterization which use photons as probes were demonstrated. The six
examples are selected examples. Some of them refer to relatively “ideal” laboratory
systems, some represent first steps toward real-world systems. The examples have
in common that the methods applied worked satisfyingly under the conditions given
in the experiments.

It is understood that “in situ” or “non-invasive” methods are in reality always
little-invasive methods. There is no in situ or non-invasive technique in the strictest
sense of the term since measuring the properties of an object of matter such as a
colloidal particle is always getting in interaction with this object. However, there
are ways to minimize these interactions.

All the methods applied in the examples of this chapter have the potential to be
used also for the characterization of ENPs. However, even for the use for natural
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nanoparticles, all the methods may fail if the nanoparticle system differs from the
system presented here. TRLFS, for instance, normally fails if iron-rich particles are
to be investigated (Fe(III) quenches the fluorescent light). LIBD is hardly applicable
on humic macromolecules since their breakdown threshold does not differ enough
from that of water. PCS fails if there is a mixture of large and very small particles
because of masking problems. Sometimes it is possible to counteract these prob-
lems. For instance, the masking problems in PCS can sometimes be overcome by
invasive pretreatment of the sample as demonstrated for ARD solution in the first
example, i.e., by filtration or centrifugation. Sometimes there are no remedies.

Similar problems as with the natural nanoparticles are to be expected for ENPs.
The next step for ENP characterization should be to test the in situ methods
on “ideal” ENP laboratory systems. Note that ENPs are not a uniform category.
Although “ENPs” are subsumed under a common name, they represent entirely
different chemical systems (TiOy, ZnO, Ag(0), Fe(0), CNTs, spherical fullerenes,
quantum dots). This great variety of ENPs will not ease the development of
characterization techniques for such particles.

However, the real difficulty for ENP characterization will be the change from lab-
oratory to true real-world systems. The most serious challenges concerning natural
systems are probably the low ENP concentration to be expected in natural samples
and the need to differentiate between (i) ENPs, (ii) natural nanoparticles, and (iii)
associates of ENPs with natural nanoparticles. The efforts to tackle these challenges
are only at the beginning worldwide.
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Chapter 9

Coupling Techniques to Quantify Nanoparticles
and to Characterize Their Interactions

with Water Constituents

Markus Delay, Luis A. Tercero Espinoza, George Metreveli,
and Fritz H. Frimmel

9.1 Introduction

Nanotechnology has become a promising branch of scientific research and indus-
trial production. Due to the rapid progress and production of nanosized materials,
nanotechnology has developed to be a key technology for the twenty-first century
(Luther, 2004). Typically, nanotechnology considers structures which are smaller
than 100 nm in at least one dimension (Paschen et al., 2004). The properties
of nanosized structures and particles are thoroughly different from those of bulk
materials (macro scale), mainly concerning the chemical reactivity or electrical
conductivity (Duphny Guzman et al., 2006; Griine et al., 2005; Krug et al., 2004;
Long et al., 2006; Roco, 2005). The properties of engineered nanoparticles (ENP)
and hence the effects on environmental processes and human health are strongly
related to the nanometer scale of the substance, to the large surface to mass ratio,
and/or to the surface properties of the components (Krug et al., 2004; Duphny
Guzman et al., 2006; Long et al., 2006). As a consequence, nanoparticles show
outstanding potential benefits for various industrial, medical, pharmaceutical, cos-
metic, and life science applications (Betorelle et al., 2006; Paschen et al., 2004;
Wagner and Wechsler, 2004). Progress in the nanosciences enables the specific
engineering of nanoparticles with defined material properties such that a wide
spectrum of ENP can be produced. Some typical and widely used nanoparticles
were described by Fahrner (2005), Fleischer (2002), Krug (2005), Lochtefeld et al.
(2005), Masciangioli and Zhang (2003), Nowack and Bucheli (2007), Theodore and
Kunz (2005), and Wiesner et al. (2006).
Examples of nanomaterials and their applications are the following:

e Metal oxides: TiO, (pigment, photocatalyst, UV absorber), Fe,O3, Fe304 (pig-
ment, pharmaceutical products, medicine), ZnO and ZrO; (surface hardener),
SiO; (additive for polymers),
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e Metals: gold and silver nanoparticles (catalysts, electronic devices),

e Quantum dots: CdTe, GaAs (semiconductors, electronic devices),

e Carbon based nanomaterials (CBN): black carbon (ink for printers, additive in
tires), fullerenes (additive in grease), carbon nanotubes (additive in polymers,
accumulators, liquid fuel cells).

Nanotechnology shows high potential to improve environmental quality and sus-
tainability through applications in treatment processes and remediation techniques
(Joo and Cheng, 2006; Masciangioli and Zhang, 2003). Reactive nanoparticles are
useful remediation tools (Obare and Meyer, 2005; Wiesner et al., 2006): Zero valent
iron nanoparticles, for example, are highly reactive and are a promising technol-
ogy for the in situ remediation of trichlorethene (TCE) (Liu et al., 2005; Wang and
Zhang, 1997). Polymer-supported hydrated Fe(III) nanoparticles find use for the
removal of arsenic (Cumbal and Sengupta, 2005). Furthermore, titanium dioxide is
applied for in situ anion immobilization (Mattigod et al., 2005) or for photocatalytic
degradation of organic pollutants like pharmaceuticals (Doll and Frimmel, 2005;
Kutsuna et al., 1999).

