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ABSTRACT

Intermediate and low level radioactive waste isnp&d to be disposed of in deep
underground repositories where the waste packadebensurrounded by layers of
engineered and geological barriers. In the eventeakage and mobilisation of
radionuclides from the canisters, radionuclides fnayransported by groundwaters
into the Geosphere, where radionuclide mobility rhayretarded by sorption to the
geological host rock. However, colloidal particlegyich provide large surface area
per mass, may potentially enhance the transpaedidnuclides.

The mobility of radionuclides through the Geosph#gpends greatly on the sorption
and desorption of radionuclides with the host roelawever, the presence of
colloidal particles may influence the transportradlionuclides. Given a stable and
mobile colloidal suspension which sorbs radionwedidnto its surface in a reversible
manner, the radionuclide may be transported aloitly thie colloidal suspension.

The work presented in this thesis aims to contebtot understanding the role of
inorganic colloids in contaminant transport throdlgd Geosphere.

Colloids are small and metastable particles whih lge transported long distances
with groundwater. This mobility is determined maibly the stability of colloids, as
unstable colloids tend to coagulate, thus redusiggificantly colloidal transport.

Stable colloids present in groundwater may sorloraglides onto them. Given an
irreversible interaction, where a strong sorptienfollowed by a weak or no
desorption, radionuclides may be transported dinéilcolloids flocculate, becoming
immobilised. On the contrary, a reversible intamact where a weak sorption is
followed by desorption, may lead to a scenario whéhne radionuclide is

immobilised by sorption to the host rock.

Given the importance of the reversibility of theen of radionuclides to inorganic
colloids on the fate of contaminant transport tigtothe Geosphere, the interactions
of three metals (CsNi** and Ed") with boehmite and montmorillonite colloids has

been investigated by means of sorption and desorpttch experiments.
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Data on the sorption of metals onto colloids (amdidssurfaces) is generally
expressed in terms of distribution ratiog. R’he results showed that the, Rind
hence, the sorption, generally increased with timécicharge of the metal. Theg R
value, however, depends on the specific expericheotaditions of the experiment,
making comparison with existing literature difficulMoreover, in the case of
sorption onto colloidal particles, the distributicatio also depends strongly on the
size distribution of the colloids, as the surfacevided by colloids for sorption may

vary with the size of the colloids.

The number of investigations carried out in therdture on contaminant sorption
onto solid surfaces is much greater than thoséechout on colloidal surfaces. As a
result, the data available on distribution ratios rhetal sorption onto solid surfaces
iIs greater than that available onto colloidal stefa Assuming that the main
difference between a solid surface and a collasdalace is the difference in surface
area, one could assume that the distribution rati@smetal on a colloid and a solid
are related by the specific surface area. An attemas made to test a mathematical
model whereby the Rvalues were related by the ionic charge of theaheatd the
specific surface areas of boehmite colloidal antldsparticles. Other surface

properties, like proton exchange capacity, wereetefor the same model.

Desorption experiments help understand the exténthe reversibility of the
sorption. The sorption of metals onto both boehraitd montmorillonite was found
to be reversible, except in the case of ‘Esprption onto montmorillonite, which
desorbed from the colloids in an amount less thd&%m@of that which would be

expected for a reversible system.

Organic colloids, such as humic acids, are presematural groundwaters. Although
their structure is not yet clear, the large numiefunctional groups make humic
acids organic complexing ligands which may influetize interaction of metals with
inorganic colloids or surfaces, and may, therefardluence the mobility of
radionuclides through the Geosphere. In this witrd,influence of humic acid on the
sorption of C§ Ni** and E4" on boehmite colloids was studied, observing a

decrease in the sorption of metals onto the cdloithe interaction of humic acids
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with boehmite colloids was also assessed, as theagative charge of humic acids
tended to neutralise the net positive charge ohbmite colloids and thus led to the

flocculation of the colloids.

Ternary systems, constituted by metals, solid sedaand humic acids has been
generally modelled with the linear additive mod#. applicability on colloids has
not been tested as much as on solid surfaces eberaly, a slight modification has
been needed for success. In this work, the lindditime model was tested on the

experimental results.

