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1 INTRODUCTION

The significant work of Louis de Broglie in 1923 on wave mechanics established that elec-
trons and other subatomic particles behave like waves. With this insight, Ruska invented
transmission electron microscopy (TEM) in 1931, replacing the visible light source of a
conventional photon (optical) microscope by a source of focused electrons operated under
a vacuum and guided by a series of magnetic lenses. Owing to their intrinsic properties
[Aetectron = (&2 1073=1077) X Ayisible light], electrons are able to convey information about
incident objects with much smaller dimensions than is achievable with visible light. With
his microscope, Ruska was able to identify micrometre-sized biological objects with a
resolution never before attained. For his seminal work in electron optics that opened
the doors to the atomic scale, Ruska finally received the Nobel Prize in 1986, sharing
it with Binnig and Rohrer for their invention in the late 1970s of scanning tunnelling
microscopy (STM).
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The first publications reporting the use of electron microscopy (EM) in the environ-
mental sciences were released long after Ruska’s invention, owing to the need for reliable
magnetic lenses and appropriate specimen preparation schemes. Soil particles were first
described in 1940, airborne particles in 1946 (magnifications up to 2 x 10° x), and finally
non-living aquatic particles not earlier than the mid-1970s. Since Ruska’s time, new oppor-
tunities for the observation and characterisation of environmental particles and colloids
over a large range of sizes and compositions have arisen, closely matching the succes-
sive progress in technological development: scanning-transmission electron microscopy
(STEM) in the late 1930s, scanning electron microscopy (SEM) in the early 1950s,
high-voltage microscopy, analytical electron microscopy (AEM), X-ray energy-dispersive
spectroscopy (X-EDS), electron energy-loss spectroscopy (EELS) and brighter electron
sources [LaBg; field emission gun (FEG)] in the 1960s and 1970s. Although still in their
infancy for the study of environmental samples, environmental scanning electron micro-
scopes (ESEM), available in the late 1980s, have finally allowed new possibilities for the
observation of (sub-)micrometric entities in their hydrated state [1].

To date, more than 1000 papers have been published on the characterisation of envi-
ronmental particles and colloids by techniques of electron microscopy. Historically, EM
has been exploited for the documentation of the morphotypes, textures and sizes of living
and non-living colloidal and particulate entities. Until recently, most studies on electron
microscopy were published for merely illustrative purposes, underexploiting the analytical
performances of the existing techniques. AEM has now come to maturity, and sensational
electron micrographs are frequently supplemented by quantitative measurements aimed
at demonstrating the presence of well-characterised species down to the nanometre scale,
or even to assess relationships between the formation or existence of specific types of
particles or colloids at the microscopic scale and the evolution of their natural macro-
scopic milieu. Indeed, the detailed characteristics, activities and behaviours of particles
and colloids in natural systems must still be better understood in order to model their life
cycle and impact, and to design more cost-effective treatment facilities when dealing with
problems of pollution control.

Hydrated colloids provide a nanoscale medium into and on to which dissolved contam-
inants and nutrients can move from the bulk liquid, without significant gravitational set-
tling [2]. At the nanoscale, large numbers of small colloids and suspended macromolecules
are likely to influence water quality and particle separation processes. New nanoscale
observations should contribute to our understanding of the environmental cycling of chem-
icals [2-5], aggregation processes [6,7], the interactions of natural organic matter with
microorganisms [8] and the deposition from solution of nanoscale mineral aggregates on
to microbial cell surfaces [9-15].

Electron optical analyses which correlate morphological data with data from both phys-
ical and molecular probes will further facilitate the development of colloid ‘speciation’
at the nanoscale. Such nanoscale data are already leading to improved characterisations
of the following particles and phenomena:

contaminant and biogeochemical transport agents in surface waters [3-5, 15-19];
specific events in the biogenesis of minerals by bacteria [9-11,14,20,21];

3. immobilisation sites at molecular and nanoscale ranges for heavy metals in lacustrine
sediments [13,22] and wastewater flocs [23];

N =
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4. pollutant source associated with trace element carriers which are discharged into
aquatic ecosystems by combined sewer overflows [3];

colloidal promoters of biofouling in membrane filters used for water purification [24];
6. colloidal flocculants used in water treatment [25].

e

For heterogeneous aggregation processes, new speciation information should allow one
to determine the extent to which colloids are major contributors to:

engineered aggregation processes;

contaminant binding in water treatment facilities;
biofouling of immersed surfaces; and

the transfer of toxic chemicals to environmental sinks.

Eal S

Also, a better understanding of mineral nucleation on organic templates might yield a
list of characteristics which could become very helpful in the search for biosignatures in
ancient environments on Earth and other planets [11].

Correlated multi-method interdisciplinary approaches to water analysis, which include
AEM and which use independent methods to provide chemical, biological and environ-
mental context for electron optical observations, are increasingly likely to yield prac-
tical information on both nano- and microparticle activities [4,5,13,15,20,22,23,26-28].
Confocal laser scanning microscopy (CLSM), used correlatively with TEM and Scaning-
transmission X-ray microscopy (STXM) is contributing to this multi-method interdisci-
plinary approach [27]; see also Chapter 10, covering confocal laser scanning microscopy.

Over the last decade, TEM has improved drastically and its adaptation for the char-
acterisation of colloidal particles has progressed well. The technique is now considered
to be reliable, quantitative and efficient among water scientists [4,12,28—38]. TEM is a
remarkable tool and an essential technique for the morphological characterisation of fine
hydrated colloids and particles, as it allows the direct observation of individual entities
as well as aggregates at the nanometre to micrometre scale, yielding descriptions of size,
shape, native associations and internal differentiation on a ‘per colloid’ basis. The tech-
nique complements other more conventional techniques used for sizing, which usually
address average signals recorded at the level of the bulk suspension. When utilised under
appropriate conditions, e.g. in conjunction with accessory techniques and with optimised
specimen preparation, TEM may give clues and yield information on the in situ processes
leading to the formation, transport, function and behaviour of colloids and their aggre-
gates in situations involving complex and heterogeneous species, with an unprecedented
level of accuracy [4,6,13,19,23,29-31,33,36,39—41]. Nevertheless, TEM should not be
the technique of choice when only simple, rapid, qualitative or semi-quantitative assess-
ments of colloid characteristics are required, because the TEM approach, from sampling
to data analysis, is costly and time consuming and requires skilled and experienced staff.

The major accessory techniques applicable to preselected individual colloids are: X-
ray energy-dispersive spectroscopy (X-EDS), selected-area electron diffraction (SAED),
electron energy-loss spectroscopy (EELS), energy-filtered TEM (EF-TEM), and electron-
opaque selective probes. Figure la schematises the construction and function of trans-
mission and scanning electron microscopes. The electron—matter interactions within the
specimen that give rise to the spectrometric signals used in AEM are shown in Figure 1b.
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Detailed discussions of electron optics and the physics of electron microscopy can be
found elsewhere [42—50]. Used correlatively in parallel and used in conjunction with
the ever-improving atomic force microscopy (AFM), these accessory techniques pro-
vide a powerful suite of AEM techniques for studying hydrated environmental parti-
cles [4-6,12,15,33,37,41,51,52].

The characterisation of airborne colloids and aerosols, combustion and fly-ash parti-
cles, ambient air and vehicle emission particles in the 10 nm—10 pm range also benefits
from combined analytical protocols, mostly TEM—-X-EDS or SEM-X-EDS, but some-
times TEM—EELS and TEM-SAED, with other micrometric (AFM), semi-micrometric
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Figure 1. (a) Comparison of an optical microscope (left) and a transmission electron microscope
(middle), showing the similarities in their construction, and a scanning electron microscope (right).
The scheme below the TEM instrument shows that the final image from a mixture of colloids
is a complex function of the composition of colloids and their thickness. For example, a ‘thick’
organic-rich entity may appear with the same grey level as a ‘thin’ metal-rich entity. (b) Analytical
electron microscopy can be performed in the transmission electron microscope mostly by means
of X-EDS (X-ray energy-dispersive spectroscopy; measurement of the X-rays emitted during the
electronic rearrangement of a target element when one of its electrons is ejected by the incident
electron beam), or EELS (electron energy-loss spectrometry; measurement of the energy being lost
by the incident electron beam during an inelastic event with a target element)
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Figure 1. (continued)

[proton-induced X-ray emission (PIXE)] or bulk [X-ray fluorescence (XRF), X-ray diffrac-
tion (XRD), inductively coupled plasma atomic emission spectroscopy (ICP-AES) or mass
spectrometry (ICP-MS), efc.] analytical devices [53—67]. Because of the weak hydration
state of these ‘dry’ particles, specimen preparation is usually less sophisticated than is
necessary for aquatic entities.

2 SAMPLING OF ENVIRONMENTAL COLLOIDS FOR ELECTRON
MICROSCOPIC INVESTIGATION

Particulate matter consists of living entities (bacteria, algae, fungi, protozoa) and non-
living ones (refractory macromolecular organics, viruses, recognisable cell fragments,
crystalline or amorphous mineral phases). Its unbiased investigation by electron micro-
scopy in either a hydrated or dry state requires a blend of dedicated sample collection
schemes and specimen preparation techniques. Figure 2 highlights the most appropriate
approaches to be used, from specimen preparation to particle characterisation.

Whatever investigations are to be performed on a given type of sample, it must be
kept in mind that every step of the protocol should be designed to avoid artefacts due to
alteration of the native physicochemical characteristics of the sample (e.g. precipitation,
coagulation or dissolution due to variations in particle concentration, ionic strength, pH,
redox potential, temperature or uncontrolled dehydration of the sample).

The sections below discuss the specific measures that have to be taken when aerosol and
atmospheric colloids, soil and sediment colloids, or aquatic colloids are to be investigated.
Indeed, sampling of suspended matter should take into account the nature of the medium
in which these colloids are dispersed. It must be borne in mind, however, that each
particular situation usually requires optimisation of the generic procedure if satisfactory
results are to be obtained.

2.1 SAMPLING OF AEROSOLS AND ATMOSPHERIC COLLOIDS

Atmospheric particles are probably the most straightforward to sample, as a variety of
collectors, in which particulate material can be size fractionated, have been devised
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Figure 2. Overview of the recommended approaches, crucial steps and possible artefacts relevant
to the physicochemical characterisation of particulate material in environmental systems by electron
microscopies. This scheme does not take into account precautions required for conventional bulk
physicochemical analyses
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and optimised over the past half century or more. Sampling of aerosol particles, unlike
aquatic ones, is less sensitive to physicochemical changes, although biased size fraction-
ation may occur owing to particle hydrophilicity/hydrophobicity or surface charges. For
instance, filtration of aerosols may be just as problematic for air as for water samples.
The most commonly used procedures are briefly summarised below; critical discussions
of the collection and characterisation of atmospheric particles have been published else-
where [68-74].

For indoor particles (e.g. asbestos fibres, industrial particles, soot or combustion smoke
of health concern), direct sampling by air pumping through collecting membranes (smooth/
flat neutron-impacted Nuclepore-type filters) without size fractionation is the optimal sam-
pling method [71,75]. Outdoor atmospheric or plume particles can be size fractionated
and collected by cascade impactors, charged-particle collectors, thermal precipitators, fil-
ters or nephelometers [67,76—80]. Particles have to be transferred by contact from the
sampling device to the specimen holder, be it a stub for SEM or a grid for TEM.

The collection of aerosols requires special procedures that are aimed at maintaining the
original temperature and hydration status of the sample. This is especially important for
studies involving wet or frozen entities for which the mechanisms of cloud or ice formation
are driven by the complex interaction of water, inorganic condensation nuclei, dissolved
salts and organics acting as hygroscopic agents [81-86]. In these cases, microscopic
examination of specimens with a cold stage should be carried out with minimal delay.
TEM (for the smallest colloids) and SEM (for larger particles) in imaging or element
analysis modes are used indiscriminately for the characterisation of atmospheric entities.
ESEM, which allows imaging under various conditions of temperature, hydration and
pressure, and which also allows energy-dispersive spectroscopy, is especially useful for
water-containing particles larger than 50 nm [71,87].

2.2 SAMPLING OF SOIL AND SEDIMENT COLLOIDS

Soil and sediment colloids have been the subject of numerous publications concerned with
the identification of the phases which constitute the soil or the sediment matrix, and with
the formation of soils or sediments and their stratification. To a lesser extent, scientists
have examined the role of colloids as scavengers and contaminant carriers. For these
reasons, sampling and specimen preparation protocols for soil or sediment particles are
usually less sophisticated than protocols for aquatic particles, provided that one considers
soil and sediment particles as static entities having a limited mobility in their surrounding
water. A detailed discussion of the collection and characterisation of soil particles is given
elsewhere [88].