However, there is a conflict between the power of the applicability of ENP and
their benefits on the one hand and the possible risk of undesirable environmen-
tal impacts after application on the other hand. Due to their widespread use (e.g.,
nanosilver as an antimicrobial agent in socks) and their increasing production, emis-
sion of ENP into aquatic environmental systems via municipal or industrial waste
waters and atmospheric emissions is likely (Benn and Westerhoff, 2008; Nowack
and Bucheli, 2007; Oberdorster et al., 2005). Nevertheless, little is known about the
fate and environmental behavior of ENP in aquatic systems. Although there is cur-
rently a focus on atmospheric nanoparticles in the literature (Biswas and Wu, 2005),
the behavior of ENP in aqueous environmental systems is of high relevance as water
quality parameters might be influenced by ENP.

The fundamental understanding of the behavior of ENP and their stability in
aquatic systems is a key issue regarding human health and environmental risk
assessment. There is experimental and clinical evidence for toxic effects of nanome-
ter sized materials (Nel et al., 2006), and nanoparticles have been shown to stimulate
the formation of oxyradicals (Oberdorster et al., 2005). Titanium dioxide can induce
the production of reactive oxygen species (ROS) and lead to neurotoxic effects by
interacting with brain microglia (Long et al., 2006). The antibacterial activity of
fullerene/water suspensions (Lyon et al., 2006) and silver nanoparticles (Pal et al.,
2007) also demonstrates the potential of ENP to interact and react with organisms. In
vitro cytotoxicity of oxide nanoparticles and their uptake into human lung cells were
found by Brunner et al. (2006) and Limbach et al. (2005, 2007). Rothen-Rutishauser
et al. (2006) described the uptake of nanoparticles into red blood cells. Uptake kinet-
ics of nanoparticles by cells is highly influenced by the size and the shape of the
nanoparticles (Chithrani et al., 2006), and definitely by the phase they are in.

There is a severe deficiency of data on the occurrence and environmental
concentrations of ENP (Mueller and Nowack, 2008) due to the lack of adequate stan-
dardized methods rather than to missing analytical instruments. There are promising
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approaches for the characterization of natural colloids and ENP by analytical cou-
pling techniques such as the coupling of asymmetrical flow field-flow fractionation
(AF*) (separation unit) or transport columns with inductively coupled plasma mass
spectrometry or multi-angle laser light scattering (detection unit) (Metreveli et al.,
2005; Prestel et al., 2005; von der Kammer et al., 2005; Wilkinson and Lead, 2006).
It is known that natural aquatic colloids and some nanoparticles can adsorb or bind
organic or inorganic contaminants, that they can be transported in aqueous systems
over large distances due to their high mobility, and that they can reach the drink-
ing water supply systems (Kretzschmar et al., 1999; Lead and Wilkinson, 2007,
Lecoanet and Wiesner, 2004; Lecoanet et al., 2004; Metreveli et al., 2005; Zhou
et al., 2007). Findings for natural colloids have shown to be also valid for ENP
like synthetic three-layer clay minerals (Metreveli et al., 2005). In this context,
the interaction of natural organic matter (NOM) with ENP is crucial as NOM is
ubiquitous in natural water and has the potential to change the physical and chem-
ical properties of pristine ENP. As several recent publications have shown, partial
NOM adsorption onto ENP or coating of ENP by NOM can strongly influence the
agglomeration behavior and stability, the surface charge, the morphology, and thus,
the transport behavior of ENP and their interaction with pollutants in environmental
systems (Diegoli et al., 2008; Hyung et al., 2007; Hyung and Kim, 2008; Pelley and
Tufenkji, 2008; Tercero Espinoza et al., 2008; Xie et al., 2008).

The objective of this chapter is to give examples for coupling techniques for
the characterization of nanoparticles and their interactions with heavy metals and
NOM. The application of these techniques contributes to a deeper understanding of
the fate, stability, and reactions of ENP in aqueous systems.

9.2 Principle of Analytical Coupling Techniques

Assessing the environmental impact of ENP demands powerful analytic methods
allowing

e the quantification and basic characterization of ENP (concentration, size distri-
bution, surface charge),

e the characterization of their interactions (agglomeration, interactions with
organic and inorganic pollutants, interactions with other water constituents,
sorption behavior), and

e the characterization of their transport behavior.

The determination and quantification of ENP at concentration ranges typical of
environmental systems demand the separation of ENP from complex matrices and
mixtures, an adequate sample preparation including pre-concentration, and a subse-
quent highly sensitive detection of the particles. For these purposes, the application
of analytical coupling techniques has turned out to be adequate and powerful.
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Generally, analytical coupling techniques are widely used, for example, for
element speciation (Dunemann and Begerow, 1995). Coupling of ICP-MS or induc-
tively coupled plasma optical emission spectrometry (ICP-OES) with different
chromatographic or chromatography-like systems such as size exclusion chro-
matography (SEC) (Schmitt et al., 2000, 2003), ion chromatography (IC) (Bissen
and Frimmel, 2000), flow field-flow fractionation (FFFF) (Hasselov et al., 1999a;
Baalousha et al. 2006a, b), or sedimentation field-flow fractionation (SAFFF)
(Schmitt et al., 2002; Hasselov et al., 1999b) have been applied successfully to
investigate element speciation and interactions between elements (mostly heavy
metals) and inorganic nanoparticles or colloids.

