Chapter 18
Aquatic Colloids: Provenance, Characterization
and Significance to Environmental Monitoring

Jae-Il Kim

Abstract Aquatic colloids are ubiquitous in all kinds of natural water and in
general found to be small in size (<100nm) and low in number density (<10" particles
per liter). Colloids of such properties may play a significant role for the aquifer
migration of environmentally hazardous contaminants: radioactive elements as
well as other trace chemical composites. Insightful knowledge on aquatic colloids
is therefore perceived as indispensable for monitoring the environmental behavior
of hazardous trace constituents.

This chapter describes the chemical process of generating aquatic colloids, e.g.
their kernels like hydroxy aluminosilicate (HAS) colloids, as well as the incorporation
of radionuclides into such colloid formation. Likely processes are characterized in
particular by a combination of different nanoscopic approaches. The colloid
formation is monitored radiochemically in conjunction with the highly sensitive
spectroscopic speciation, e.g. time-resolved laser fluorescence spectroscopy
(TRLFS), which facilitates the chemical characterization of trace actinides in
particular. Colloids thus generated are quantified for their average size and number
density by laser-induced breakdown detection (LIBD) upon optical plasma
monitoring. Exemplary illustrations are summarized for the formation of colloid-borne
trivalent actinides (Am, Cm), which become incorporated into HAS-colloids.
Discussion is extended to the migration behavior of radionuclides as colloid-borne
species in natural aquifer systems, for which a field experiment is chosen as a case
in point.
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18.1 Introduction

Aquatic colloids are ubiquitous in all kinds of natural water (Yariv 1979; Bolt et al.
1991; Kim 1986, 1991, 1994). Their concentrations and size range vary widely
depending on the geochemical surrounding of each given aquifer. Normally the
particle size ranges from 1 nm up to 400 nm in average diameter but the particles of
predominant number density are found as less than 100nm (Kim et al. 2002).
Number density (particles per liter water) varies from 10'! upwards over 10** (Kim
et al. 2002). Chemical composition of aquatic colloids is wide-ranging as maintained
by their provenance (Yarif 1979; Bolt et al. 1991; Kim 1993). In general, they can
be categorized into two different composites: inorganic colloids composed by heter-
ogeneous polynucleation via oxo-bridging of different metal ions and organo—inor-
ganic colloids produced by aggregation of inorganic colloids via complexation with
organic molecules, e.g. humic acid (Bolt et al. 1991; Kim 1991; Malcolm and Bryan
1998). By nature they are hydrophilic, as exposed with the negatively charged sur-
face, and thus play a carrier role for contaminant trace metal ions, e.g. radioactive
elements like actinides, in aquifer systems (Artinger et al. 2002a,b; Hauser et al.
2002; Geckeis et al. 2004). Organic contaminants of polarized nature can also be
carried on migration by inorganic colloids (Bolt et al. 1991).

Colloid-facilitated migration, especially, of trace actinide ions is of cardinal
importance for the environmental monitoring in particular with respect to the
radioecological safety aspect (Kim and Grambow 1999). It is to note that the radio-
chemical toxicity is attributed to radioelement concentrations that are much lower
than concentration limitations of given elements for the chemical toxicity. For this
reason, the long-term safety assessment of nuclear waste disposal entails the well-
founded knowledge on aquatic colloids, on their interaction with trace radionu-
clides, above all long-lived actinides, and eventually on their migration behavior
(Kim and Grambow 1999; Kim 2000).

This chapter is a brief summary review of recent investigations dealing with the
provenance of aquatic colloids, the characterization as regards their interaction with
trace actinide ions and the migration behavior of colloid-borne actinides. For this
purpose, notable examples are selected to demonstrate how to characterize aquatic
colloids with modern instrumentation, how to speciate the actinide interaction with
colloids and how to appraise the colloid-facilitated migration of actinides in a given
aquifer system. The subject matter under discussion may certainly be applicable to
the environmental monitoring of other contaminants as well.