While the majority of soil samples are characterised by slow reactivities and thus require
fewer precautions, hydromorphic soils subjected to rapid hydration and dehydration are
highly sensitive to redox changes and must be sampled with care in order to avoid precip-
itation of dissolved species (e.g. Fe>* and Mn?*) through accidental aeration. Otherwise,
soils are usually dried, sieved and ground before being resuspended in an electrolyte for
the selective isolation of various constituents (e.g. organic matter, clay, silt, and sand) by
sedimentation or centrifugation. These approaches are, however, not recommended for
the identification of trace metals, as drastic morphological and compositional modifica-
tions can be expected at each step of the protocol. Because of their size, soil particulates
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are most frequently analysed by SEM, but the ultrastructural analysis of clay micelles or
other finely divided components (e.g. iron oxides and humic substances) requires TEM
examination [89-105].

The particulate phases in hydrated sediments represent an intermediate situation between
soil particles and suspended aquatic particles. Except for deeply buried, highly consoli-
dated sediments, the water content of sediments is large and their reactivity is comparable
to, or even larger than, that of hydromorphic soils. Sediments are sampled by means
of vertical corers, from which the different season- or event-dependent strata must be
subsampled by slicing in a glove-box under controlled atmosphere. Textural analysis of
sediment particles can be performed by SEM [106], but more detailed investigations will
require dilution of the samples in an electrolyte of composition similar to the interstitial
water, prior to specimen preparation for TEM.

2.3  SAMPLING OF AQUATIC COLLOIDS

The study of suspended solids, whether as individual particles or as aggregations of parti-
cles, encompasses a wide variety of matrices (marine and fresh waters, surface and ground
waters, gravitational and capillary water of soils, engineered particles in water treat-
ment facilities, etc.), particle types and sizes (nanometre to millimetre, living, non-living,
organic, organomineral and mineral), and phenomena (structure—composition—function
relationships, contaminant transport, mechanisms of formation and dissolution, efc.). The
sampling of aquatic particles is thus a complex task which requires systematic adaptation
of generic protocols to the specific type of material under investigation. However, the
most relevant investigations usually employ correlative EM techniques, namely the use
of scanning and transmission electron microscopes to examine in parallel whole mounts
and resin-embedded specimens (see below), to embrace the broadest and most accurate
physicochemical fingerprints of particles.

Sampling and handling of natural waters for TEM must be performed with the greatest
care in order to avoid physical, chemical and microbial alteration of the native state of
colloids and particles. As much as possible, the partial pressure of dissolved gases (e.g.
low O, in anoxic waters or high CO, in carbonated ground waters) should be maintained in
order to avoid redox or pH drifts during sample storage. Temperature is also an important
parameter that should be kept constant, whenever feasible.

Furthermore, preservatives (e.g. acids, organic solvents, NaN; or HgCl,) must not
be added to the samples, as they may produce artefacts owing to coagulation and sed-
imentation, or dissolution of colloids, photosynthetic activity, or microbial production
of extracellular polymeric substances [40]. When visually identifiable, particulates larger
than several tens of micrometers should be discarded from the sample, either by gentle
sieving (e.g. with a 50—100 wm nylon mesh), by flotation (for light organic debris) or by
brief sedimentation/centrifugation (for dense mineral debris).

To avoid rapid modification of the physicochemical and microbiological characteris-
tics of natural water samples due to dissolution, precipitation, coagulation, sedimentation,
microbial growth or shifts in chemical equilibria affecting colloids and particles brought
about by changes in temperature, pH, depth, dissolved O, or CO,, light, and convection,
aquatic samples should be processed for EM without delay (in <1 day), as is also the
case for conventional bulk chemical analyses. Prefractionation of aquatic particles and
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colloids to divide them into narrower classes can be performed by gravitational sedimen-
tation in thermostated columns, by single or cascade centrifugation/ultracentrifugation
or by single or cascade filtration/ultrafiltration. Samples treated by either fractionation
approach are subject to artefacts, but these can be minimised by careful control of con-
ditions. For example, centrifugation must be performed with relatively dilute suspensions
to avoid problems of differential settling. Similarly, tangential-flow filtration at low flow-
rates usually yields no, or less, polarisation concentration and membrane clogging than
uncontrolled/unstirred cross-flow filtration. Centrifugation and filtration are usually per-
formed to eliminate the fractions containing the largest particles, although they may be
used instead to collect appreciable amounts of particulate material from waters with low
concentrations of suspended solids (e.g. ground water or pristine waters), with possible
biases caused by apparent coagulation of particles. It is clear that the structural features
of physically unstable, well-hydrated aggregates of colloids in their native state can be
altered by treatments and apparatus so as to confound analysis [107]. However, exquisite
attention to the details of sample preparation can overcome even the most subtle of
artefacts.

Particulate material can also be sampled from natural waters by direct collection on
vertical or horizontal plates (Teflon, glass, plastics) inserted for periods of a few days to
weeks in the water column [108]. Horizontal plates collect sedimenting particles without
the drawbacks of conventional sediment traps (shifts in biological activity and redox con-
ditions due to the absence of mixing at the bottom of the trap); vertical plates selectively
collect those entities exhibiting a certain affinity for the plate (e.g. adhering bacteria,
polysaccharides, humic substances and iron and manganese oxyhydroxides).

Particles suspended in soil water require different sampling approaches, depending
on the type of water to be sampled [93,97,109]. Gravitational water is better collected
by means of tension-free lysimeters; as these devices integrate the sampled water over
time, the particles should be recovered without delay to avoid modifications in their
size distribution or chemistry. It must be stressed however, that tension-free lysimeters
may exhibit fairly low collection efficiencies (as low as 10% of the gravitational water,
depending on soil texture and porosity). On the other hand, the capillary water of soils
can be recovered by means of suction cups made of a porous material (ceramic or plastic),
which are inserted in the soil and connected to a syringe or pump. Owing to their porosity
(ca. 10-100 pm), these devices inevitably fractionate the particulate matter, and tend to
clog with time. In addition, the nature of the porous material may result in selective
adsorption of colloids.

3 SPECIMEN PREPARATION

This section will be confined to colloids and particles suspended in an aquatic medium,
whatever their origin (soil, sediment or natural waters). After appropriate sampling, sus-
pensions of particulate and colloidal material have to be converted to specimens for SEM
or TEM investigation. Consider on the one hand a natural aquatic system containing living
entities, such as bacteria, algae, fungi and protozoa, and non-living ones such as viruses,
debris and macromolecular aggregates in their native medium (freshwater or saline, envi-
ronmentally stressed or not, in still or running water, oxic or anoxic, efc.). The suspension
may contain 108—10'3 entities dm~ over a 1-10° nm range, with a broad diversity of
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morphotypes (e.g. fibrillar or compact, ill-defined and amorphous or crystalline). Be that
as it may, however, conventional EM requires that the particulates of interest be analysed
under high vacuum, i.e. in the absence of water.

The criteria for a successful and accurate TEM study is its ability to overcome this
dilemma, transforming a given volume containing billions of entities into an unbiased
specimen of colloids and aggregates evenly dispersed on a small supporting grid
(3.05 mm diameter). Under controlled and appropriate conditions, the characterisation
of ca. 100-1000 entities (individual colloids and aggregates) per grid can be expected to
yield statistically relevant results, which can then be quantitatively extrapolated back to
the original suspension.

Specimen preparation for SEM [43,47] requires the collection of particles on stubs
(either directly or after precollection on Nuclepore-type membranes), followed by coating,
most frequently with an Au or Pt film (for imaging) or a C film (for analysis). On the other
hand, specimens for ESEM require no prior coating or treatment, but the spatial resolution
of ESEM is usually limited when operated in wet mode (ca. 30—100 nm) [110]. The
maximum achievable resolution that one can expect for SEM of complex heterogeneous
environmental particles is ca. 10—50 nm, even for high-intensity FEG-SEM.

For morphological and sizing aims, the most useful TEM grids are made of 200-mesh
Cu (square holes: ca. 80 x 80 wm) with alpha-numeric labels (Figure 3). More exotic (and
expensive) grids (e.g. Be, Au or Pt) should be reserved for AEM (e.g. element analysis
by energy-dispersive spectrometry, TEM—X-EDS). To ensure the most transparent and
stable support possible, TEM grids must be coated with a flexible ultra-thin (10—50 nm)
supporting film of Formvar or Parlodion for strength, then carbon-sputtered (3—10 nm) for
thermal and electrical conductivity. When ultrastructural analysis is required, the plastic
film can be dissolved, at the expense of specimen strength.

The choice of the grid type and supporting film is critical for analytical TEM/STEM
(AEM in X-EDS or EELS modes). It is important to bear in mind that the X-rays produced
by the analyte under the focused electron beam are emitted in a spherical region of the
sample and will induce secondary X-rays of the materials they hit (e.g. the supporting
grid or the pole pieces of the EM column). These secondary X-rays may be emitted in
the direction of the detector, generating artefact peaks.

While Formvar- or Parlodion-coated, carbon-sputtered copper grids are the best choice
from the standpoint of price and ease of operation for imaging purposes, element analysis
requires supporting materials which will not mask the elements of interest. For example,
gold grids are preferred for the X-EDS analysis of trace transition metals.

For the identification of carbon-rich entities prepared as whole mounts or quantitative
mounts (i.e. without resin embedding), the supporting film should be substituted by a
carbon-free 5—15 nm SiO film (not useful for Si-rich entities) or Be film (expensive).
Large-scale entities (e.g. 3D networks or organic—mineral mixtures) can be collected on
holey or Quantifoil (supporting film with controlled and repetitive holes) or lacey carbon
films for the analysis of their unsupported portions (Figure 3), with the risk of a weaker
mechanical and electrical stability under the electron beam. Whichever grid is used, the
alpha-numeric styles are generally preferred in order to keep track of the particles of
interest over time.

Depending on the information to be extracted, different methods are available for
the optimal specimen preparation for TEM investigation: ultramicrotomy (preparation



356 CHARACTERISATION OF COLLOIDS BY ELECTRON MICROSCOPY

200 mesh grid, Sub-set of 6 squares Carbor (3-10
diameter 3.05 mm  With alpha-numeric label arbon (3-10 nm)
B4 80 um
TEM grid (e.g., Cu 200 mesh)
80 um Parlodion or Formvar (10-50 nm)

(a) (b) (c)

Different types of Quantifoil films with controlled and repetitive holes

(d) (@)

film film
hole
hole
Lacey film supporting Lacey film supporting
wood combustion particles hydrous ferric oxides

Figure 3. Specimen grids used to collect colloids and particles for TEM investigation. Support-
ing films with holes [e.g. Quantifoil with repetitive holes, micrographs (a)—(c), or lacey films,
micrographs (d) and (e)] are recommended when supporting film-free element analysis of entities
larger than the hole size (e.g. aggregates or fibrillar material) is required. In micrograph (d), wood
combustion particles are too small to be analysed without a contribution from the supporting film;
in micrograph (e), the aggregate of hydrous ferric oxides is large enough to cover the unsupported
portion of the film and is thus prone to film-free element analysis

of ultra-thin sections of colloids embedded in plastic resin), preparation of whole mounts
(deposition of the suspension on TEM grids), ultracentrifugation (direct and quantitative
collection of colloids on grids), freeze-etching or vitrification (direct fixation of colloidal
material at low temperature) and focused ion beam milling (microsectioning of material
in the electron microscope). These techniques are described in full below.

3.1 ULTRAMICROTOMY

Ultrastructural investigations require the preparation of ultra-thin sections (ca. 50—
100 nm), while thicker sections (which are much easier to obtain but should not exceed
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150-200 nm) are amenable to element analysis, even when performing EELS, which
theoretically requires the thinnest possible specimens.