The general principle of the setup of analytical coupling techniques is the com-
bination of a separation unit and at least one detection instrument as illustrated in
Fig. 9.1. Principally, it is also possible to run the separation unit and the follow-
ing detection in an off-line operation mode. This includes the collection of sample
fractions after the separation step and the subsequent characterization of the individ-
ual fractions (off-line). However, concerning sample preparation, sample stability,
analytical resolution, and sensitivity of the detection, the on-line mode is more
advantageous.

The following units are frequently applied for the analytical separation (and pre-
concentration) step:

e SEC: separation of organic (macro) molecules,

e AF*: separation of organic and inorganic colloids and nanoparticles,

e Transport columns: experimental simulation of transport processes in porous
media.
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Fig. 9.1 General setup of analytical coupling experiments. Further details are given in the text
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Depending on the object of investigation, the subsequent highly sensitive instru-
ments can be used to detect nanoparticles and (in)organic compounds:

UV and fluorescence detectors (FD), multi-angle laser light scattering (MALLS),
Nanoparticle analyzer based on laser-induced breakdown detection (NPA-LIBD),
Detection of dissolved organic carbon (DOC),

ICP-MS and ICP-OES.

Generally, coupling of instruments is abbreviated by a “/”. As an example, cou-
pling of AF* and ICP-MS is given as “AF*/ICP-MS.” For the determination of
recovery rates of the separation step (interaction of the analyte and the separation
system), the coupling unit should include the opportunity of a direct bypass sample
stream to the detectors.

In the following sections, examples of applications and further details on the
coupling techniques will be given.

9.3 Examples of Applications

9.3.1 Size Exclusion Chromatography with Dissolved Organic
Carbon Detection (SEC/DOC)

9.3.1.1 Background

As a first example, we explore the use of size exclusion chromatography to frac-
tionate NOM primarily according to molecular size (Tercero Espinoza et al., 2008).
With SEC/DOC, we examine the adsorption of NOM from a bog lake (Lake Hohloh,
Black Forest, Germany) onto a metal oxide surface (TiO; nanoparticle agglomer-
ates) and the changes in molecular size which occur upon ultraviolet irradiation in
the presence of TiO; as a photocatalyst. The detection in this case was performed by
both ultraviolet absorption (A = 254 nm) and dissolved organic carbon (DOC), but
the emphasis in this discussion will be on the SEC/DOC results. A critical evaluation
of the SEC/DOC method is given by Lankes et al. (2009).

Before considering the two topics mentioned above, we introduce some con-
cepts that will be useful in (1) understanding the underlying process (photocatalytic
degradation) and (2) reading the SEC/DOC chromatograms presented throughout
this section.

Heterogeneous Photocatalysis with Titanium Dioxide

Heterogeneous photocatalysis with titanium dioxide as the photocatalyst (HP-TiO;)
is one of the so-called advanced oxidation processes (AOP). These rely on the oxida-
tive power of hydroxyl radicals (¢OH), which can be produced in water by various
methods. One of these methods is the excitation of titanium dioxide nanoparticles
by irradiation with A < 388 nm (Braun et al., 1991; Oppenlidnder, 2003) and is
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commonly referred to as heterogeneous photocatalysis, though other wide band-gap
semiconductors may be used instead of TiO,.

Because of the high reactivity of eOH, reactions take place only at or in the
immediate vicinity of the photocatalyst surface. Thus, in a simplified way, the
surface of the irradiated photocatalyst may be regarded as a highly reactive wall.

SEC/DOC Chromatograms

A sample SEC/DOC chromatogram of the brown water used for this example is
presented in Fig. 9.2. This chromatogram reflects the chromatographable part of the
DOC prior to any treatment steps. To a first approximation, larger molecules elute at
lower retention time () than smaller molecules. The chromatograms were divided
into three fractions (F1-F3) for ease of analysis, as seen in Fig. 9.2.

F1 was defined to lie in the interval 28.0 min < #, < 45.8 min, where ¢ is
the retention time (in this study numerically equal to the elution volume in mL).
It appears to be composed of two overlapping peaks, the higher one with maxi-
mum at #; & 41.9 min and the shorter one (shoulder) with maximum around ¢, &~
43.5 min. These two peaks are commonly attributed to humic material (Huber et al.
1994). F2 (45.8 min < #; < 50.7 min, maximum of the underlying peak around
t ~ 46.8 min) constitutes a second shoulder in the chromatogram of the non-
irradiated water samples. This fraction becomes important upon irradiation and thus
deserves separate consideration. The DOC contained in F2 is sometimes referred to
as “building blocks” and is assumed to contain aromatic and polyfunctional organic
acids (Frimmel, 1998; Huber et al., 1994). The third fraction, F3 (50.7 min < t;
< 56.5 min), appears clearly as a peak with maximum at #, & 52.7 min in the chro-
matograms of both non-irradiated and irradiated samples. Because the samples were

Fi F2| F3

Fig. 9.2 SEC/DOC
chromatogram showing the
fractions selected to
characterize adsorption and
degradation of the DOC. The
vertical axis is directly
proportional to the amount of
dissolved organic carbon. The
horizontal axis is the
retention time (#;) in the SEC 0 T T T T
column and is related but not 30 40 50 60
directly proportional to
molecular size

Relative DOC signal / AU

t; / min
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not buffered prior to injection into the SEC/DOC system, this last peak also includes
molecules that elute prematurely due to the difference in ionic strength between
sample and mobile phase (Huber et al., 1994; Specht and Frimmel, 2000).