18.2 Agquatic Colloids in Nature

As natural water is always in contact with various mineral surfaces in a given
geological formation, weathering products of surfaces are dispersed, dissolved and
coagulated into new chemical composites, either hydrophobic states to precipitate
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Fig. 18.1 Size ranges of various aquatic particles and pore openings

or hydrophilic states as colloids (Yarif 1979; Bolt et al. 1991). A colloidal fraction
generated in such a process is often mixed with suspended particles of relatively
large size (up to a few um), which are prone to sedimentation with time; as a result,
a stable fraction of colloids appears to be small in number density (10'"'-10"* parti-
cles per liter, or over) as well as in average size (<100nm) (Kim 1993; Kim et al.
2002). The particle size range of aquatic colloids can be compared with other
aquatic particulates as shown in Fig. 18.1 (Stumm and Morgan 1981; Kim 1993).
The size range of aquatic colloids is comparable with that of virus but evidently
smaller than that of bacteria and microalgae. Sampling of subsurface water or
groundwater induces often oxidation (e.g. Fe**) and decomposition of carbonate,
thus leading to hydroxide of metal ions, as a result, produces suspended particles
of larger size (Kim 1991). This kind of artifacts confuses in fact the particle
size range of actual aquatic colloids. Therefore, the colloid size range is marked in
Fig. 18.1 in two regions: actual range of <100nm and uncertain range up to a few
pwm. Pore openings of various filter types (Stumm and Morgan 1981) are also given
in this figure for the purpose of comparison. Modern membrane filters of different
pore openings facilitate the size characterization of aquatic colloids, once careful
precaution is attended to experimental handling.

An example of characterizing aquatic colloids in deep groundwater interwoven in
various aquifer areas in Gorleben, northern Germany, is shown in Fig. 18.2 (Kim
1993). Colloids in this groundwater are composed of organo—inorganic composites,
which contain a vast array of trace metal ions. The average size of predominant
number density (10''-10" particles per liter) ranges <100nm with a minor fraction
up to 450nm (Kim 1993). Colloid-borne concentrations of selected trivalent and
tetravalent elements (homologues of actinides) are found to be a proportional func-
tion of the DOC (dissolved organic carbon) concentration, made mostly of fulvic and
humic acids. All these elements are incorporated quantitatively into colloids. Age
determination by '“C-dating of humic components indicates these aquatic colloids
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Fig. 18.2 Concentrations of water-borne trivalent and tetravalent trace elements associated with
aquatic colloids as a function of the DOC (dissolved organic carbon, mostly humic and fulvic
acids) in deep groundwater at Gorleben, Germany
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Fig. 18.3 A three phase system: ionic, colloid and solid, overruling the distribution of trace metal
ions in aquifer systems

older than 20,000 years (Buckau et al. 2000). The fact suggests that aquatic colloids
can remain stable for a long period.

Knowing that mineral-water interface systems add always in aquatic colloids (Bolt
et al. 1991; Kim 1991), the environmental monitoring entails the appraisal of con-
taminant distributions into three different phases: ionic, colloid and solid (minerals)
phases. Illustrations given in Fig. 18.3 demonstrate typical three phase interactions of
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given metal ions that can be anticipated in aquifer systems (Kim and Grambow
1999). Specific reactions can be quantified separately between the two phases;
ionic—colloid, ionic—solid and colloid—solid by assessing solubility products (Ksp),
complexation constants () and partition ratios (Rs) for individual elements con-
cerned. Such quantifications are, however, difficult, if not unfeasible, since neces-
sary parameters to be taken into account are not always accessible straightforwardly
(Kim 2000). Main difficulty arises in the characterization and quantification of
aquatic colloids involved in a given system, namely particle size, number density
and chemical composition. As aquatic colloids are relatively small in size and low
in number density, conventional methods, like ultrafiltration, ultracentrifugation,
light-scattering measurement etc., often fail in their proper quantification. As a
response to such difficulty, a noble method has been introduced recently (Scherbaum
et al. 1996; Bundschuh et al. 2001b), which is capable of quantifying aquatic col-
loids for their average size and number density in parallel. Discussion on this
approach is briefly made here without commenting on other conventional methods,
since they are handled multiply in the open literature (Ross and Morrison 1988).