For the extraction of ultrastructural information (in particular from bacteria, algae and
three-dimensional networks of polymers in organic flocs), large entities (i.e. >1 pm)
should be examined by TEM after preparation of thin sections obtained by resin embed-
ding and ultramicrotomy (Figure 4). To avoid artefacts, the choice of an appropriate
embedding medium is crucial. A hydrophilic resin (Nanoplast), rather than one of the more
conventional hydrophobic ones (e.g. Spurr, Epon or Araldite) is appropriate because the
latter require stepwise dehydration of the sample in organic solvents (acetone, methanol,
ethanol or propylene oxide). These dehydration steps are potentially disturbing, as they
may cause dissolution of particulate organic moieties and modifications of the morphol-
ogy of complex three-dimensional networks containing organic entities. As Nanoplast
produces water molecules during the permeation and polymerisation step, it readily infil-
trates porous specimens (e.g. loose and amorphous colloids) and biological entities (e.g.
bacteria), maintaining their fine morphological features [111,112].

For aquatic samples rich in microorganisms, one may require additional contrast of the
cellular ultrastructure. This can be done as part of a fixation protocol prior to embedding
or as part of a counterstaining protocol applied directly to ultrathin sections [113—115].
The most effective ‘morphological stains’ for microbiota are based on compounds which
contain Os, U or Pb, or all three used in sequence [113—117]. Unfortunately, the stain
technology that has been well developed for samples embedded in hydrophobic resins is
underdeveloped for samples embedded in the hydrophilic Nanoplast resin. One solution to
this dilemma is to split the sample and embed it in both kinds of resin [118]. In principle,
Nanoplast-embedded specimens yield images in which individual colloids within aggre-
gates retain their true three-dimensional disposition, whilst images of specimens embedded
in a hydrophobic resin [117] reveal essential details of microbial ultrastructure.

Ultramicrotomy of the resin-embedded material should be performed exclusively with a
diamond knife to overcome the hardness of mineral particles or biogenic minerals such as
silica frustules, which quickly damage conventional glass knives. Diamond knives must
be used with great caution, since they are expensive and can be chipped by hard minerals
in the true particle size range. The ‘chipping’ is related less to particle hardness than
to particle size, the result of the very slender shape of the diamond at its cutting edge.
Nanoparticles of extremely hard materials are usually not problematic for the diamond
knife, although such particles may sometimes ‘pop out’ of the embedding matrix during
cutting, leaving a hole in the ultrathin section.

3.2  WHOLE MOUNTS

TEM offers a broad palette of protocols for specimen preparation. The most important
procedures are illustrated schematically in Figure 4. Qualitative investigations are best
served by direct deposition of a suspension on TEM grids (whole mounts), followed by
evaporation (air drying). This rapid procedure may, nonetheless, induce (a) crystallisation
of undesirable electrolytes (e.g. salt crystals in marine samples, which can be avoided
by rapid rinsing of the grid in ultra-pure water), (b) shrinkage of aggregates of flexible
organic materials (e.g. extracellular polymeric substances) or (c) coagulation of small
colloids.
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3.3 ULTRACENTRIFUGATION

Whenever quantitative results are expected [e.g. particle size distribution (PSD)], colloids
and particles must be deposited on the grid in a quantitative way. For this reason, the
usual preparation of direct whole mounts is strongly discouraged, as it leads to shrinking
and aggregation of entities during dehydration. Probably the most successful approach to
prepare specimens for quantitative analysis by TEM is based on their controlled deposi-
tion by direct ultracentrifugation of the particles on TEM grids [31,94]. This procedure
(Figure 4) yields quantitative whole mounts with evenly distributed particles. For a given
suspension, the final coverage of the grid can be fine-tuned by varying the centrifuged
volume, allowing a fairly accurate estimation of the particle concentration in the initial
sample, while avoiding the excessively high concentration of particles that is commonly
seen in whole mounts. Entities sensitive to dehydration or redox modifications can be
post-protected by horizontally spinning an ultrathin film of hydrophilic Nanoplast resin.
Indeed, the preparation of quantitative mounts can be coupled to sequential fractionation
schemes to narrow further the number of particle types that are collected on the grids.

For this specimen preparation scheme, TEM grids are fixed with a light adhesive (one
contact point at the periphery of the grid is sufficient), carbon side up, on the flat surface
of a hemispherical plug which is inserted in a centrifuge tube (the plug having been
moulded from epoxy resin to fit the tubes). A known volume of suspension is poured
in the tube, which is then mounted in the swing-out bucket of an ultracentrifuge rotor.
The duration and the speed of the centrifugation, together with the optimal volume of
the suspension to be centrifuged, rely on the types of colloids to be collected and on the
initial concentration of particulates in the suspension.

According to Stokes’ law, the time #(s) required for a spherical particle of diameter
d(cm) and density p(g cm™) to settle from the top x; (cm) of the suspension with density
oo (g cm™3) and viscosity n (Pa s) to the surface of the grid x, (cm) when subjected to
an angular rotation speed  (rad s~!) is given by

t = [18n1In(xa/x1)1/[d*(p — po)’] €]

For example, an inorganic colloid (p = 2.0 gcm™) with d = 20 nm would be collected
on the TEM grid after ca. 1 h of centrifugation at ca. 1.25 x 10° g, whereas an equivalent
organic colloid (p = 1.1 gcm™>) would require ca. 14 h of centrifugation. On the other
hand, a large and dense mineral colloid (d = 450 nm; p = 2.0 gcm™>) would reach the
TEM grid after merely 0.5 h at ca. 520 g. Strictly, however, these approximations apply
only to ideal rigid spherical colloids; most natural colloids (e.g. tabular clay crystals or
fibrillar polysaccharides) deviate very far from this ideal.

The key factor for optimal centrifugation is the fraction of the TEM grid covered with
particles. Ideally, a coverage of ca. 1-5% will minimise the probability of ‘apparent
aggregates’, i.e. of individual entities occupying the same position on the grid (see sketch
in Figure 5). In practice, turbid waters (e.g. sediment—water interfaces, wastewaters or
waters from eutrophic lakes) require either the centrifugation of a very small volume (i.e. a
thin layer of suspension above the grid) or predilution of the suspension with an electrolyte
that is as similar as possible to the natural water (e.g. ultrafiltered carbonated water of pH
6—8 with ionic strength I = (1-5) x 103 mol dm~ for a continental water). In the latter
case, however, there is a risk of producing unexpected modifications of the original particle



360 CHARACTERISATION OF COLLOIDS BY ELECTRON MICROSCOPY

Standard
(dilutions of suspension) 8
£5 o
23 |
5 5 » o5 -
o 2 5 /0 2 g O
Unknown =8 O
(volumes of 22 0O
Suspension) Measuring unit 8— o m]
Concentration of
standard suspensions
Ultracentrifugation
. Microscopy + ®
image analysis © =
o Q
£ @ Overload zone
T D )
Q O Optimal
G2 coverage
g £ 7
) < 2 Underload zone
Micrograph tE A
(] (Concentration) x (volume)
of centrifuged suspensions
Haematite Optimal Overloaded

River (raw; low water)
100 River (sedimented; flood)
River (pre-centrifuged,; flood)

-2

Overload zone

€
=]
d €
g 3
£ s
o >
5 g o041
o S
S 10 g
£ @
2 k)
pr °
Uag 0.01
W
] Underload zone  gptimal  Overloaded
10 100 1000 0.1 1 10
Concentration of particles/;g dm=2 Mass of particles/ug
Optimally loaded grid Overloaded grid
Spart/Sgrid =4% Spart/sgrid =12%

Figure 5. Scheme of a quantitative specimen preparation by the direct ultracentrifugation of col-
loids on to TEM grids. Optimal preparation of grids is performed in two steps: precalibration of
the method with different dilutions of a standard colloid or of the suspension to be studied (for
an optimal guess of the relative colloid concentration in the samples to be studied), followed by
ultracentrifugation of the volume-optimised samples to avoid over- or underloading of TEM grids.
Examples of optimally covered (few entities, homogeneously spread) and overloaded grids (too
many colloids, apparently coagulated) are given for standard colloids (synthetic haematite parti-
cles) and for a real suspension (precentrifuged river during a flood event). The ratio of surface of
TEM grid covered by colloidal entities to surface of TEM grid visualised determines the optimal
coverage range (in general, <10% coverage is a maximum)
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size distribution. For unknown samples, the conditions of specimen preparation can be
optimised empirically by centrifuging a large set of different volumes and dilutions. On
an ad hoc basis, the experimenter may measure some optical parameter of the suspension
(e.g. turbidity, nephelometric data, light scattering or optical density) in order to estimate
the concentration of particles, and thus the best combination of centrifugation conditions,
to avoid overloaded or underloaded TEM grids [31].

Replicate grids are positioned in the same tube, and suspension volumes between
ca. 1073 and 3 x 1072 dm® should be centrifuged. Nonetheless, the crucial parameter
for optimal grid coverage is the height of the suspension above the grid, not the volume
of suspension. Thus, centrifuge tubes of small diameter are preferred for small volumes
(i.e. very low heights of suspension). For example, a suspension containing ca. 10'! par-
ticles dm™3 will result in ca. 6400 particles spread over a TEM grid square (80 x 80 jum)
when a 1 cm high suspension is centrifuged.

For specific purposes, the direct ultracentrifugation of colloids on to TEM grids can
be performed with appropriately selected sequences of increasing centrifugal forces and
durations, new grids being inserted in the tube at each step. In such cases, the suspension
is depleted in particles with high density and size, and the recovered TEM grids exhibit
increasing proportions of colloids with low density and size. This specimen preparation
scheme can also be performed for the AFM study of aquatic colloids and particles (see
Chapter 9).

Labile specimens, i.e. ones prepared from redox-sensitive waters or from samples
containing flexible fibrils that may shrink during dehydration, can be protected after
centrifugation with an ultrathin film of TEM-transparent hydrophilic Nanoplast [35]. The
resin is spun over a grid placed on a horizontal rotating disc. Particulate entities are
then embedded during a controlled polymerisation. Rigid, resistant specimens (e.g. sil-
ica particles) are simply air-dried prior to TEM examination; in this case, shrinking and
aggregation of colloids are not observed, as the entities are firmly fixed to the supporting
grid by the centrifugal force.

3.4 CRYOTECHNIQUES: FREEZE-ETCHING AND VITRIFICATION

Cryotechniques offer an alternative preparatory technology that complements chemical
fixation and embedding, producing aggregates whose 3D relationships are spatially ‘fixed’
by physical means (e.g. vitrification). The cryotechnique that most faithfully preserves the
original structure is freeze-etching, which consists of freezing an hydrated sample rapidly
enough to vitrify it (i.e. ultra-fast freezing of the suspension to obtain colloids embedded
in vitreous water), mechanically generating a fracture plane through it and then making
a metallic replica of the fracture surface, while maintaining the vitrified sample below
the recrystallisation temperature. The product of the freeze-etch technique is a replica
which presents a topographical image of a colloid or aggregate, untouched by chemical
agents and amenable to analysis by TEM. In any case, given the complexity (i.e. need for
dedicated technical skills) and cost of freeze-etching, well developed by cell biologists
for analyses of intracellular structure, it has been essentially unexploited by scientists who
examine hydrated colloids despite its potential as a confirmatory technique [29].

Indeed, vitrification should be the best specimen preparation scheme [119—-125]. Unfor-
tunately, this technique is not adapted to colloids and particles because of the fairly high
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cost and need for dedicated technical skills. In addition, the large differences in thermal
conductivities between particulate material and the surrounding water matrix make it dif-
ficult to obtain purely vitrified colloid—water interfaces for entities larger than several
nanometres, thus resulting in local crystallisation of ice and damage to the morphology
of colloids.

3.5 FOCUSED ION BEAM SECTIONING

Focused ion beam (FIB) sectioning, an emerging technique for the microscopic analysis of
environmental samples, was described in the late 1980s for the preparation of specimens
from semiconductor devices [126]. The technique is highly versatile, because it provides
the user with the ability to control visually, in real time, a preselected portion of a massive
environmental sample (e.g. a bacterial mat, a large aggregate, a filtration membrane, a
fraction of soil, a specimen preembedded in resin) that is to be transformed into a thin
(or even ultrathin) section for TEM observation. The FIB approach consists in cross-
sectioning a sample in a dedicated SEM equipped with a beam of charged elements (e.g.
Ga't, Ne™ or Ar" ions at energies down to 100 eV) that are focused to a small spot
size (typically 10 nm) and rastered across the sample. The thin section that is produced
can be transfered by micromanipulator to a TEM grid for examination at high resolution
(Figure 6).