9.3.1.2 Adsorption

When the water sample comes into contact with the TiO; particles, a part of the
DOC adsorbs onto the surface of the particles. In this case, close to 40% of the
DOC present initially adsorbs onto the TiO; surface after & 1 h of contact time, as
measured by the difference in DOC before and after adsorption. The concentration
of the TiO, was 0.5 g/L in all cases. Because of the heterogeneous nature of NOM
(Fig. 9.2), it is to be expected that not all DOC fractions adsorb onto the surface of
TiO; to the same extent. SEC/DOC is a very good tool for investigating this, and
relevant chromatograms are shown in Fig. 9.3.

As expected, not all DOC fractions adsorb to an equal extent onto the surface
of the photocatalyst. In fact, as seen in Fig. 9.3, most of the adsorbed DOC comes
from the larger molecular weight fraction (F1), with very little material adsorbing

Kp
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Fig. 9.3 SEC/DOC [+ g
chromatograms showing the 0 —~ CT) g
adsorption of NOM onto § ‘\ i
suspended TiO, particles '
(P25, Evonik) at different -] = /
contact times. There was no i
significant change in samples
equilibrated for more than 1 h |

| I I L]
(Tercero Espinoza et al., 20 30 40 S50 60 70 80
2008). © 2008 Elsevier B.V.

Reproduced with permission
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from F2 and F3. This has one very important consequence: when the TiO; surface is
irradiated (A <388 nm), F1 is “closest” to the reactive surface. Thus, we may expect
to see some preferential degradation of the DOC because proximity to the surface is
an important factor in heterogeneous photocatalysis.

9.3.1.3 Degradation

Upon UV irradiation using a solar simulator (Oriel Corp., Stratford, CT, USA), a
rapid decline in F1 with an accompanying increase in both F2 and F3 was observed.
A chromatogram series is shown in Fig. 9.3 showing the progression from the orig-
inal sample until almost complete disappearance of DOC in solution. Note that the
adsorbed portion of the DOC is not accessible for analysis. Inspection of Fig. 9.4
reveals that the DOC disappeared sequentially, starting with the higher molecular
weight material and proceeding to lower molecular weight material. The increase in
F2 and F3 is attributed to the metabolites of F1 falling in the size and property range
corresponding to F2 and F3, and the order of disappearance is likely directly related
to the differences in adsorbed amounts of F1-F3 onto the photocatalyst surface, as
discussed in Sect. 9.3.1.2. Thus, a largely unselective process (due to the high reac-
tivity of eOH) shows selectivity due to adsorption effects, and this effect can be
studied by examining the DOC not only as a whole but also after fractionation.

To further compare the overall changes in DOC with the changes in the individ-
ual fractions, Fig. 9.5 presents integrals of F1-F3 along with the sum of F1-F3. This
figure in particular conveys a good sense of the information gained by the fraction-
ation prior to DOC detection: while the shift from higher to lower molecular weight

\radiation time.
—— Hirag — 60 min
tiraa = 60 min lirag =120 min tiraa =180 min tirrag = 240 min

T
F1  [F2F3|

Relative DOC signal / AU

30 40 50 60 30 40 50 60 30 40 50 60 30 40 50 60
t; / min

Fig. 9.4 SEC-DOC chromatograms showing the defined fractions (F1-F3) and their time evo-
lution under UV irradiation in the presence of a photocatalyst (suspended TiO, nanoparticle
agglomerates). Each panel compares the chromatogram after a given irradiation time (#jrag) With
the chromatogram at #j;rog = 60 min (modified from Tercero Espinoza et al., 2008)
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Fig. 9.5 DOC content of
each fraction as a function of o o e Sum e F2
irradiation time (firraq) in a L, . ° o F1 o F3
TiO, (P25) suspension. The Y el ®
dashed lines are intended as a [= ™
guide to the eye. The filled E .
black dots correspond to the A e
sum of the DOC contained in = S
F1, F2, and F3 (Tercero -é © - =
Espinoza et al., 2008). = s T
© 2008 Elsevier B.V. £ o o Ny e R e
. - = ®_ Q
Reproduced with permission 8 8: -& -a ..
B ap ez . : °
& B _ VU
\.B . ~ 3 \.
o — o -8--8
] I I I I
0 60 120 180 240
firrad / min

material and the dynamics of this process are very clearly shown in the plots of the
individual fractions, this information is missing from the summary view.

9.3.2 Asymmetrical Flow Field-Flow Fractionation (AF?) with UV
and ICP-MS Detection

9.3.2.1 Background and Experimental Details

Field-flow fractionation (FFF) is an analytical method similar to chromatography
allowing the separation of colloids and nanoparticles in the size range between 1
and 50 pwm (Schimpf et al., 2000). In 1966, the method was described for the first
time by Giddings (Giddings, 1966). In FFF, particles are separated in a thin channel
with a laminar flow field governed by a parabolic flow profile. For separation of
particles, a field is applied in a direction perpendicular to the flow axis. In symmet-
rical flow field-flow fractionation (SFFFF or SF*) or asymmetrical flow field-flow
fractionation (AF*), the separation is achieved by a vertical flow field. A detailed
theoretical background of flow field-flow fractionation is given by Schimpf et al.
(2000).

Due to the pre-concentration of the analyte in the channel during the injection
and focusing step and the separation of (dissolved) sample matrix (filtration through
a membrane), coupling of AF* and highly sensitive detectors such as [CP-MS and
MALLS has been shown to be a powerful tool for the sensitive detection of nanopar-
ticles and nanomolecules (e.g., humic substances) (Baalousha et al., 2005, 2006a, b;
Beckett et al., 1987; Hassellov et al., 2006; Magnuson et al., 2001; Prestel et al.,
2005; von der Kammer et al., 2005). In particular, the stability of ENP and their
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interactions with heavy metals (for example Cu, Pb, and Zn) can be investigated by
means of coupling AF*/MALLS/ICP-MS.