18.3 Quantification of Aquatic Colloids by Laser-Induced
Breakdown Detection

Principle of laser-induced breakdown detection (LIBD) can be appreciated by illus-
trations depicted in Fig. 18.4 (Kim and Walther 2006). Modulated laser light of
high-energy intensity (irradiance) sorbed into a colloid particle incites ionization of
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Fig. 18.4 An illustration of the laser-induced breakdown process for the determination of aquatic
colloids
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elements embraced therein. Energetic free electrons thus generated relax via giving
off Bremsstrahlung that in turn creates further ionization and hence ion avalanche
via so-called inverse Bremsstrahlung (Scherbaum et al. 1996; Walther et al. 2002;
Kim and Walther 2006). Ignition of plasma takes place above the threshold irradi-
ance for the physical state of a given prove, which follows: gas > liquid > sold. This
principle makes selective detection of colloids in water possible. Consequently, the
colloid particle undergoes “breakdown”, leading to a nanoscopic plasma bundle.
Whereas acoustic waves generated at the event of breakdown can be monitored by
acoustic detection for determining number density (Scherbaum et al. 1996), the
indiscrete relaxation of plasma can be monitored optically for a two-dimensional
localization of plasma within the laser focus volume to ascertain an average size of
colloids (Bundschuh et al. 2001b). Calibration of the latter process as a function of
the laser beam irradiance enables monitoring both the average particle size and
number density.

The particle detection sensitivity of LIBD, as calibrated by well-defined poly-
styrene reference particles, is compared with that of light scattering methods in
Fig. 18.5: static and dynamic (PCS: photon correlation spectrometry) modes
(Bundschuh et al. 2001b). As is apparent from this figure, the light scattering
method is basically not sensitive enough for detecting colloids of small in size and
low in number density, which is generally the case for aquatic colloids. On the other
hand, LIBD is capable of detecting small colloids of very dilute concentrations, for
which it is superior to light scattering by a factor of 10*~107 in the predominant size
range of actual aquatic colloids (indicated by gray shade).

Potential of LIBD is visualized, as shown in Fig. 18.6 (Bundschuh et al. 2001a),
by monitoring colloids present in a variety of potable waters together with those in
laboratory water from a Milli-Q apparatus. Non-processed tap water of the author’s
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Fig. 18.5 Detection sensitivities of laser-induced breakdown detection (LIBD) in comparison
with those of conventional light scattering methods
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Fig. 18.6 Aquatic colloids present in various potable water

laboratory shows the highest colloid concentration compared to other bottled
waters, reaching 10ug/L (10ppb). With a dominant particle size of <50nm, the
number density approaches to 10! particle per liter. Non sparkling waters in plastic
bottles contain less colloids than sparkling waters in glass bottles. Surface of glass
bottles may be leached out with time, as a result, nanoscopic particles dispersed as
colloids. The number density of colloids in potable water ranges in general from
10" to 10" particle per liter (Kim and Walther 2006). Fig. 18.6 corroborates simply
the omnipresence of aquatic colloids. Provenance of such aquatic colloids is of
keen interest to comprehend, above all, for appraising how the environmental
monitoring can be advanced for trace actinides, of which the migration is eventu-
ally facilitated by aquatic colloids.