FIB milling can be applied to hard (e.g. materials science [127]) and soft (e.g. bio-
logical [128, 129]) samples, and even to complex materials that include hard and soft
counterparts (e.g. [130]). Very limited beam damage is reported, even for high-resolution

Direction of Thick section (ca 1 um)
focused ion beam FIB-milled trench Thin section (ca 100 nm)

FIB thinning

FIB trenching

SEM view of material
to be FIB-sectioned
Specimen for TEM
5/

TEM direction

FIB trenching

Figure 6. Scheme of the steps required for the preparation of a thin section for TEM examination
in an SEM equipped with an FIB. A cross-section is milled by the ion beam on the sample surface;
a similar cross-section is then milled in the vicinity in order to produce a preliminary thick section,
which is ion-thinned from both sides until it becomes electron transparent. The thin section is finally
cut free and removed for TEM investigation. The whole process is monitored in the SEM. The
micrograph shown is a typical example of the operator’s control over the preparation and thinning
of a FIB section of algae; cross-sections of cells are visible at the freshly milled surface of the thin
section; the layer above the specimen is a protective platinum coating
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TEM, provided that the energy and the incidence angle of the beam are carefully con-
trolled [131-133]. FIB sections of material of known composition and controlled thick-
ness can be prepared and used to standardise the TEM—X-EDS signals [134]. For a review
of the technique and details related to FIB, the reader is referred to a special publication
on ion beams [135] and references therein.

3.6 STAINING AND LABELLING OF ORGANIC-RICH COLLOIDS

Staining procedures designed for biological or medical applications can be applied to
environmental specimens (in particular in soils, sediments and natural waters) either
to enhance the contrast of poorly electron-opaque organic material (salts of heavy ele-
ments, amongst which the most commonly employed are uranyl acetate, lead citrate,
phosphotungstate, and Alcian Blue; see Figure 7) or to stain extracellular polymeric
substances selectively [136—138]. For instance, Thiéry [139,140] described an elegant
multi-step reaction with silver proteinate yielding nanometre-sized Ag grains on polysac-
charides embedded in a Spurr resin (Figure 7). This selective identification method was

(a) (b)

Figure 7. Examples of natural and synthetic polysaccharides. (a) Unstained heterogeneous lacus-
trine sample (Paul Lake, USA); the barely visible exocellular polymeric substances are ‘naturally
stained’ by the major ions (mostly Ca?*) present in the system. (b) Mixture of alginates (produced
by Macrocystis pyrifera) and 50 nm haematite nanoparticles; the polysaccharides were post-stained
with uranyl acetate (i.e. after deposition of colloids on the grid and recovery of the latter), and
appear as uniformly dark. (¢) Mixture of xanthans (produced by Xanthomonas campestris) and
haematite; the polysaccharides were selectively post-labelled by reaction with silver proteinate,
and appear as dark networks carrying small black dots (Ag grains). (d) Xanthans were specifically
post-labelled by reaction with a lectin—gold conjugate (lectin: UEA; Ulex europaeus); the 10 nm
black spheres are the gold colloids. All specimens were prepared by quantitative ultracentrifugation
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later applied to soil extracellular polymeric substances (EPS) that cement clay particles
together [141] and to bacterially produced polysaccharides in freshwaters [5,142].

At present, it is not easy to identify clearly colloidal and macromolecular humic/fulvic
substances, which constitute an important proportion of natural organic materials. On
the other hand, highly sophisticated labelling techniques using ultraspecific markers {e.g.
gold—lectin conjugates that bind specifically to given carbohydrate moieties of polysac-
charides (Figure 7) [143—158]} that were developed for the study of macromolecules in
plants, animals and fungi should, in the near future, prove to be extremely useful for dis-
tinguishing similar natural organic macromolecules (e.g. neutral vs acidic polysaccharidic
moieties produced by bacteria and algae) in aquatic samples.

The development of ultraspecific markers for TEM is progressing so well that it is now
possible to label individual protein species selectively within a microdomain inside an
individual bacterial cell [159] and specific polysaccharide molecules within the mucilage
matrix of a biofilm [27,160].

In many environmental situations, colloidal organic matter is naturally stained by the
major ions present in the electrolyte and therefore requires no staining for simple visu-
alisation purposes. It must be noted, however, that most existing staining protocols were
not designed for environmental specimens (whole mounts or resin-embedded ones) and
necessitate careful optimisation before they can be used on a routine basis.

3.7 POTENTIAL ARTEFACTS RELATED TO SPECIMEN PREPARATION

Protocols recommended for obtaining ultrathin sections and optimally prepared whole
mounts have been discussed elsewhere [35,118], as have procedures for analysing the
three-dimensional architecture of readily deformed water-rich flocs [161,162]. The prin-
cipal artefacts to consider in the production of sections and whole mounts for analysis are
those caused by dehydration and shrinkage, extraction being a potential but soluble prob-
lem in the case of sections. These artefacts are well understood and readily minimised for
many kinds of samples [29,30,40]. AEM (TEM, STEM-X-EDS, EELS, EF-TEM) tech-
niques and rationales for the selection of representative images as related to the artefact
problem have been treated at some length in the literature [4,23].

For the optimal preparation of native wet colloids prior to AEM analyses, a detailed
treatment of the detection, assessment and minimisation of artefacts was given by Lep-
pard and Buffle [40]. Artefacts include those inherent in preparatory protocols and those
created before analysis (e.g. sample mishandling at time of sampling, unnecessary frac-
tionation, alteration during storage, exposure to chemical agents that cause perturbation
and excessive preconcentration). Leppard and Buffle [40] recommend (i) avoiding sam-
ple storage, (ii) minimising the number of steps in water sample preparation, (iii) paying
exquisite attention to detail in the use of any fractionation procedure and (iv) adapting
the prefractionation steps (if necessary) to take account of particle size polydispersity.

4 MORPHOMETRIC ANALYSIS OF PARTICLES AND COLLOIDS

Over recent decades, the investigation of environmental samples by EM was tradition-
ally performed for merely illustrative purposes, although the spatial resolving power and
analytical capabilities of modern electron microscopes presented unique features with the
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Figure 8. Idealised correlative electron microscopic procedure for the examination and physico-
chemical characterisation of environmental colloids and particles. Examples of micrographs, spectra
and plots can be found in the other figures

potential to supply qualitative and quantitative methods for providing unequivocal answers
to complex problems in which colloids and particles play a central role.

Although the qualitative and quantitative aspects of this sort of investigation are dis-
cussed separately in the following sections, they should be considered as being intimately
interrelated within the framework of every correlative electron microscopic investigation,
as illustrated in an idealised hypothetical investigation outlined in Figure 8.

4.1 QUALITATIVE OBSERVATIONS

SEM and ESEM are particularly well suited for the imaging and quantification of surface
and textural features of large particulate entities (ca. >1 wm) and for a rough estimate
of the particle size distribution. Qualitative three-dimensional morphological informa-
tion is readily extracted from SEM, operated in either the secondary electron mode or
backscattered electron mode. The extent of aggregation among particles (provided that the
aggregation is not an artefact produced by overloaded specimen stubs) can be documented
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with a resolution down to ca. 50 nm without difficulty. Because of its ease of operation,
SEM should be selected for the routine gross-scale survey of samples, in particular for
atmospheric and soil particles. Preliminary qualitative surveys should help the operator to
focus on either the general trends (e.g. major classes of particle types, sizes or associa-
tions) or the significant specificities of the sample (e.g. characteristic aggregation between
two types of particles or prevalence of a narrow size class for a given type of entity).
On the other hand, ESEM is useful for looking at wetting and drying processes involv-
ing highly flexible organic polymers and aggregates, eventually avoiding perturbation of
their structure, as can be the case for microscopy performed under high vacuum. Under
controlled conditions, it is even possible to determine particle size distributions, fractal
dimensions and element maps by ESEM [110].

When carried out in the context of conventional bulk experiments and analyses em-
ployed in research on ecosystems, qualitative SEM/ESEM may yield significant supple-
mentary information, affording increased understanding of the ecosystems. For example,
visualisation of the microscopic features of humic and fulvic substances, as affected by
changes in the pH or ionic strength of the surrounding milieu, has contributed greatly to
our knowledge of conformational changes in these dominant organic substances in soils.
Thus, humic colloids with shapes from spheroids to flexible extended fibrils or densely
networked three-dimensional systems have been observed [163—167]. Similarly, the sys-
tematic SEM—X-EDS identification of the general features of particles transported through
a complex peat—river—karst—spring aquifer has highlighted the ubiquity of a well defined
Fe—Ca—C-rich class of globules and the role of humic substances in their formation and
behaviour [4,168,169]. In a similar manner, the role of associations between clays and
fibrillar polysaccharide networks on the stabilisation of soil structures has been assessed
mainly by means of SEM. Nonetheless, such investigations require careful specimen
preparation techniques (e.g. freeze-drying instead of air-drying) to minimise artefactual
changes in conformation which may occur at any step of the preparation.

Accurate qualitative or semi-quantitative investigations on colloidal entities
(ca. <500 nm) are better performed by means of TEM or STEM, with a resolving
power down to the nanometre scale even for complex heterogeneous entities (a claimed
sub-angstrom resolution being achievable using TEM with aberration-corrected electron
optics [170—172]). Whole mounts and quantitative mounts (Figure 4) are appropriate for
semi-routine TEM investigations on colloidal entities, provided that TEM grids are not
too densely covered with large particles and aggregates. In addition, inorganic entities can
be verified for their potential crystallinity (Figure 9) by qualitative electron diffraction,
either in selected area mode or in convergent beam mode. This is particularly useful
for ill-defined particles (e.g. ferrihydrites or partly amorphous oxides) that may reveal
locally ordered domains of their atoms, or to distinguish between particles exhibiting
approximately the same morphology and composition but representing different stages of
ageing.

Ultrastructural TEM characterisation of ultrathin resin sections is recommended for
the detection of structures such as microscopic mineral deposits on bacterial cells, which
would be obscured by the thickness-related opacity of bacteria prepared as whole mounts.
This method is also recommended for the study of complex large-scale networks of
fibrillar extracellular polymers, which retain their natural conformation when embed-
ded in an appropriate resin. The reconstruction of their three-dimensional architecture is
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200 nm 200 nm

Figure 9. Examples of electron diffraction patterns (SAED) obtained on an abiotic mixture of
goethite (G) and lepidocrocite (L) (left side), and on hydrous ferric oxides formed in the presence
of Bacillus subtilis (right side). The d-spacings are given in A. Whereas goethite and lepidocrocite
are highly diffractive, the biotic hydrous ferric oxide can be identified as a two-line ferrihydrite
[287]

theoretically achievable by imaging successive serial sections, but this requires tedious
and extensive image analysis.

4.2 QUANTITATIVE ANALYSIS AND PARTICLE SIZE DISTRIBUTION

Automated particle detection systems have been described [66,173—182], but their use is
rather limited. This discussion will therefore focus on the conventional use of TEM for
the recording of micrographs which are later processed by image analysis to extract infor-
mation on particle size distributions (PSDs) and other useful morphological parameters.

Quantitative PSDs (either for all types of particles and aggregates present in the spec-
imen or for a specific type of particle identified either by morphological criteria or by
routine X-EDS element mapping) must be performed on quantitative whole mounts. High-
quality micrographs can then be digitised for mathematical morphometry using image
analysis software. The accurate determination of the PSD of atmospheric, aquatic, soil
or sediment entities may yield information on the processes driving their behaviour (e.g.
formation, dissolution, coagulation and sedimentation). It is also possible to estimate the
mechanisms of colloid aggregation by measuring the fractal dimension of the aggregates.
Provided that micrographs are obtained under carefully controlled conditions of illumina-
tion, estimates on the volume of non-spherical particles of known composition can also
be obtained by image analysis (thickness-dependent opacity of the particles).

Owing to the physicochemical processes involved, such as the formation, coagulation
and sedimentation of particulate material in aquatic systems, PSDs usually appear to
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follow some kind of power law (e.g. Pareto’s distribution; [183]), e.g.

d(Npart)/d(dpart) = adp_aft (2)
where d(Npar) is the number of particles in a given interval of particle sizes d(dpar), and
a and b are characteristic constants of the system. The constants can be linked to the
colloidal transformation process in the water column (Figure 10).

In other words, the number of particles tends to decrease when their size becomes
larger. This consideration must be kept in mind when dealing with TEM, as the human
eye is a subjective tool. The experimenter can easily miss significant numbers of small
colloids when they are in the presence of much larger, more conspicuous entities, such
as diatoms, algae, clusters of bacteria and mineral particles which obviously monopolise
the attention of the observer. To avoid such biases, TEM sessions for the determination
of PSD must always be planned in a rigorous, systematic and objective way.