Laponite (Laponite RD, Laporte Industries Ltd.) may be used as a model ENP
in order to investigate the interactions between inorganic nanoparticles and heavy
metals in the liquid phase. Laponite is a synthetic three-layer clay mineral with a
distinct content of Mg and Si, a diameter of 25 nm and a thickness of 0.92 nm.
Aqueous suspensions of laponite (concentration: 200 mg/L) were equilibrated for
2 weeks with solutions containing heavy metals (Cu, Pb, and Zn, respectively).
The total metal concentration in the resulting suspensions was 10 wmol/L, each.
As reference, laponite suspensions without addition of heavy metals were used. In
the suspensions, pH values of 5 and 7 were adjusted. The suspensions were injected
into a AF*/UV/ICP-MS system. As eluent, a solution of NaCl (1 mmol/L) was used.
The separation conditions for the AF* experiments are given in Table 9.1.

For the calibration of the AF* channel, monodisperse particle standards with
diameters of 21 £ 1.5, 60 & 2.5, 102 & 3, 220 £ 6, and 486 £ 5 nm (polystyrene,
Nanosphere, Duke Scientific Corporation) were used.

Laponite particles were detected in the channel outlet by means of UV light scat-
tering detection (LCD 500, GAT Gamma Analysen Technik GmbH) at A = 254 nm.
The subsequent ICP-MS instrument enabled the detection of laponite (via the Mg
and Si signals) and the detection of metals bound onto the surface of laponite par-
ticles. For determination of recovery rates, the suspensions were diluted (1:10) and
directly detected (bypass injection) without a separation step.

9.3.2.2 Interactions Between Nanoparticles and Heavy Metals

The results of the coupling experiments for laponite suspensions without addition
of heavy metals show a good agreement of the signals obtained by the different
detectors (particle diameter) (Fig. 9.6). The hydrodynamic diameter of the particle
suspensions derived using the signals of UV, Mg, and Si are similar. Thus, UV,
Mg, and Si can be used as quantitative indicator for laponite in these experiments.

Table 9.1 Experimental conditions of AF* experiments

Parameter Value
Flush time 300 s
Injection time 200 s
Injection flow 0.1 mL/min
Injection volume 100 pLL
Laminar flow during injection 1.8 mL/min
Laminar flow during focusing 1.8 mL/min
Focusing time 60 s
Laminar flow at the channel outlet 0.3 mL/min
Channel thickness 350 pm
Membrane molecular weight cutoff 300 Da

Membrane material Polyethersulfone
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Fig. 9.6 AF* fractograms of laponite suspensions without addition of heavy metals at pH = 5 (a)
and pH =7 (b)

Laponite particles show a slight agglomeration at pH = 5 where a mean particle
diameter of 50 nm could be observed (34 nm at pH = 7).

Recovery rates of laponite strongly depend on the pH value of the solution:
decreasing pH leads to a lower recovery rate (Table 9.2). At high pH values, the
surface of the membrane used in the AF* channel is more negatively charged, which
causes repulsion forces between the membrane surface and the negatively charged
laponite particles. At lower pH values, the charge of the membrane surface is less
negative and the laponite particles are more likely to adsorb onto the membrane
surface and to be retained in the channel.

The recovery rates obtained by the UV signals differ from those obtained using
Mg and Si (Table 9.2). This deviation can be explained by the light scattering prop-
erties of particles, which is strongly dependent on the particle diameter. Scattering
intensity decreases with decreasing particle diameter to the sixth power. Thus, UV
detection is less sensitive for the detection of small laponite particles than the
detection of their chemical components by ICP-MS.

Table 9.2 Recovery rates of laponite and heavy metals calculated from AF* and bypass
measurements

Recovery in %

Sample uv Mg Si Cu Pb Zn
Laponite without metals (pH = 5) 31 61 64 - - -
Laponite without metals (pH = 7) 44 79 76 - - -
Laponite with Cu (pH = 5) 55 50 46 51 - -
Laponite with Cu (pH = 7) 41 78 82 93 - -
Laponite with Pb (pH = 5) 44 55 53 - 58 -
Laponite with Pb (pH = 7) 48 79 72 - 96 -
Laponite with Zn (pH = 5) 80 53 54 - - 45

Laponite with Zn (pH = 7) 33 76 75 - - 86
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Fig. 9.7 AF* fractograms of laponite in presence of Cu at pH = 5 (a) and pH = 7 (b)

The fractograms of the AF*/ICP-MS experiments for Cu-doted suspensions of
laponite (Fig. 9.7) show a fraction of Cu occurring at the same elution time (or
hydrodynamic particle diameter) as the peak signals indicating the laponite particles
(at pH = 5 and pH = 7). It is attractive to assume that Cu is bound onto the laponite
surface. By the AF* fractionation, the dissolved Cu species being smaller than the
membrane cutoff (300 Da) are filtrated during the initial injection and focusing step.
The fractograms indicate that the Cu is regularly bound to the laponite particles.