18.4 Provenance of Aquatic Colloids

Sound perception of how aquatic colloids are generated entails fundamental knowl-
edge on prime kernels of their composition (Iler 1997; Kim et al. 2002). Following
this trait, the major components of abundant aquifer minerals are sought out for the
preliminary investigation. Aluminum and silicon oxides are dominant components
in lithosphere (Pettijohn 1948; Mason 1952) and therefore, aluminosilicate com-
posites become dominating aquifer minerals, much of which is clayey composition
(Stumm and Morgan 1981; Bolt et al. 1991). Besides amorphous silicon oxide,
most aluminosilicate minerals are sparingly soluble in the neutral pH range of
water; the low solubility shores up on the other hand-dissolved species becoming
colloidal. Some aluminosilicate minerals, together with amorphous silicon and alu-
minum oxides, are selected for illustrating their solubilities (Lindsay 1979; Stumm
and Morgan 1981) as a function of pH in Fig. 18.7 (Kim et al. 2002). Relatively
good soluble sillimanite and poorly soluble kaolinite and low albite are chosen for
illustration. The near neutral pH range (indicated by gray shade), where solubilities
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Fig. 18.7 Solubilities of amorphous silica and aluminum hydroxide, together with aluminosili-
cate composites: sillimanite (AlLSiO,), kaolinite (Al,Si,0,(OH),) and low albite (NaAlSi,O,)

are low, appears to be the favorable condition for generating colloids in a composition
of hydroxy aluminosilicates (HAS). They are kernels of aquatic colloids primarily.
How such colloids incorporate trace actinides is an essential insight into the
provenance of colloid-borne actinides in a given nuclear waste repository. Knowing
that natural aquatic conditions are complex, owing to multiple interactions of a wide
range of waterborne trace components: metal ions, either inorganic or organic
anions, hydrophilic molecules etc. (Lindsay 1979; Stumm and Morgan 1981), this
chapter concentrates only on a key feature for the formation of aquatic HAS-colloids
as well as of colloid-borne actinides.

18.5 Generation of Aquatic Colloid-Borne Actinides

Hydroxy aluminosilicate (HAS) colloids are generated by mixing of acidic Al with
alkaline Si to predisposed neutral pH in the presence of trivalent actinides, Am or
Cm, in a trace concentration of 5 x 10® M (Kim et al. 2002). Am and Cm (chemical
homologues) are alternately used for the reason that the former is on hand for a
large-scale experiment, while the latter available only in a trace concentration is
favored for the spectroscopic speciation (Panak et al. 2003). The Al concentration
is varied from 1073 M to 10~” M (from over to under saturation, cf. Fig. 18.7), while
keeping the Si concentration constant at 10 M (over saturation) and at 107 M
(under saturation) for delivering polysilicic acid in the former and monosilicic acid
in the latter (Kim 2005). Radiochemical measurements, after phase separation by a
sequential ultrafiltration at two different pore openings: at 450 nm followed at 1 nm,
make the evaluation of colloid fraction available, according to an empirical conven-
tion: ionic species < I nm < colloids < 450nm < precipitate (Kim et al. 2002). In
parallel, colloids are monitored directly by LIBD and visually by AFM (atomic
force microscopy) (Kim et al. 2002). Both approaches give a comparable result:
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an average size range of 10-50nm for predominant particles. The number density
determined by LIBD ranges 10''-10"* particle per liter depending on the experi-
mental condition applied, pH and initial concentrations of Al and Si.