As a first step, TEM grids should be previsualised at very low magnification in order to
control the quality of the sample preparation protocol. At nominal magnifications <10%x
(i.e. magnifications corresponding to the image projected on the fluorescent screen of the
TEM, not taking into account further magnification when a digital camera is installed),
only large particles (>1 pwm) are identifiable; they should be evenly distributed on the grid.

dpar/m
0.1 1
P Power law (Pareto):
d(Npart)/d(dpan) =ax dpart_b
b=217+0.13
'TE 1
£
5
z
2 0 Clay leaflets
3
=2
3
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-
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Figure 10. Example of a particle size distribution (PSD) obtained on colloids in a deep marl
ground water. Colloids, as small as 30 nm, consist mainly of clays (see micrograph) in roughly
equal proportions of chlorite, illite and smectite. The low concentration of colloids (<0.5 mgdm™?)
and the reducing conditions (E;, = —310 mV) required careful sampling and specimen preparation;
approximately 9600 individual colloids were analysed to yield an unbiased PSD, the slope of
which (b = 2.2) indicated that clay entities were subjected to elimination from the ground water
by orthokinetic coagulation



D. MAVROCORDATOS, D. PERRET AND G. G. LEPPARD 369

As the recovery of TEM grids following centrifugation requires considerable skill, broken
portions of the supporting film are not uncommon. Nonetheless, they do not impair further
observations, as they are discarded from the set of 2—3 potentially interesting zones (i.e.
assemblies of 2 x 3 squares with alpha-numeric label). A rapid previsualisation of a replicate
grid can ascertain whether the centrifugation step was performed under optimal conditions.

In a second step the zones of interest have to be accurately surveyed at higher magnifi-
cation in order to record micrographs of the colloidal and particulate entities. A nominal
magnification factor of ca. (2.5-5) x 10*x is a good compromise to avoid underestima-
tion of very small colloids (at 5 x 10*x, entities <20 nm appear as <1 mm) or very large
particles (at 5 x 10*x, entities >2—5 pum cannot be entirely recorded). Nonetheless, even
at this magnification, huge numbers of micrographs can be generated (at 5 x 10*x, >10?
micrographs of a single grid square could be recorded).

Surveys of the zones to be micrographed can be performed either randomly or sta-
tistically. The random survey consists of recording micrographs at different randomly
selected positions of the zone. This procedure is recommended when colloids exhibit a
fairly narrow PSD and are homogeneously distributed on the supporting film. The statis-
tical approach consists of recording micrographs at predetermined nodes of an imaginary
grid; this approach ensures less bias in the selection of micrographs.

As far as possible, the recording of micrographs, either on negatives or with a digital
camera, should be performed under reproducible conditions. Experimental parameters of
the TEM, such as apertures, magnification, beam current, beam spreading and homo-
geneity, underfocus, exposure time and development process (for negatives), should be
kept constant in order to guarantee that identical electron densities (i.e. similar types of
materials for a given particulate size) in the specimen will translate into identical grey
levels from micrograph to micrograph. Of course, additional magnification factors from
the fluorescent screen to the camera must be taken into account, and digital micrographs
should be recorded in TIFF format to avoid loss of data during handling of the files.

4.3 IMAGE ANALYSIS

Once recorded, micrographs are generally processed by means of image analysis. There
are a number of software programs available for image treatment (e.g. Photoshop with
dedicated plug-ins and macros for PC, or the shareware NIH-Image for Mac), but the pro-
fessional (and usually expensive) ones dedicated to image analysis are recommended, as
they are fitted with a number of routines and macros relevant for mathematical morphom-
etry, i.e. the recognition of objects and their characterisation [184—203]. Digital archiving
of micrographs is convenient, as it allows storage of keywords and other relevant infor-
mation for further retrieval [204].

Micrographs recorded on negatives must be digitised at a high resolution (e.g. 1000
pixels per inch, to record subtle details) prior to image analysis. For example, for a TEM
magnification of 5 x 10*x on the negative, the diameter of a 10 nm colloid translates
into 20 pixels at a resolution of 1000 pixels per inch. Transfer from the negative to the
final print is not recommended, as it may induce distortions in the palette of grey levels,
the dynamic properties (i.e. the ability to separate shades of very dark or very light greys)
of the final print being much narrower than those of the original negative.

Although digitised micrographs may be binarised by selecting a threshold range (mean-
ing that shades of grey are converted to black and white pixels, where certain grey levels
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are considered as objects and others as background), it is recommended to work directly on
the original files, in order to extract relevant information on the grey levels of each entity.

Figure 11 shows a simplified sketch of the steps that must be taken before measure-
ments are started. Specific digital filters (e.g. shade correction or differential contrast
enhancement) can, under certain circumstances, correct variations in the background (as,
for instance, when one side of the micrograph is dimmer) when micrographs are obtained
in an inhomogeneous electron beam.

After such preliminary corrections, a threshold has to be imposed on micrographs or
regions of interest (ROIs) to limit the morphometric analysis to the colloids and particles
of interest. Accurate scaling (in X, Y and Z if required) of the micrographs must also be
applied in order to measure morphometric parameters in real sizes. Of course, these crucial
preliminary operations must be performed and adjusted with care on each micrograph or
ROI, but the procedure should be facilitated when all micrographs are recorded under
constant conditions.

It must be emphasised that Z calibrations are possible only for clearly identifiable col-
loids and particles of simple morphology. For instance, spheroids (e.g. crystalline iron
or manganese oxides), tabular entities (e.g. clay leaflets) or fibrillar entities (e.g. extra-
cellular polymeric substances) and their aggregates are predisposed to Z calibration. In
contrast, the Z calibration of ill-shaped entities and multi-type aggregates or very thick
objects cannot be extracted from grey levels, which are a complex function of thickness
and electron density.

Among parameters of interest for particle sizing, the following should be measured
for each entity: area, minimum and maximum diameter, perimeter and grey levels. Other
derived parameters, such as mean diameter, centre of gravity, radius of gyration, mean
grey value, equivalent circle diameter [ECD = 2(area/m)"], shape factor (SF = 47 x
area/perimeter’; 0 < SF < 1) and volume (provided that the grey levels can be accurately
calibrated in units of thickness), are easily calculated for an exhaustive description of the
morphology of an entity. As a rule, particles on the border of the ROI and also particles
with holes in them should be excluded from the analysis to avoid biases in the final
description of the morphological characteristics of a population.

Of course, the determination of a PSD is not feasible in every circumstance. For
instance, the mean size of an entity with a shape factor SF <« 1 (e.g. fibrillar mate-
rial or an irregular aggregate or ill-defined porous colloid; see examples in Figure 12)
may have no physical meaning. For such entities, the determination of other parameters,
in particular their minimum and maximum diameter or shape factor, is more relevant.

Under optimal conditions (i.e. when assemblages of colloids in the specimen present
a realistic picture of assemblages in the initial suspension), information on the degree
of coagulation and the processes leading to aggregation may also be extracted. For
instance, discrimination between reaction-limited and diffusion-limited colloid aggre-
gation [205-217] can be highlighted for colloidal systems by means of their fractal
dimension, Df:

Vager X (RGaggr/runit)Df (3)

where Voo and RG g, are the volume and radius of gyration of the aggregate, respec-
tively, rynie is the radius of the elementary colloids within the aggregate and Df is the
computed fractal dimension.
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Figure 11. Steps required prior to the morphometric analysis of colloids. The schematised micro-
graph contains ideally spherical and homogeneous colloids. An accurate grey-level calibration and
thresholding is a prerequisite to the least unbiased determination of the colloidal characteristics. An
example of the calibration of the thickness of colloids (Z calibration) as a function of their grey
levels is given in the bottom graph for a real quasi-spherical colloid (inset). Knowing the size of
the colloid and by assuming a spherical shape, one can convert the grey values into real thicknesses
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Figure 12. Examples of the variation of the shape factor (SF = 47 x area/perimeter®) of geo-
metric objects. Whereas the SF is close to 1 for objects with a high symmetry (objects 1-8),
it decreases rapidly for elongated objects (9-12), aggregates (object 13) and fibrillar material
(object 14)

Similarly, orthokinetic and perikinetic aggregation of colloids can be differentiated by
means of a PSD expressed in terms of the Pareto power law (Figure 10 [183,218]).

For quantifying individual native colloid ‘species’ (as defined by a combination of size
and compositional and morphological criteria), a practical electron-optical technology is
now available [31], for use in combination with the quantitative ultracentrifugation of
colloids on to TEM grids. User-friendly image analysis has become available [219] to
facilitate TEM-based colloid quantification efforts.

Computerised image analysis has become a powerful means for extracting quantita-
tive data from EM-based information, and there are many parameters whereby valuable
information on environmental particles can be acquired that is not measurable with
bulk techniques [29]. For example, with a representative specimen, size distributions of
nanoscale particles from a heterogeneous suspension, which are not measurable when
bulk techniques are used, can be quantified in a statistically meaningful manner. Such
measurements can be evaluated with respect to bulk measurements when the particle
population is homogeneous. Recent advances in the analysis of many kinds of particles
are relevant to the image analysis of nano- and microparticles.

The accurate determination of the particle size distribution of colloidal entities may
yield information on the processes driving their behaviour in the environment (e.g. for-
mation, dissolution, coagulation and sedimentation). For instance, Couture et al. [220]
performed image analysis on ca. 9000 individual colloids collected under state-of-the-art
conditions from a deep ground water of a potential site for the repository of nuclear
wastes in Switzerland. It was demonstrated that clay minerals (mainly chlorite, illite, and
smectite with ca. 30-4000 nm mean size) were subject to elimination from the waters
by orthokinetic (fluid shear-induced) coagulation (slope of the particle size distribution
being expressed as a Pareto power law: b = —2.2; Figure 10).

In addition, the aggregation regime of particles can be determined. The fractal dimen-
sion of an aggregate as determined by image analysis [221-224] provides information
about the mechanisms of aggregation. According to Lin et al. [206] and Jullien [225],
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Df ~ 1.8 corresponds to an aggregation controlled by Brownian motion [diffusion-limited
colloid aggregation (DLCA)], whereas when Df =~ 2.1, owing to electrostatic repulsions,
the aggregation rate is limited by the low collision efficiency between colloidal enti-
ties [reaction-limited colloid aggregation (RLCA)]. Such calculations have been used by
Fatin-Rouge et al. [226] to determine the aggregation mechanism of nanoparticles anal-
ysed by TEM. In the same manner, Mavrocordatos ef al. [58] showed that the Df of wood
combustion particles could be determined by AFM. Results obtained on 1200 particles
correlated very significantly with data obtained by STEM-X-EDS, scanning mobility
particle sizer (SMPS) and bulk chemical analyses, and were coherent with previous work
on combustion particles.

5 ELEMENT ANALYSIS OF PARTICLES AND COLLOIDS

Quantitative investigations of natural particulate matter entail special requirements. First,
the specimen must be representative of the original medium. For example, all particle
types initially present in the natural sample must be present in the proper proportions,
unless the sample has intentionally undergone controlled fractionation to remove certain
particle classes. The aggregates present in the specimen must not be artefactual expres-
sions of an overloaded TEM grid or of a sample whose conditions of handling and
preparation favoured coagulation of existing entities or precipitation of dissolved species.
In that respect, the preparation of quantitative whole mounts (see Figure 5) by direct ultra-
centrifugation of suspended particles on to TEM grids is the most appropriate approach
for quantitative measurements, provided that it is performed without delay. Most samples
extracted from natural waters, sediments or soils can be prepared in this manner. In addi-
tion, quantitative investigations need to be performed on a statistically significant number
of entities in order to yield sound measurements. Depending on the expected confidence
of the final results and on the type of suspension (e.g. fairly homogeneous classes of
colloids vs highly heterogeneous samples), the measurements of size and composition
should be performed on a sufficiently large sampling of particles, i.e. between 10 (for
simple suspensions) and 10* entities (for heterogeneous suspensions; Figure 13).

Characteristic X-ray fluorescence (X-EDS analysis) and energy-loss (EELS analysis)
features of environmentally relevant elements are given in Figure 14. When dealing with
element composition, the measured X-EDS peak intensities must be calibrated against rep-
resentative standards. These standards may have to be synthesised in the laboratory under
the conditions encountered in the ecosystem under investigation, because the mechanisms
of X-ray production are influenced by the matrix of the sample material. Standardless
analysis [49] is feasible in X-EDS (Figure 15), but it requires accurate measurement
of element- and microscope-related parameters. A guide to obtaining quantitative X-
EDS results from ultrathin sections of resin-embedded particles has been provided by
Russ [227]. For EELS analysis, relative quantification (i.e. the ratio of one element to
another one in the particle of interest) is readily obtained by calculation without the need
for standards.