Higher recovery rates for Cu were found at pH = 7 than at pH = 5 (Table 9.2).
This is due to the enhanced deprotonation of hydroxyl groups at higher pH val-
ues which leads to a more negatively charged laponite surface. This is reflected by
increased absolute values of the zeta potential of the laponite particles (data not
shown). Thus, the attraction of positively charged Cu cations is enhanced in the
same way. For Pb and Zn, the results obtained are similar. At pH = 7, Pb and Zn
are more strongly bound to laponite than at pH = 5 (Table 9.2). The agglomeration
of laponite at pH = 5 could also be observed in the presence of heavy metals and
confirm the results obtained with the pure laponite suspensions.

9.3.3 Transport Columns with UV and ICP-MS Detection

9.3.3.1 Background and Experimental Details

Transport columns are widely used to experimentally simulate the transport behav-
ior of particles and to assess transport of heavy metals bound to particles in porous
media. For this purpose, particle suspensions are injected as “pulses” into a column
filled with a porous medium, e.g., quartz sand or natural soil material.

As mentioned in the previous sections, particles in the column outlet can be iden-
tified by means of different detectors either on-line or off-line. There are numerous
examples for transport experiments with off-line detection of particles and inorganic
compounds (Grolimund et al., 1996; Jordan et al., 1997; Lenhart and Saiers, 2003;
Leon Morales et al., 2007; Schmitt et al., 2003).

The off-line detection, especially of heavy metals and particles, shows some
significant disadvantages:
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1. the collection and preparation of the collected samples (including labeling,
stabilization, and dilution) is time consuming,

2. the time resolution of the breakthrough curves is low and strongly dependent on
the frequency of sample collection,

3. the quantification of heavy metals and particles is difficult as samples have to
be diluted in order to get a sufficient volume of sample solution for the different
analyses,

4. during sample preparation, the samples might be contaminated or they might
alter (agglomeration, precipitation of calcite due to the absorption of carbon
dioxide into alkaline solutions).

On-line coupling of a transport column and ICP-MS can be advantageously used
to investigate the transport behavior of laponite particles through porous media and
to assess the co-transport of adsorbed heavy metals (Metreveli et al., 2005).

As transport column, a glass column filled with quartz sand (length: 171 mm,
inner diameter: 20 mm) was used (flow rate: 1 mL/min, injection volume: 500 wL).
In order to characterize the hydraulic properties of the column (porosity, residence
time), a solution of NaNO3 (concentration: 2 mmol/L) was used as tracer. For deter-
mination of recovery rates, samples were diluted (1:20) and directly injected in the
bypass flow. The suspensions and detection systems were the same as in the AF*
fractionation experiments (Sect. 9.3.2). Furthermore, solutions of Cu, Pb, and Zn
without laponite were injected in the sand column to study the effect of laponite on
metal mobility in the sand column (concentrations of Cu, Pb, and Zn: 10 pmol/L,
each). As eluent, demineralized water was used. pH values in the samples and in the
eluent were adjusted to 5 and 7.

9.3.3.2 Influence of Nanoparticles on the Transport of Heavy Metals

The breakthrough behavior of Pb through the column in presence and absence of
laponite is shown in Fig. 9.8. As in Sect. 9.3.2, laponite was detected by UV absorp-
tion as well as via the Mg signal of the ICP-MS. At pH = 5, three fractions can be
obtained for laponite exiting the column. The first fraction eluted earlier (0.85 pore
volumes) than the tracer ions (NO3~, 1 pore volume). This effect is similar to the
size exclusion effect in SEC. Similar as in the AF* experiments, laponite agglomer-
ates at low pH values. During transport through the column at pH = 5, agglomerated
laponite particles are mainly moving via the large pores, whereas the small dissolved
ions (water molecules, tracer ions) will diffuse into smaller pores and therefore be
retained. This effect has already been described in literature (Baumann et al., 2002;
Harvey et al., 1989; Huber et al., 2000; Kretzschmar and Sticher, 1997; Kretzschmar
et al., 1997; Metreveli et al., 2002, 2005).

The second fraction of laponite eluted after 0.98 pore volumes (no retardation),
the third fraction after 1.1 pore volumes. Lowering of the pH value leads to an
enhanced positive charge of the edges of the laponite particles. It can be assumed
that electrostatic interactions between these positively charged edges and negatively
charged quartz sand particles cause partial retardation of laponite particles. The
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g. 9.8 Breakthrough of Pb in presence and in absence of laponite at pH = 5 (a) and pH = 7 (b)

noticeable tailing of the UV and the Mg signal indicates a reversible sorption of the
laponite nanoparticles onto the stationary phase. In contrast to the results obtained
at pH = 5, only one fraction of laponite could be detected at pH = 7 after 0.99 pore
volumes (no retardation).

In order to quantify the interactions and the deposition of laponite in the column,
UV and Mg signals were used to calculate the recovery rates for laponite. The recov-
ery at pH = 5 was lower than at pH = 7. Higher pH values induce more negatively
charged surface of the laponite particles. Therefore, they are more mobile due to the
repulsion by the negatively charged surface of the quartz sand matrix (Table 9.3).