Speciation of colloid-borne trivalent actinides is performed by time-resolved
laser fluorescence spectroscopy (TRLES) (Klenze et al. 1991), which provides the
possibility of appraising excitation and relaxation spectroscopy as well as measur-
ing the fluorescence lifetime of a probe elements concerned. Application of the
three optical characteristics in parallel leads to chemical speciation with high sen-
sitivity. To attain the high spectroscopic sensitivity, Cm(III) is chosen for the pur-
pose of demonstrating the trivalent actinide behavior (Panak et al. 2003). Formation
of colloid-borne Cm is surveyed as a function of pH along with the generation of
HAS-colloids in a mixed solution containing 10> M Si (polysilicic acid prevails),
10 M Al and 5 x 10* M Cm. Three colloid-borne Cm species are identified (Kim
et al. 2005), as illustrated in Fig. 18.8, which are named: Cm-HAS(I), Cm-HAS(II)
and Cm-HAS(III). Increasing pH converts Cm-HAS(I) to CmHAS(II) and further
to Cm-HAS(III) progressively. At pH 6 and beyond, Cm-HAS(III) becomes gradu-
ally prevailing, which remains stable in a period of over 60 days of observation.
The similar experiment with 10 M Si (monosilicic acid prevails) results in the
formation of Cm-HAS(I) and Cm-HAS(II) species only under the same experimen-
tal conditions (Panak et al. 2003).
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Fig. 18.8 Spectroscopic speciation of different HAS-colloid-borne Cm(III) species as a func-
tion of pH by time-resolved laser fluorescence spectroscopy (TRLES). HAS denotes hydroxy
aluminosilicate
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A broad screening experiment is carried out radiochemically by adding 5 x 10°®* M
Am in order to ascertain favorable conditions for the formation of colloid-borne
actinides(III). The results are summarized in Fig. 18.9 as contour diagrams for the
fractions of colloid-borne Am (Kim et al. 2005). Since Am and Cm are chemically
homologues in solution, Figs. 18.8 and 18.9 can be correlated with each other.
Correlation of the two figures, together with the speciation results of Cm-HAS
formation at 10 M Si (Kim et al. 2002: not shown here), makes distinction of
favorable experimental conditions for generating each of HAS-colloid-borne Am
(or Cm). Colloidal species of Cm-HAS(I) is formed only at low pH, Cm-HAS(II)
in 10~ M Si at high pH or in 102 M Si around pH 6 and Cm-HAS(II) only in 1072
M Si at pH >7.

The fluorescence relaxation time of each colloid-borne Cm species is found to
be different from one another, following the order of Cm-HAS(I) < Cm-HAS(I)
< Cm-HAS(II) (Kim et al. 2005). Resolving the relaxation time, the hydration
number of water molecules bound to each Cm in HAS-colloids is found: 7H,0
to Cm-HAS(I), 6 H,0 to Cm-HAS(II) and 0/1 H,0O to Cm-HAS(III) in relation to
the reference value of 8/9 H,O coordinated to the aqueous Cm’* ion (Kim et al.
2005). According to these results, the chemical structure of each HAS-colloid-
borne Cm species can be postulated as shown in Fig. 18.10. Based on the results
discussed hitherto, it is possible to draw a conclusion that, in the formation proc-
ess of HAS-colloids, trace trivalent actinides are incorporated by surface sorption
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Fig. 18.10 Chemical states postulated based on the fluorescence lifetime of each HAS-colloid-
borne Cm species: a conversion of the species takes place with increasing pH, the concentration
of Si (Al) and temperature from left to right
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Fig. 18.11 A particle size distribution of HAS-colloids determined by AFM; average size and
number density ranges ascertained by LIBD for natural aquatic colloids and HAS-colloids

as well as by coalescing into the colloidal structure, substituting Cm (or Am) at
the Al site. The latter process generates a stable HAS-colloid-borne Cm (or Am),
i.e. Cm-HAS(II) colloids. Characterization of such stable colloids made by
LIBD and AFM leads to the results given in Fig. 18.11 (Kim et al. 2002). The
average size and number density of HAS-colloids vary obviously with experimental
conditions, e.g. pH, the concentration of each component involved.

Summarizing the so far discussed results and according the atomic ratio found
as approximately 1 for Al/Si (Kim et al. 2002) in the HAS composition, the forma-
tion of HAS-colloids can be described as follows:

nAl(OH)Her +8i (OH), ,«<AlSiO, , (OH) ™+ (7+ny—x)H* +
(2n-ny-1)H,O
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In this reaction an isomorphic substitution of trivalent trace actinides to Al may take
place as depicted in Fig. 18.10 (right side). The reaction is pH reversible and hence
a conversion of HAS-colloid-borne Cm species takes place as shown in Fig. 18.8.