The transport of radionuclides associated to inugeolloids has been assessed by
means of column experiments. A radiometric techmigansisting of radiolabelling
inorganic silica colloids with*>*Eu spike was used to detect and quantify the
migration of silica colloids through a sand colunfurthermore, the same method
was used to investigate the migration§€s associated to silica colloids through a
sand column. The mobility of the radionuclide thygbuhe sand column was found to

be enhanced by the silica colloids.

Overall, the investigations carried out in this sisedemonstrate that inorganic
colloids may influence the mobility of radionuclglen the Geosphere by enhancing
their transport and should thus be consideredearmp#rformance assessments of deep

underground repositories.
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ORGANISATION OF THIS REPORT

This report is divided into chapters concerning th#tuence of colloids on the

sorption and transport of radionuclides throughGe®sphere.

Chapter 1 introduces the need to consider collitisn considering risk assessment.
A short introduction to colloids and their stalyilis followed by a description of the
inclusion of colloids in radionuclide transport.dmples given demonstrate the need

to fully understand the interactions of colloidslaadionuclides.

Chapter 2 describes the binary interaction betweetals and colloidal mineral

phases. By modelling the sorption isotherms, digtion ratios are collected.

Desorption experiments provide quantitative measerdgs of the reversible

behaviour of the metals under examination. Futheema modelling approach was
used in an attempt to predict the distributionamidf metals on the colloidal phase
by extrapolating from those distribution ratiosiouon the solid phase.

Ternary systems including humic acids were investid in Chapter 3, where the
influence of humic acids on the sorption of theapjnmetal colloid system was
measured. The linear additive model was appligieexperimental results.

The mobility of colloids through a column was intigated in Chapter 4, as well as
the effect of colloids in the migration of radiotides through the column. The
colloids were radiolabelled witfPEu from early stages of the synthesis process,

allowing the colloids to be detected radiometricalong the column.

Chapter 5 concludes with a summary of the mosvaglefindings of the thesis.
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Chapter 1. INTRODUCTION

Long term disposal of low level and intermediateeleradioactive waste includes
interim storage and then disposal in deep undergtoapositories. Due to the long
half-life of the radioactive waste, the undergrodadilities should be designed to
ensure isolation of the waste packages even aftedreds of thousands of years.
However, because of the long time scales involvadionuclides may eventually be

released to the Geosphere by mobilisation andpmans groundwatet.

Performance assessment of potential nuclear waptssitories requires a thorough
understanding of physico-chemical and engineerspeets of the waste packaging,
the geological disposal facility as well as thelgg@al environment surrounding the
facility. To prevent radionuclides from being reded into the environment, both
engineered and geological barriers are considerad. former is constituted by
backfill or buffer material which can act as a rdtat for radionuclides. The latter
consists of the host rock geology, which providésrg groundwater travel time for

dispersion and retention of radionuclides by sorpto the surrounding solid matrix
2

Retention or retardation may occur mainly by sarmptonto the surface of the host
rock. Nonetheless, the presence of mobile, sorlpamticles may reduce the
effectiveness of retardation of radionuclidesThese small particles released from
the host rock may have the same sorptive capasityha host, but may provide a
large surface which contaminants may sorb to. Tlubility of these colloidal

particles may lead to an enhancement of the trahspthe contaminants.

1.1. Basics of colloid chemistry

1.1.1. Definition and stability of colloids

Colloids are particles which size range 1 to 106 being generally smaller than
the pores in permeable and fractured media. Thadielps, are sufficiently stable to

form another phase to the aqueous phase and seaftfici“small” to undergo
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Brownian motion®. Colloids possess a large surface area to volatieand can
thus act as a sorbent of contaminants.

The stability of a colloidal system depends onrieeenergy balance of two forces:
the Van der Waals attractive forces, and the remyllectrostatic forces which
prevent the particles from collidin§. The DLVO (Deryajin-Landau-Verwey-
Overbeek) theory is a quantitative model for predg the stability of colloidal
systems based on the summatory of both attractierapulsive forces and the
distance between the particfeaVhen particles undergoing Brownian motion collide
with sufficient energy to overcome the long ranggulsive forces, then the attractive
forces will lead to a minimum in the potential ahdis aggregation may occurA
secondary minimum in the energy potential, whicddieto a reversible flocculation
of the particles, may be found in colloidal systefdence, stability of a colloidal
system is attained by generating enough repulsetwden colloidal particles to

prevent the particles from flocculating.