5.1 ENERGY-DISPERSIVE SPECTROSCOPY (X-EDS) AND RELATED
TECHNIQUES

Over the past two decades, the clever and non-artefactual determination of the composition
of environmental particles and colloids by X-EDS has transformed EM into a unique and
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Figure 13. The stoichiometric nature of the association between iron and phosphorus in iron-rich
nanogranules isolated from a large lake [234] cannot be expressed in terms of bulk chemical
analyses, but requires the TEM—X-EDS analysis on a large set of individual entities. (a) Ubiquitous
assemblage of Fe-rich nanogranules attached to polysaccharides of biotic origin. (b) Bulk chemical
analyses of Fey and POy in different size fractions of the lake column (obtained by filtration
and ultrafiltration). Because of the high heterogeneity of particle types in the water samples, there
is no apparent correlation between the two elements, suggesting that phosphorus is not specifically
bound to Fe-rich particles. (¢) TEM—-X-EDS analysis of 1096 individual Fe-rich granules (probe
size: 50—400 nm). Owing to the visual ‘separation’ that can be applied during TEM analysis
(i.e. only particles exhibiting specific morphological characteristics are analysed by X-EDS), the
strong correlation between the two elements indicates that phosphorus is indeed stoichiometrically
bound to Fe-rich granules (after conversion of X-EDS peak intensities into element concentrations,
[Fepart]/[Ppart] = 0.5 £ 0.04 for 90% of the granules)
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Figure 14. Energies of X-EDS peaks (a) and EELS edges (b) of some of the most relevant
environmental elements; only the most prominent peaks and edges are shown

powerful analytical tool [42,44,45,50,228—-233]. Under optimal conditions employing an
X-EDS detector equipped with an ultrathin window (and with a parallel beam using the
nano mode, if available on the apparatus), even carbon can be quantified, and the detection
limits for trace metals can be as low as 500—1000 mgkg~', even for sub-micrometric
particles, provided that the peaks of trace elements of interest are not overlapped by those
of other elements (Figure 15).

The X-EDS method is particularly well suited for elements emitting K« peaks in
the sensitive 0—10 keV energy range, but L-emitting elements can also be measured in
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Figure 15. TEM-X-EDS analyses can be performed to highlight the presence of trace ele-
ments associated with elements constituting the bulk matrix of the particle of interest. (a) Man-
ganese-oxidising bacteria isolated from the oxic—anoxic interface of a small lake [19]. The dark
component is a crust of manganese oxide. (b) X-EDS spectrum (2 nm spot) of the Mn-rich crust
shown in the micrograph. The crust contains mostly MnO, (OH), with impurities of Si, Ca and
Fe in non-stoichiometric proportions. The Ko peak of iron (6.398 keV) overlaps the KB peak of
manganese (6.489 keV). (¢) A detailed observation of the weak contribution around 7 keV indicates
that traces of cobalt (Ko = 6.924 keV) overlap the weak KB peak of iron (7.057 keV). Standardless
analysis and spectral deconvolution of the Fe Ko + Mn KB peaks around 6.4 keV and of the Co
Ko + Fe KB peaks around 7 keV reveal that the manganese oxide crust contains approximately
2% cobalt
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this range, provided that they are not present as trace elements. Quantitative X-EDS
analysis is currently an excellent method (and probably the method of choice, provided
that the sensitivity is sufficient) for the quasi-routine detection of trace elements bound
by particles and the search for stoichiometric relationships between different elements in
similar morphotypes [4,34,234].

5.2 ELECTRON ENERGY-LOSS SPECTROSCOPY (EELS) AND RELATED
TECHNIQUES

EELS techniques [228,231,232,235-257], employed in either imaging or spectrum modes,
are capable of detecting single atoms with energy resolutions as low as 0.2 eV in the useful
0-1000 eV energy range (Figure 14). In comparison, high-resolution X-EDS is achieved
at not less than ca. 150 eV. This ability has been clearly demonstrated in materials sci-
ence and even in biological science. Regrettably, however, EELS is not commonly used
in environmental science, although several researchers have developed specific methods
for the utilisation of EF-TEM and TEM-EELS in the aquatic sciences [19,258,259].
It has to be said, moreover, that the interpretation of spectra is not as clear-cut as in
X-EDS, because (i) the technique is best suited for light elements (although transition
metals yield valuable spectral information), (ii) the extraction of the EELS K- or L- or
even M-edges of elements requires a careful and substantial stripping of the background
(in accordance with the power law I = aE?), (iii) the region below ca. 100 eV (plas-
mons region) is difficult to model with accuracy, (iv) there remain uncertainties in the
determination of the cross-sections of the M-edges used for absolute quantification pur-
poses and (v) EELS is theoretically best suited for specimens with thicknesses below
20-50 nm. Although it has been demonstrated that the technique can be used to quantify
thicker (<500 nm) environmental particles [67], accuracy drops as specimen thickness
increases.

In its simplest expression, EELS can be performed in energy-filtered (EF-TEM [33])
or electron spectroscopic imaging (ESI) mode, i.e. to generate element maps, but EELS
in spectroscopic mode is better suited for quantitative analysis, with a high energy and
lateral resolution (Figure 16).

The main advantage of EELS over X-EDS is its ability to yield molecular informa-
tion in the form of specific features at and beyond the edges (Figure 17). Energy-loss
near-edge structure (ELNES; which extends up to 50—100 eV beyond the edge) is the
counterpart of X-ray absorption near-edge structure (XANES) in X-ray spectroscopy. Its
features provide qualitative information about the molecular environment of the element
giving rise to an EELS edge. For instance, the shape of an EELS—ELNES spectrum is
different for aromatic, aliphatic or amorphous organic carbon centres or inorganic car-
bon centres. EELS spectra acquired with a high energy resolution (<0.5—-1 eV) may
also reveal the electronic configuration of redox-sensitive elements (e.g. Fe’* vs Fe’™,
or mixtures of these two oxidation states in the same entity; Mn2t vs Mn3t vs Mn*t;
Figure 17). Although exemplary results have already been obtained on pure crystalline
iron and manganese minerals, the approach is, as yet, far from routine for complex hetero-
geneous environmental particles. Similarly, the use of EELS for the redox discrimination
of elements of environmental concern such as Cr2t/Crét, Cut/Cu?t, As’~/As3T/AsT,
Sb>=/Sb3*/Sb>* or Se?~/Se**/Se®" has not yet been reported.
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Figure 16. Scheme of a typical EELS spectrum showing several regions of interest. The image
that can be obtained at the zero loss is roughly similar to the conventional bright-field image,
but with sharper and more contrasted details because aberrations due to inelastically scattered
electrons are stripped out. Electron spectroscopic imaging (ESI), i.e. element mapping, requires the
recording of two images over a given window at different energies prior to the absorption edge
and a third image at the absorption edge of the element of interest. The third image is used to strip
the extrapolated background image from the gross image at the edge, and to extract specifically
the net image of the element. ESI in the low-loss and plasmons region is feasible, but background
extrapolation is more difficult. The ELNES region is used for qualitative molecular information
(fingerprint of the molecular environment of the element)

6 APPLICATIONS OF EM AND AEM FOR THE UNDERSTANDING
OF PHYSICOCHEMICAL PATHWAYS IN THE ENVIRONMENT

6.1 SELECTED CASE STUDIES RELATING PARTICLE CHARACTERISATION
TO CONTAMINANT TRANSPORT

Using a multi-method approach with TEM, Campbell et al. [8] demonstrated the accu-
mulation of nanoparticles of natural organic matter on the surfaces of living cells (two
algal species and cells isolated from fish gills). Using environmentally relevant pH values
and organic matter concentrations, they produced data consistent with the idea that the
nanoparticles might exert a direct effect on organism physiology at the interface between
living cell and aquatic environment. They also presented some interesting and uncon-
ventional implications of their findings regarding the interactions of toxic solutes with
aquatic biota.

In 1998, Leppard et al. [17] isolated microparticles and flocs from the surface waters
of Hamilton Harbor (Ontario, Canada) by size class (in ranges from <0.02 to >80 pwm),
and then analysed each size class for polycyclic aromatic hydrocarbons (PAHs), which
presented a serious contamination problem in the harbour. Using TEM, SEM and STEM—
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Figure 17. (a) EELS spectrum of a complex mixture of manganese oxides and iron oxides at
the surface of colonies of Mn-oxidising bacteria (b) (see also Figure 15) at the oxicline of a
eutrophic lake [19,142]. The presence of iron on the manganese crust is due to aggregation in the
water column during sedimentation of the MnO,(OH), bacteria in the Fe-rich layers. The exclusive
features of the L, 3 absorption edges of the redox-sensitive elements Mn and Fe allow clues on
their oxidation states. (¢) The ratio of the L, and L3 absorption edges of manganese changes with
the oxidation state of Mn [304—309]. This ratio is, however, highly dependent on the conditions
of specimen preparation and EELS measurement

X-EDS in tandem, they found that the microparticles and flocs consisted mainly of aggre-
gated colloids, among them numerous nanoparticles [260] of minerals (clays, iron oxy-
hydroxides, manganese-rich colloids and biogenic silica) and organic matter (cell debris,
fibrils and humic substances). Heterogeneous porous flocs larger than 20 pwm accounted for
98% of phenanthrene binding, 89% of fluoranthene binding and 85% of pyrene binding.

In 2000, Mavrocordatos et al. [4] used AEM in an interdisciplinary investigation of
individual colloids in successive compartments of a complex peat—Kkarst—spring ecosys-
tem (Vallée-des-Ponts, Switzerland). Their results revealed that globules rich in humic
matter (identifiable by their characteristic morphology) formed intimate associations with
colloidal iron and then underwent specific physicochemical transformations during their
transport through a karstic aquifer, eventually turning into entities with drastically different
properties. The investigation focused on the nanoscale characteristics of reactive partic-
ulate entities upstream and downstream from the karstic aquifer. The authors pointed
out that their analytical approach should have major consequences for estimating the
vulnerability of karstic aquifers to pollution events.

Also in 2000, Taillefert et al. [S] employed a suite of analytical techniques in conjunc-
tion with TEM to study the chemical speciation of iron and lead in the water column of a
lake characterised by biogenic meromixis (Paul Lake, MI, USA). The primary goal was
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to determine the effect of iron oxyhydroxides and natural organic matter on the speciation
of lead, so as to understand better the cycling of lead in a natural lacustrine ecosystem.
The results indicated that iron oxyhydroxides and organic fibrils aggregated together to
form complex microparticles, which then became enriched in lead. Such a process would
not have been accurately described by surface adsorption models.

Previously, Lienemann et al. [19,261] showed that sub-micrometre manganese-rich
crusts produced by manganese-oxidising bacteria at the oxic—anoxic interface of this
highly stratified lake had selectively preconcentrated cobalt ions with respect to the
water column. As the manganese-rich and iron-rich layers partially overlapped at depth,
classical bulk chemical analyses of the particulate material had to be supplemented by
TEM-X-EDS measurements at the ‘per particle’ level to yield unambiguous insight into
the selective scavenging of Pb by particulate iron and of Co by particulate manganese.
Their approach, although time consuming, opened up new perspectives for documenting
the speciation of toxic trace metals at the solid—solution interface.

6.2 NANO- AND MICROPARTICLES CHARACTERISED BY TEM AND AEM
6.2.1 Humic Substances

Marvin et al. [18] described a refined adjustable methodology for fractionating lake water
contaminated by PAHs and polychlorinated biphenyls (PCBs), using TEM, STEM-X-
EDS and standard images from the literature to characterise the major nano- and micropar-
ticles in the fractions richest in PAHs and PCBs. The results showed that the organic
contaminants were preferentially associated with fractal aggregates of humic substances.
Humic substances have also been shown to influence the formation and behaviour of
iron-rich globular colloids [4,34,168,258,262]. Thus, it has been shown that acidic/anoxic
peat waters slowly release into the river globule-shaped humic material (<500 nm) and
stable complexes of Fe?™, whereupon the Fe*" is oxidised and precipitated at the sur-
faces of the globules when the pH, O, content and ionic strength of the river increase;
eventually these particles scavenge quasi-stoichiometric amounts of Ca. Myneni and co-
workers [263—265] used high-resolution X-ray spectromicroscopy (in conjunction with
standard TEM images from the literature) to demonstrate that macromolecular structures of
humic substances vary with the origin of the humic matter, the chemical composition of the
ambient solution and the nature of associated minerals. Wilkinson et al. [37] characterised
humic substances by correlative TEM and AFM, Leppard et al. [266] revealed morpho-
logical evidence for a fibril-to-humic substance evolution and Senesi [267] explored a
fractal approach using TEM images to derive quantitative descriptions of humic substance
aggregation patterns and macromolecular morphology.