No significant transport of Pb through the column could be observed after injec-
tion of solutions of Pb without laponite (at pH = 5 and pH = 7). Pb** ions are
most likely almost entirely adsorbed onto the quartz sand surface. In the presence

Table 9.3 Recoveries of laponite and heavy metals in the transport experiments. Recoveries of all
signals were calculated for 2.4 pore volumes

Recovery (%)

Sample uv Mg Pb Zn Cu
Laponite with Pb (pH = 5) 32 28 16 - -
Laponite with Pb (pH = 7) 54 57 33 - -
Laponite with Zn (pH = 5) 27 8 - 36 -
Laponite with Zn (pH = 7) 69 63 - 28 -
Laponite with Cu (pH = 5) 28 11 - - 17

Laponite with Cu (pH = 7) 31 21 - - 29
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of laponite, Pb could be detected in the column outlet. At pH = 5, two peaks for
Pb could be observed in the breakthrough curves after 0.84 and 1.1 pore volumes,
corresponding to the first and third fraction obtained for laponite. At pH = 7, only
one peak for the breakthrough of Pb was obtained occurring at the same elution vol-
ume as laponite. The results indicate a transport of Pb through the column which is
facilitated by laponite. Although the mobility of laponite at pH = 7 is higher than at
pH = 5, recovery of Pb was lower at pH = 7 than at pH = 5 (Table 9.3). Obviously,
competing adsorption processes between laponite and the quartz sand matrix play
an important role for the transport of Pb. In the experiments with Cu and Zn, a
similar transport behavior of laponite and the heavy metals was observed. Laponite
enhanced the transport of Cu and Zn through the column.

The results indicate that nanoparticles act as carriers for inorganic pollutants and
therefore lead to their enhanced mobility in the aquatic environment.

9.3.4 Coupling of a Column Leaching Unit with a Nanoparticle
Analyzer Based on Laser-Induced Breakdown Detection
(NPA-LIBD)

9.3.4.1 Theoretical Background of NPA-LIBD

Many analysis techniques for characterization of nanoparticles in liquid samples are
invasive and cause severe artifacts. Their application has an influence on the proper-
ties of the usually complex original system. A promising method to minimize these
problems is the nanoparticle analyzer based on laser-induced breakdown detection
(NPA-LIBD). The method allows the characterization of particles in liquid media
down to around 10 nm in size, and of concentrations down to a few ng/L.

The fundamental idea behind the method is to focus a pulsed laser beam into
a sample cell (Fig. 9.9). For igniting a plasma (dielectric breakdown of matter) on
solid particles (here nanoparticles and colloids), a significantly lower energy density
is required than for plasma generation in liquids without particles such as “pure”
water (Radziemski and Cremers, 1989). The laser energy can be adjusted so that
every time the pulsed laser beam hits a particle in the sample, the particle will be
evaporated, accompanied by a plasma flash and an acoustic shock wave. The more
particles there are in the sample and the bigger those particles are, the more often
such plasma events can be detected and the higher the breakdown probability is
(number of hits per total number of laser pulses) (Bundschuh, 1999; Kitamori et al.,
1988).

Mathematically, the breakdown probability can be given as

VE.eff(P)

Wpa=1—(1—cpVp) ' 0.1

Wgq: breakdown probability
cp: particle concentration in 1/m?
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Fig. 9.9 Basic setup of the laser-induced breakdown detection (LIBD) for characterizing colloids
regarding size, number density, and mass concentration

Vp: particle volume in m3

Vriett(P): effective focal volume of particle P in m?

A detailed theoretical description is given in the literature (Bundschuh et al.,
2005; Scherbaum et al., 1996). For characterization of an unknown sample, the mean
particle size has to be determined first, and subsequently the particle concentration
and number density can be calculated from the breakdown probability (Scherbaum
et al., 1996).

Compared to laser light scattering and obscuration, the NPA-LIBD shows a
higher sensitivity by several orders of magnitude, especially for particles <100 nm
(Bundschuh et al., 2001; Wagner, 2005). For this reason, the application of NPA-
LIBD is attractive to characterize liquid samples containing nanoparticles at con-
centrations typical of natural systems. Due to the sensitivity of the instrument, the
NPA-LIBD usually does not require sample preparation (e.g., pre-concentration),
except for dilution if the breakdown probability is too high. As the number of
colloids evaporated due to plasma ignition in the course of a measurement is negli-
gible compared to the total number of particles in the sample, the method is quasi
non-invasive. In particular, NPA-LIBD can be used as highly sensitive detector for
nanoparticles in analytical coupling experiments (Thang et al., 2000).

For further details concerning the instrumentation of a NPA-LIBD, we refer to
the literature (Wagner, 2005).

9.3.4.2 Experimental Details

NPA-LIBD was used in order to detect the release of colloids from waste mate-
rials (Koster et al., 2007). This is of particular interest to assess the stability of
these materials which were also used as secondary raw materials in road construc-
tion. In column leaching tests, a municipal waste incinerator product (MWIP) was
eluted with water (Koster et al., 2007). The material is a reference material from the
German Federal Institute for Materials Research and Testing. Further details about
the material are given by Berger et al. (2004).
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The packed columns (length: 237 mm, inner diameter: 40 mm) were eluted at a
constant flow rate of 1.0 mL/min with ultrapure water (initial pH = 5) over a period
of several hours, then the elution was stopped several times for a certain time (2 h
up to 120 h). After the flow interruption, the leaching was continued by switching
on the pump again. The interruption of the elution process experimentally simulates
stagnation phases of flow.

Electrical conductivity and pH value were determined on-line. The highly sen-
sitive particle analysis method NPA-LIBD has been used to monitor the release of
particles on-line using a flow-through cell coupled directly to the column leach-
ing unit and to assign absolute values (polystyrene equivalents) to particle size and
concentration (off-line). For off-line measurements, eluates were collected in 10 mL
fractions. The samples were analyzed by means of ICP-OES in order to determine
the concentration of inorganic compounds (without differentiation between particles
and liquid).