18.6 Migration Behavior of Colloid-Borne Actinides

Aquatic colloids generate evidently colloid-borne actinides as exemplified by the
aforementioned example, which are called pseudocolloids of actinides (Kim 1991).
Further, the migration behavior of colloid-borne actinides is of cardinal importance
for the environmental monitoring, in other words, for the safety assessment of
nuclear (or other) waste disposal (Kim and Grambow 1999; Kim 2000). In natural
aquifer systems, pore-openings are in general large enough for unconstrained
waterway of aquatic colloids as can be appreciated from Fig. 18.12. The migration
behavior of actinides (as well as other contaminants) in a given aquifer system can
be assessed by monitoring the retardation coefficient (R,) of given ions, molecules
or colloids. R; represents a ratio of the migration velocity of a waterborne compo-
nent vs. the water flow velocity (Kim and Grambow 1999). The migration process
is depicted in Fig. 18.12 for waterborne components (e.g. ionic radionuclides [RN])
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Fig. 18.12 An illustration of the migration behavior of radionuclides in ionic species interacting
with mineral surfaces and in colloidal form devoid of interaction
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undergoing surface interactions as well as for colloid-borne RN, which appears to
be least interacting. Surface interactions result in the R, value larger than one
always, whereas the migration of colloids, devoid of interaction, is enhanced by
advection to a certain extent and hence R, becomes slightly less than one (Artinger
et al. 2002a,b). Consequently, aquatic colloids facilitate the migration of actinides
only. On the other hand, non-colloidal actinide ions are prone to sorption onto
aquifer mineral surfaces, thus immobilized easily, as noticed by significantly large
R, values (Mckinley and Scholtis 1993; Vandergraaf et al. 1993).

The colloid-facilitated migration of actinides is observed in a field experiment.
The field-laboratory in Grimsel, Switzerland, which has been built up for the inves-
tigation of the nuclear waste disposal safety, is chosen for the migration experiment
of colloid-borne actinides (Hauser 2002, Geckeis 2004). Bentonite colloids (aver-
age diameter <200 nm; smectite type) dispersed in in situ granite water are spiked
by trace concentrations of trivalent and tetravalent actinide homologue ions:
Th(IV), Hf(IV) and Tb(III) (Hauser 2002). To a water passage of 5m granite frac-
ture distance, aquatic colloids are injected by air pressure at one end and extracted
at another end. The experiment is visualized in Fig. 18.13. The colloid migration is
monitored in-situ by LIBD for their concentration and average size in input and
output waters. Colloid-borne elements are analyzed afterward by ICP-MS in labo-
ratory. Migration profiles summarized in Fig. 18.13 (inset) indicate that the
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Fig. 18.13 A field experiment of the colloid-borne actinide (homologues) migration in the
Grimsel, Switzerland underground laboratory (tunnel) for a 5m distance of the granite fracture.
Trace metal ions are accompanied by bentonite colloids of <200 nm
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migration of trivalent and tetravalent elements is facilitated by aquatic colloids.
Recovery of tetravalent Th and Hf amounts to about 75% and of trivalent Tb to
about 35% (Hauser et al. 2002). Improvement of spiking metal ions onto colloids
in the subsequent experiment results in a near quantitative recovery of all trace ele-
ments introduced (Geckeis et al. 2004). Both laboratory and field experiments
(Artinger et al. 2002a,b; Hauser et al. 2002; Geckeis et al. 2004) substantiate that
the actinide migration is facilitated by aquatic colloids, which thus play as a carrier
role.

18.7 Final Remarks

The colloid-facilitated migration of actinides has been investigated by laboratory
experiments as well as by field experiments. All these endeavors have corroborated
that actinides become migrational only in accompany with aquatic colloids.
Therefore, fundamental knowledge on aquatic colloids and their provenance is an
essential prerequisite for the radioecological monitoring and also for the environ-
mental monitoring of other contaminants. This is particularly true for the long-term
safety assessment of nuclear waste disposal. However, not much is known for the
provenance of colloid-borne actinides, i.e. geochemical processes of such colloid
formation, because of experimental difficulties involved in the appraisal of nano-
scopic reactions. Limitation of space allocated for this chapter renders summarizing
only some notable examples from the recent investigations in this subject field.
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