6.2.2 Polysaccharide Fibrils

Leppard [268,269] provided reviews of multi-method descriptions of polysaccharide fib-
rils sampled from diverse aquatic ecosystems, which included TEM descriptions of fibril
morphotypes and complex aggregates. Wilkinson and co-workers [37,270,271] charac-
terised fibrils using TEM in multi-method investigations, as did Santschi et al. [51].
Moreover, Lienemann et al. [272] demonstrated a means for the enhanced visualisation of
polysaccharides from aqueous suspensions and devised a method for optimal preparation
of water samples for TEM examinations of colloids, including fibrils [31].
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6.2.3 Iron Oxyhydroxides

Colloidal iron oxyhydroxides and their role in the biogeochemical cycling of various
elements have been characterised with the aid of TEM and STEM-X-EDS in a multi-
disciplinary, multi-method investigation [4,34,234,273—-275]. This major research effort,
which was undertaken by different teams working on a wide range of various aquatic
environments, led Perret ef al. [36] to propose a general scheme for the formation of iron
oxyhydroxides. They concluded that the various morphotypes of these colloidal species in
a given aquifer can be explained and predicted in terms of the physicochemical conditions
(pH, ionic strength, oxic/anoxic conditions, presence of humic or fulvic acids or non-humic
organic matter, e.g. polysaccharides, and concentrations of reacting species) prevailing
in the surrounding medium. In addition, this work puts forward a new paradigm for
incorporation into geochemical speciation models dealing with surface adsorption. It is
generally accepted that natural organic matter has a strong tendency to coat the outer
surface of particulate material and to induce globally negative surface charges in water,
but a careful EM examination of iron oxyhydroxides revealed that natural organic matter
may also act as a heterogeneous template on whose surface the oxidation/precipitation of
iron-rich material is favoured.

6.2.4 Viruses and Refractory Cell Debris

Many viruses are readily identified by TEM because of their unique combination of
morphology and nanoscale size. This aspect of virology is of paramount interest, since
viral populations can numerically dominate natural waters, with a potential as predators
to alter the species composition of microbial communities whose individual activities, in
turn, dominate aquatic biogeochemistry.

In 1990, Borsheim et al. [276] detailed a TEM-based procedure for the enumeration
and biomass estimation of aquatic viruses. Proctor and Fuhrman [277-279] extended
this work by relating virus population size to bacterial mortality rate. Weinbauer and
Peduzzi [280-282] added important details, relating virus morphology to morphological
correlations of the infection process. Danovaro et al. [283] employed TEM in a multi-
method research initiative to determine virus abundance in sediments.

Leppard and co-workers [266,284] have provided TEM descriptions of abundant dis-
tinctive cell debris from marine waters and surface/ground waters. The latter study was
related to plutonium contamination near a nuclear weapons production facility.

6.2.5 Nanoscale Mineral Agglomerates on Cell Surfaces and on the Surfaces of
Extracellular Polymers

The genesis of minerals by bacteria and their extracellular polymers has become a
central theme in biogeochemistry. This phenomenon has far-reaching implications and
has aroused intense interest among geologists, chemists and microbiologists. A number
of advances in our understanding of the microbial biogenesis of minerals which have
been made with the aid of TEM and AEM analyses have been reported in the litera-
ture [9,11,12,14,15,20,21,285-287].

At present there is keen interest in natural associations of organic fibrils of EPS with
other colloids, including iron oxyhydroxides in aquatic environments. Such heterogeneous
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associations of abundant nanoparticles with other nanoparticles must be better understood
for the sake of improving our understanding of global water processes. It is noteworthy
that careful preparation of fragile hydrated specimens is helping to unravel the complexity
of interactions between fibrils and other biotic or abiotic entities, such as the abundant
ones prevailing in marine snow [31,288] and in wastewater flocs [7,23,118], and eluci-
date their biogeochemical functions. When the weak electron opacity of organic matter
lacking metal-rich markers is an obstacle to its identification by TEM, nanoscale fibrils
can still be visualised by means of EF-TEM at the carbon K-edge [272]. In addition,
the polysaccharide character of EPS fibrils can be ascertained unambiguously by reaction
with specific probes (e.g. Ag-proteinate [142], or oligosaccharide-specific lectins labelled
with colloidal gold [27]).

For iron oxyhydroxides and their heterogeneous associations, which are virtually ubig-
uitous in freshwater environments, Perret ef al. [36] demonstrated specific morphotypes
whose structure is mainly a function of (i) the type of macromolecular organic matter
present in the water and (ii) the relative concentrations of total iron and natural organic
matter (NOM). In the presence of aquagenic EPS, which can form three-dimensional
networks of fibrils, Fe—NOM associations tend to lead to the formation of iron oxide
nanogranules attached to the surfaces of fibrils, especially when the ionic strength of the
ambient water is high and the Fe,:NOM ratio is low. In contrast, ill-defined Fe—NOM
mixtures are favoured at lower ionic strength and high Fey,:NOM ratios. In the presence
of terrestrial humic/fulvic-rich materials, the final Fe—NOM entities are spherical glob-
ules made of a C-rich core surrounded by amorphous iron oxyhydroxides. It has also
been shown by Lienemann et al. [234] that the lacustrine oxidation of Fe(Il) may lead
to the formation of iron oxyhydroxides which bind phosphates and have a stoichiometric
quantity of phosphate and iron, and that this nutrient-scavenging process is an efficient
barrier against the upward diffusion of phosphates in the water column of Lake Lugano
(Switzerland), a stratified eutrophic lake. In the case of iron—humic complexes formed
during the oxygenation of acidic, anoxic Fe(I)-rich peat waters [34], it has been shown
by high-resolution TEM—PEELS (EELS in parallel mode) measurements of individual
100 nm globules that the abrupt rise in pH, O, and ionic strength in the drainage waters
leads to the formation of a compact outer crust of ca. 2—4 nm amorphous Fe—Ca-rich
granules at the surface of shrunken humic spheroids, the shape of the latter being dictated
mostly by pH and ionic strength constraints.

6.3 MICROPARTICLES AS NATURAL AGGREGATES OF NANOPARTICLES

Many of the microparticles found in surface waters and engineered aquatic ecosystems
are heterogeneous aggregates of microbes and nanoparticles [7,15,17,18,23,118,162]. A
generalised description of colloidal interactions in water (leading potentially to the for-
mation of microparticles) has been published by Buffle et al. [6], who demonstrated that
the concentration of stable colloids in a given aquatic ecosystem depends on the propor-
tions of three general classes of native colloids (compact inorganic colloids; large rigid
biopolymers; and fulvic acids and similar substances). Micelle-like microparticles can
form from the self-organisation of dissolved organic matter in river water [289]. For biota-
rich flocs, Liao et al. [7] proposed a conceptual model of aggregate structure whereby the
gel-like matrix consists of two physically distinct regions defined by the arrangement of
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nanoscale EPS, which cross-connect individual cells of the microbiota. The physically
distinct regions are likely to be differentially affected by agents applied to manipulate
floc integrity. AEM and selective extraction methods have revealed heterogeneity in the
packing and specific chemical composition of EPS, apparently reflecting floc stability. For
marine biota-rich flocs, Heissenberger et al. [288] suggested a scheme (based on TEM
observations) for the growth and development of marine snow and the occasional subse-
quent buildup of the economically undesirable mucilage in the water [268]. Heissenberger
et al. [288] related the growth of suspended marine snow flocs to (i) secretion of nanoscale
fibrils by microorganism communities and (ii) a large number of environmental processes
that modulate the cross-linking activities of fibrils and the developing flocs.

6.4 SELECTED CASE STUDIES RELATING PARTICLE CHARACTERISATION
TO WATER TREATMENT PROBLEMS

Liss et al. [118] used TEM and CLSM in parallel to describe the nano- and microscale
architecture of engineered flocs sampled from an activated sludge effluent system (Thunder
Bay, Ontario, Canada). At a practical resolution of 0.001 pwm, they described bacteria and
other colloid-sized particles embedded in a complex matrix of extracellular polymeric
substances (EPS). This matrix was rich in EPS fibrils (4—6 nm diameter) which (i) acted
as bridges between the diverse colloidal particles within a floc and (ii) formed the tenuous
boundaries of an extensive intra-floc pore structure. Liss et al. [290] then used optical
microscopy, TEM, STEM-X-EDS and ESEM to demonstrate correlatively that EPS at
the bulk water—floc interface can aggregate so as to form a ‘skin’ which decreased the
surface roughness of the floc. The induced formation of this ‘nanoscale skin’, which is
highly relevant to economically important floc settling problems in water treatment tanks,
was achieved by a laboratory manipulation that is potentially capable of being scaled up
to an industrial treatment system. Liao et al. [7] employed a variety of physicochemical
techniques including TEM, to analyse interparticle interactions affecting the stability of
sludge flocs sampled from laboratory scale sequencing batch reactors. Focusing on the
three-dimensional arrangement and packing of fibrils, they proposed a conceptual model
of floc architecture which relates EPS nanoparticles to floc stability in engineered water
treatment systems. Since this model was proposed, an interdisciplinary AEM study of
contaminated wastewater flocs has demonstrated that various nanoscale flocs immobilise
heavy metals differentially [23]. This finding has implications for heavy metal recovery
from activated sludge and reuse of the metals.

6.5 CORRELATIVE USE OF TEM WITH AFM AND STXM

Correlative TEM and AFM analyses of aquatic organic nanoparticles (especially aggre-
gated polysaccharides and humic substances) are being conducted to ascertain better the
activities and behaviour of organic macromolecules in natural waters. On examining
water samples from different marine environments, estuarine and surface and deep waters,
Santschi et al. [51] found that an important fraction of the colloidal organic matter dis-
persed in the water consisted of fibrils rich in polysaccharides. Although both techniques
were subject to potential artefacts (which could be minimised), the two used in tandem
were found to be complementary, especially when used in a multi-method context with
standard techniques. Wilkinson et al. [266] have developed multi-method approaches to
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the characterisation of the supramolecular microscopic structure of humic substances and
polysaccharides, whose roles in aquatic biogeochemistry and ecology are largely depen-
dent on their supramolecular structure, and which cannot be determined by bulk chemical
methods alone.

Verdugo et al. [291] endorsed the correlative use of AFM and TEM to analyse ‘oceanic
gel phase’, polymer gel particles, which are abundant and important in biogeochemical
cycling, sedimentation processes, the microbial loop (cycling of elements by microbes),
marine carbohydrate chemistry and particle dynamics in the oceans. These gel particles
are mainly three-dimensional colloidal networks of biopolymers suspended in sea water,
and they range in size from the nanoscale (single macromolecules entwined), to the
microscale (networks of colloids), and on to the gross scale (aggregated polymer networks
of near millimetre overall size). Regarding the investigation of colloidal environmental
particles in general (both aquatic and atmospheric), Mavrocordatos et al. [292] discussed
the advantages of combining AFM and TEM observations, in a correlative multi-method
approach, with data from STEM-X-EDS, TEM-EELS, SEM, FIB and TEM-SAED
(selected-area electron diffraction). They provided general guidelines for the effective use
of microscopy and presented examples of diverse analyses (including analyses of biofilms,
combustion particles, biofouled membranes, biogenic minerals and particle/contaminant
associations).

Correlative TEM, STXM and CLSM analyses of colloidal extracellular organic poly-
meric substances comprising the mucilaginous matrix of a microbial biofilm were des-
cribed by Lawrence et al. [27]. Their goals were to achieve a better understanding of the
three-dimensional configurations of the major classes of organic macromolecules within
the colloidal matrix structure serving as a habitat for the microbial communities of the
biofilms. CLSM and fluorescent probes were used initially on a fresh sample to ascer-
tain the gross architecture of the biofilm matrix and to map out the overall distribution
of several abundant extracellular polysaccharides as related to the density and nature of
microbe associations. The same fresh sample was subjected to a synchrotron analysis
for confirmation of the gross architecture by STXM at a higher spatial resolution; the
known abundant macromolecules were used as probes. The different major classes of
macromolecules (polysaccharides, proteins, lipids and nucleic acids) were localised and
distinguished from each other in a given image, on the basis of their interactions with soft
X-rays. Details of the important features were then examined by TEM at much higher
resolution, with identification of key nanoscale features.