9.3.4.3 Particle Release Pattern

In the initial phase of the elution, high breakdown probabilities are recorded indi-
cating the presence of high amounts of particles and colloids being washed out
(Fig. 9.10). In this elution stage, the electrical conductivity is at its maximum com-
pared to the further course of the experiment. The high electrical conductivity is
caused by soluble ions (solution and desorption processes) such as sodium, potas-
sium, and chloride (see Lager et al., 2006). pH value is highly alkaline due to
dissolution of alkaline minerals.
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Fig. 9.10 Development of breakdown probability (particle signal), electrical conductivity, and

pH value during the elution of MWIP. The flow was interrupted once for 120 h at a liquid/solid
ratio of 7.5 L/kg (modified from Koster et al., 2007)
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The breakdown probability as well as electrical conductivity and pH value
decrease with increasing time suggesting that the initial saturation of the column
with the eluent might not lead to a thorough wetting of the MWIP. This is reflected
by subsequent fluctuations of the measurement signals in the initial stage of the elu-
tion (mainly seen in the particle signal). Additionally, the decreasing ionic strength
causes the widening of the electrical double layer of the colloids which opposes
their agglomeration (Stumm and Morgan, 1996). This leads to secondary peaks in
the breakdown signal caused by smaller particles (stabilization).

Stopping the elution for a certain time (here for 120 h, column remains satu-
rated with eluent) and subsequent continuation of the experiment shows again a
sharp increase of the breakdown probability. The duration and the intensity of the
temporary increase in particle mobilization strongly depend on the time of the flow
interruption. The longer the stagnancy period, the bigger and longer the observed
mobilization effect is (Fig. 9.11).

For interruption times shorter than a certain threshold time (with this experimen-
tal setup: about 2 h) no significant increase in the particle signal can be observed.
Thus, the increasing release of particles after flow interruptions is no artifact caused
by switching on the pump leading to a short and sudden increase in pressure. It rather
seems likely that during the elution break silicate phases dissolve (incongruent dis-
solution of calcium silicate hydrates) and subsequently release colloidal fragments.
The release of particles can also be observed when the electrolyte concentration is
decreased (Ferstl, 2002).

The on-line monitoring of the particle release is highly attractive for it could be
observed that the collected samples (off-line measurements) were not stable over
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Fig. 9.11 Influence of the flow interruption time during column leaching experiments on the
breakdown probability (particle signal) after re-starting the eluent flow (b—e). Figure (a) (“start
of column leaching”) corresponds to the beginning of the experiment and not to a flow interruption
test
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Fig. 9.12 Particle concentrations and particle sizes (off-line) in the effluent samples of the leaching
column after first start of the experiment. For comparison, the on-line signal of the breakdown
probability is given (modified from Koster et al., 2007)

time regarding the colloid population (Delay et al., 2006; Koster et al., 2007).
For this reason, selected fractions were analyzed by NPA-LIBD in order to obtain
information on particle size and concentration immediately after completion of the
column leaching experiments. Figure 9.12 gives an example of the results obtained
for the off-line measurements in comparison to the on-line detection.

The results for the collected sample fractions are mean values with regard to the
achievable resolution defined by the number of sample fractions per time interval. In
the figure, this is symbolized by columns of a certain width. Time resolution in the
on-line mode is higher than in the off-line mode. Correspondingly, the particle diam-
eters and the particle concentrations in the fractions are mean values not reflecting
the maximum values possible in the column outlet.

After the start of the column leaching experiments, a high release of sili-
con, calcium, chromium, and copper was observed (Fig. 9.13). The concentrations
decreased with increasing elution time. The concentrations determined by ICP-OES
include both dissolved and colloidal metals and metal compounds. After a flow
interruption of 120 h, the element release follows the same pattern again although
the initial concentrations are lower compared to those obtained after the first start.
The possible explanation for the increase in concentrations during flow interruptions
is the above-mentioned dissolution of solid phases such as silicates (Ferstl, 2002).
Since the breakdown probability is increased at the same time, part of the released
heavy metals may be bound to colloids. To finally examine the composition of the
particles released, further experiments are necessary.

Coupling a column leaching unit with NPA-LIBD allows the on-line character-
ization of solid materials regarding their stability (corrosion and weathering) and
their release of (nano)particles. This is of special interest for the examination of
nanocomposites such as polymer matrices containing nanoparticles.
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Fig. 9.13 Heavy metal mass concentrations versus liquid/solid ratio. Both concentration and
breakdown probability (particle signal) fall off simultaneously, thus the mobilized heavy metals
may be partly colloid bound (modified from Koster et al., 2007)

9.4 Future Challenges

The examples of analytical coupling techniques for the quantification of nanoparti-
cles and to characterize their interactions with water constituents reflect the state of
the art in this field.

One of the key challenges will be the detection of ENP (concentration, elemental
composition) at levels typical of environmental samples, including disturbances by
natural nanoparticles. For this purpose, the further development and improvement
of adequate sample pretreatment methods (separation, pre-concentration) and highly
sensitive detection systems is necessary. Clear windows for influential parameters
on the surface interactive forces have to be defined and included in interpretation of
particle distribution and transport.

In this context, detailed investigations of the influence of NOM on the agglom-
eration and transport behavior of ENP in environmental aqueous systems are highly
important, as NOM is omnipresent in aquatic environmental systems.

Finally, the methods and coupling techniques for the characterization of ENP
have to be standardized (e.g., DIN) in order to have a common base for data
collection and data evaluation.
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