The background electrolyte in solution plays a kele on the stability of the

colloidal system. An increase of the concentratanthe electrolyte leads to a
descrease in the repulsion forces due to screesfiige double layer interaction.
Consequently, the colloidal particles coagufat®©ther parameters which influence
the stability of colloids are hydration forcswhich involve the organisation of
water molecules around the surface by polarisatidoced by the dipole moments
of the ion pairs, or sterical stability, which may be attained lmating the particles

with an absorbed polymeric layer on the surfacéefcolloid’.

Stability of colloidal suspensions is often studm®dmeasurements of zeta potential
89 where the general trend observed is an increfgheostability with the net

surface charg®.

1.1.2. Types of Colloids

Groundwater colloids may be inorganic particles,gamic molecules, or
microorganisms*?*3 Colloids can be formed by weathering of rocksngs and

soils, as well as by dissolution of minerals, legdio the formation of secondary
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minerals’*. Actinide oxides and hydroxides present in ther fiiedd of a repository
may undergo hydrolysis and polymerisation proce$sading to the formation of

actinide colloids®.

1.1.2.1. Biocolloids

Biocolloids are those microorganisms, such as bacter viruses, which are
colloidal in size and naturally exist in the suliace. Bacteria generally possess net
negative charge in natural environments although the cell surface and other
properties depend on environmental conditith#licrobes may alter, by enhancing
the kinetics, processes in groundwater chemistrichwtvould be slow otherwisé
Recent investigations have reported adsorption efals, such as Ni(ll), Cu(ll),
Zn(11) or Cr(VI) on fungus under different pH anentperature condition¥. The
sorption of Co(ll) and Sr(Il) onto moss was maximampH 5 — 6. The sorption
isotherms were modelled satisfactorily by the Langnmodel and spectroscopic
technigues revealed ion exchange was the main mischdor the sorption of metals
. The transport of Cd(ll) through gravel aquiferdiaeby bacteria spore’s was
assessed, leading to the development of a compatkr to model the transport of
Cd(Il). Bioremediation by the chitosan biopolymeashbeen widely studied;

19
l.

Muzzarelli*® and Wan Nhagt al.*® reviewed the findings of the investigations.

1.1.2.2. Organic substances

Humic acids (HA) are the fraction of organic substs which are soluble in
solution at pH above 2°. HA are ubiquitous in groundwater systefsas they
originate from decomposition of plants and animadtter *°. A large number of
functional groups are found in HA molecules, inahgd carboxylic groups and
phenolic groups. Due to the complexity of HA, austure has not yet been found,
although many have been proposed. From the diffespectroscopic studies,
properties like flexibility have been attributed A 2. This property allows the
structure to contract or expand depending on thamiHionic strength conditions. In
this manner, an increase on the ionic strengthaailise the molecules to shrink due

to screening of the charges. On the contrary, arease in the pH leads to the



Introduction Page 24 of 214

formation of negative charges that will cause repel interactions, thus leading to

expansion.

HA present in groundwater systems can act as @sbfbr contaminants’, thereby
potentially enhancing the transport of these comtants, and can also promote
colloidal transport by preventing their coagulatemd consequent deposition on the

solid matrix?°.

The effect of HA on minerals and contaminants hesnbaddressed from different
approaches:
» Coating of minerals by HA. These investigationsegaily study the sorption
of HA on minerals and clays under a variety of cloanconditions. For
example, Liuet al. ** found that the sorption of HA on montmorillonite

decreased with an increase of pH. Yostetlal.?®

reported an increase in the
migration of alumina through a sand column wherteday HA.

e Influence of HA on the sorption of metals onto male and clays.
Investigations of the sorption of metals in thensgy system include the
sorption of U(IV) onto kaolin in the presence of HA The effect that HA
has in a ternary system has been the object ofy siondunderstand the
mechanisms of sorption and modelling attempts Heeen made. Examples
include the quantification of the blocking effe¢tHbA on the sorption sites of
latex colloids, studied by Yang et 4.

* Sorption of metals onto HA. For example, the enkarent in the transport
of Eu(lll) by HA through a sand column was reportdWarwick et al®.