Chan et al. [20] examined the growth of (sub-micrometre) iron oxyhydroxide filaments
by combining data from TEM and STXM to yield novel observations of a biological
process relevant to biomineralisation. SEM was used for orientation to show fibrils and
mineralised filaments protruding from a microbial cell, high-resolution TEM was used to
examine nanoscale morphological details within the growing mineralised filaments, and
both STXM and X-PEEM (X-ray photoemission electron microscopy) were used to obtain
chemical data. Chan er al. [20] infer that cells synthesised and then extruded polysaccha-
ride macromolecules in the form of nanoscale-size fibrillar packets (insofar as the smallest
diameter was concerned), with the polysaccharide fibrils subsequently localising FeOOH
precipitation in proximity to the cell membrane, and thus harnessing a proton gradient for
energy production. An organic template coupled to metabolic activity thus generated an
iron-rich filament having a specific mineralogy and nanoscale morphology.
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Hitchcock et al. [293] reviewed the most recent advances in STXM describing instru-
mentation and acquisition protocols and outlining methods for conversion of image se-
quences to quantitative maps of chemical components. Moreover, they discuss an example
of the correlation of STXM data with CLSM data taken from an identical region of a
biofilm. The work also integrated the use of STXM and TEM to characterise selected
morphological features of the biofilms with nanoscale resolution (1-3 nm), which is not
currently obtainable with STXM [27]. Through the application of adjustable soft X-rays
and appropriate analysis of X-ray absorption spectra in the form of NEXAFS image
sequences, quantitative chemical mapping at a spatial scale below 50 nm is now achiev-
able [293,294]. To supplement the progress being made with STXM in the analysis of
environmental materials, Lerotic and co-workers [295,296] described a method to find
natural groupings of spectromicroscopic data without prior knowledge of the spectra of
all components. Their approach permits visualisation of nanoscale speciation in complex
specimens.

6.6 ACCURATE SELECTION OF TARGET SPECIES AND FINGERPRINTING
OF BIOMINERALISATION

Cyanobacteria are important agents of calcite (CaCOs3) precipitation in natural waters,
but the detailed mechanisms of nucleation of CaCO; and the influence of abiotic and
biotic factors are still debatable. Laboratory experiments employing cultures of specific
cyanobacteria under strictly controlled conditions, performed in combination with AEM
of selected specimens, may allow an insight into the initial stages of CaCO; precipita-
tion. Experiments performed by Dittrich and co-workers [297—-300] have shown that the
picocyanobacterium Synechococcus accelerates the nucleation and growth of CaCOj crys-
tals in waters with low alkalinity (<2 mmol dm~3), high saturation ([Caz*][CO%_]/KSp =
5-7) and a high Ca2+/CO§_ ratio. While SEM reveals that calcite crystals are almost
systematically attached to Synechococcus (Figure 18a) and even embedded in the cells at
later stages of growth (Figure 18b), the FIB preparation of targeted specimens (Figure 18c
and d) for TEM observation (Figure 18¢) and TEM—-EELS fingerprinting (Figure 18f)
have proved to be an efficient way to elucidate the chemical bonds at the cell—crystal
interface. CaCOj crystals are intimately bound to the surface of the Synechococcus cell,
and the cell—crystal interface can be clearly discriminated by EELS owing to the specific
features of the EELS near-edge structure of Co, (cell fraction; C-C and C=C bonds) and
Cinorg (crystal fraction; C=0 bond). In this example, an ingenious combination of high-
resolution AEM techniques (FIB + TEM + EELS) may allow conclusions to be drawn at
the molecular level.

6.7 AGGREGATION AND SEDIMENTATION OF ORGANIC MATTER IN LAKE
WATER

Natural organic matter (NOM) in lakes strongly influences the fate and behaviour of
toxic substances and nutrients. Depending on its nature (e.g. whether it is humic matter
of terrestrial origin or is made up of non-humic compounds, such as polysaccharides of
aquatic origin), NOM will follow different pathways of biophysicochemical transformation
that will influence its aggregation and sedimentation properties, which, in turn, will affect
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Figure 18. Synechococcus picocyanobacteria cells catalyse the growth of calcite crystals onto
their surface (a) and may even become embedded in calcite at a later stage of precipitation (b). (¢)
FIB is used to mill a selected portion of a cell specimen being prepared by filtration on to Nuclepore
membranes. The SEM micrograph (d) of the FIB-prepared section reveals the presence of a calcite
crystal (circle; the layer above the cell-crystal interface is a protective platinum coating). The
equivalent TEM micrograph (e) highlights the interface between the cell surface and the calcite
crystal. (f) EELS of the cell and the crystal shown in (d) and (e), revealing the different patterns
of the carbon K-edge for the cell (organic carbon) and the crystal (inorganic carbon)

the distribution of the toxic substances and nutrients it transports. In a survey of the water
column of Lake Geneva (Switzerland), Mavrocordatos and Wilkinson [301] distinguished
colloidal organic substances from inorganic colloids by their poorly developed electron
diffraction patterns, sizes, low electron density and ill-defined shapes when viewed by
TEM. The micrographs of organic colloids were digitised, thresholded and binarised with
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care to minimise image analysis artefacts. Two mathematical models were applied to
calculate the fractal dimension, Df, of the resulting objects: the Minkowski model based
on the contour of the object (Figure 19a), and the Witten—Sanders model based on the
center of mass of the object (Figure 19b).

The absolute values of Df were different for the two mathematical operations
(Minkowski, Df = 1.22—1.1; Witten—Sanders, Df = 1.9-1.75), and no clear conclusion
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Figure 19. (a) The two images at top left show the binarised TEM image of an organic colloid in
the water column of a deep lake and the corresponding Euclidean distance map used to calculate the
fractal dimension (Df) of the colloid by the Minkowski approach, which gives an estimate of the
compactness of the object. (b) The four images at top right schematise the Witten—Sanders approach,
which consists in drawing concentric circles centered on the binarised colloid, to determine the
number of intersections between the circles and the object. Df is derived from the relationship
between the number of intersections and distance. The two profiles at the bottom show the evolution
of Df with depth in the lake. Typical examples of binarised organic colloids found at different depths
are given between the two plots
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could be drawn regarding the conditions that typically promote aggregation of NOM
in the water column, or whether the phenomenon is diffusion-limited or reaction-
limited, owing to the heterogeneous nature of the polysaccharide—humic matter complexes
that constituted the colloids. The two models demonstrated a gradual decrease in the
fractal dimension of the objects with depth, followed by a weak increase in Df at the
water—sediment interface, reflecting both compaction of refractory NOM as it settles and
heterogeneity of colloidal NOM at the sediment—water interface.

6.8 COPPER SCAVENGING FROM ROOF RUNOFF

Among heavy metal contaminants in the environment, copper is ubiquitous owing to its
wide use in human activities. Cu in runoff may originate in large part from corroding
copper surfaces on roofs. For example, up to 50% of the Swiss copper load in sewer
systems can be related to roof runoff. These potentially dangerous fluxes (Figure 20) can
be limited by selective on-site filter/adsorbent systems, consisting of impacted iron oxides
(5—-500 nm), through which roof runoff is passed. Mavrocordatos et al. [302] tested the
scavenging efficiency of the iron oxide filter by means of quantitative ultracentrifugation,
SEM-FIB sectioning and TEM-EELS identification of the adsorbing material. They
observed that up to 95-99% of the copper present in roof runoff was retained by the iron
oxide adsorbent. As shown in Figure 20, high-resolution EF-TEM maps of the granular
iron oxides revealed that Cu was evenly distributed within the impacted filter/adsorbent
particles as a result of their high permeability and surface area (water diffuses through
nanochannels in the porous iron oxide). In addition, iron oxides are effective scavengers
of heavy metals such as Cu’*, because they have many sites where metal ions can be
strongly bound by surface complexation.

Moreover, iron oxides were shown to be surrounded by a relatively thick layer of Cu
(up to 20 nm), which may be attributed to a carbonate form, Cu,(OH),COs, in agreement
with the physicochemical conditions of the ambient medium (pH = 7.5) and the EELS
correlations between copper and carbon at the nanometre scale. For the sake of fine
adjustment of the chemical behaviour of the filter/adsorbent material with respect to
copper, Mavrocordatos et al. [303] synthesised hydrous ferric oxides and reacted them
with solutions containing Cu®* at various concentrations; using a combination of optimal
specimen preparation (ultracentrifugation on to holey carbon film) and high-resolution
parallel EELS (PEELS; see Figure 20), they were able to demonstrate that EELS yields
quantitative information even for trace metals.

7 CONCLUSION

The above selection of applications of analytical electron microscopy in water science
exemplifies the progress achieved during the past decade in the development of highly
efficient morphological and chemical techniques for characterisation of living and non-
living microscopic entities in the natural environment on the micro- and nanometre scales.

Having progressed beyond its infancy, correlative AEM has become part of an inte-
grated characterisation process applicable to raw or treated waters, from initial sampling to
final quantitative results. At every step of the complete process, biases have been identified
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Figure 20. (a) Roof runoffs typically transport aggregates containing carbon, iron oxides and
traces of copper; EFTEM element maps show that Cu is unevenly distributed in the aggregate and
forms individual nanogranules. (b) The impacted iron oxide filter/adsorbent retains most of the
copper in the runoffs. EFTEM element maps of this FIB section show that Cu is evenly distributed
within the filter/absorbent. (¢) Laboratory experiments on synthetic hydrous ferric oxides (HFO)
reacted with copper and mimic the filter/adsorbent. (d) The high-resolution EELS spectrum of
Cu-HFO indicates the presence of copper, even at relatively high electron energy-losses. (e) The
inset shows that the intensity of the Cu L, 3 edge (second derivative for correct analysis) is directly
linked to the concentration of Cu reacted with synthetic HFO
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and overcome, while quantitative and representative specimen preparation schemes have
been developed. The most suitable techniques of microscopy have been pinpointed and
optimised in accordance with the specific requirements of the samples and finally, thanks
to the power of image analysis software, representative and quantitative morphological
and compositional parameters can be measured.

These days, microscopic techniques are no longer used merely to produce representative
qualitative images of particulate matter in natural waters. They are also used very prof-
itably to complement conventional bulk measurements and analyses, producing a wealth
of information about variations in physical and chemical properties of sample materials on
a microscopic scale, information that is far beyond the reach of the conventional methods.

LIST OF ABBREVIATIONS

AEM Analytical electron microscopy

AFM Atomic force microscopy

CLSM Confocal laser scanning microscopy

Df Fractal dimension

DLCA Diffusion-limited colloid aggregation

ECD Equivalent circle diameter

X-EDS Energy-dispersive X-ray spectroscopy

EELS Electron energy-loss spectrometry

EF-TEM Energy-filtered transmission electron microscopy
ELNES Energy-loss near-edge structure

EM Electron microscopy

EPS Extracellular polymeric substances (exocellular polysaccharides)
ESEM Environmental scanning electron microscopy
ESI Electron spectroscopic imaging

FEG Field emission gun

FIB Focused ion beam

ICP-AES Inductively coupled plasma atomic emission spectrometry
ICP-MS Inductively coupled plasma mass spectrometry
NOM Natural organic matter

PAH Polycyclic aromatic hydrocarbon

PCB Polychlorinated biphenyl

PEELS Parallel electron energy-loss spectrometry
PIXE Proton-induced X-ray emission

PSD Particle size distribution

RG Radius of gyration

RLCA Reaction-limited colloid aggregation

ROI Region of interest

SAED Selected-area electron diffraction

SEM Scanning electron microscopy

SF Shape factor

SMPS Scanning mobility particle sizer

STEM Scanning-transmission electron microscopy
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STM Scanning tunnelling microscopy
STXM Scanning-transmission X-ray microscopy
TEM Transmission electron microscopy
XANES X-ray absorption near-edge structure
X-EDS X-ray energy-dispersive spectroscopy
XRF X-ray fluorescence
XRD X-ray diffraction
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