More examples can be found in Chapter 3.

A number of investigations have been carried outrtderstand the mechanisms of

sorption in ternary systems. Anirudhanal. %°

reported that the sorption of Cu(ll),
Zn(Il) and Co(ll) onto bentonite occurred througim iexchange and complexation
mechanisms. Bivalent metal sorption onto montnamite was reported to take
place by bridging of the metals. A bridged corunddiPb(ll) complex was
reported by Boily and Feiffl at low to neutral pH. An increase in the pH wasnit

to introduce competition for the metal by the scefaites (adsorbed metal) and by
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the HA (formation of aqueous Pb-humate compleXeaying to the decrease of Pb

sorption on the corundum surface.

1.2. Migration of colloids

The presence of colloids in the subsurface is utnga and has been recorded by
several investigators®. Tipping et al.® reported data on colloidal speciation in
several field sampling points. Special attentios baen paid to the presence of
colloids at the Grimsel test site in Switzerlandhene several groups have
investigated not only the release of colloids dm&lrttransport but also their role in
facilitating the transport of radionuclid&s3® 3

A clear understanding of the mobility of colloids essential in order to assess the
influence of colloids on contaminant migration thgh the subsurface. The mobility
of colloidal particles includes transport, reledsem and retention on the solid

geological material.

1.2.1. Release of colloids

This process depends on particle-surface interatiand is governed by the
hydrodynamics of the flow field®. In this context, colloidal particles may be
released by sliding or rolling of particles duethe flow forces. Dettachment of
colloidal particles occur mainly due to changessotution chemistry, like ionic
strength or pH® * Senet al. ?° suggested that a favourable chemical environment
for the release of colloidal particles is that satied in N ions, with high pH and
low ionic strength. Under these conditions, an esjn of the electric double layer
would lead to mobilisation of the particle due &pulsion of like-charged particle

and matrix.

The release of colloids has been investigatedbatrddory scale by means of column
experiments with subsurface materi&ts Grolimund and Bokoveé® reported an

increase in particle release with decreasing iosiength and presence of
monovalent counterions. Another factor which infloed the release of colloidal
particles was aging the subsurface materials. Thised the release of colloidal

particles to decrease as the time of aging inccease
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30
l.

Reviews on the release of colloids can be fourlRRyianet al.”* and more recently in

Senet al.%®.

1.2.2. Transport of colloids

Colloid transport has been experimentally obsetheough fractured materials, like

carbonate rocks or glacial tift&

Transport of colloids can be described by two phesma: size exclusion mechanism
and hydrodynamic chromatography. The former is dhasethe fact that colloids are
excluded from fine pores. The latter is based enciiromatographic effect that the
velocity profile through a cylinder is parabolicgibg maximum at the center and
decreasing towards the walls. Due to the sizejgbestwill be excluded from the

slowest regions and thus migrate at higher veldbiay the average watér

1.2.3. Retention of colloids

Transport of colloids may be reduced by immobilisithe colloids on the solid
surface. Colloid stability can be achieved by namhg the repulsive forces
between colloids and solid surfaté Thus, colloid retention can be achieved by
minimising those repulsive forces, leading to tbagulation of colloids, and hence
the deposition of colloids on the surface. Retentb colloids may be enhanced by
increasing the ionic strength of the solute suspen®. Multivalent cations in the
solute may also contribute to a higher retentionadibids ™,

For example, the retention of alumina colloids doawas studied by Spalé al.
who reported no desorption of colloids when the @amvas aged in salt (NaND
water, but observed desorption of the colloids wagimg the sample with citrate (>
5 mmol dni), due to the change in the charge in the alumimtase introduced by

the citrate.
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1.3. Colloid-facilitated transport of contaminants

Transport of contaminants due to association wotloitls was suggested in the early
1980s 3. It is widely accepted that colloidal particles ynplay a key role in

determining the fate of contaminants in the sulas@f For colloids to have a
fundamental influence on the transport of contamisiathree criteria must be met
302 First, colloids need to be present in a signiftcamount to have a significant
probability of interaction between contaminants aotloids. In this case, release of
colloidal particles from the solid matrix must occ8econdly, colloids must adsorb
contaminants on their surface; interactions betwiensurface of the colloids and
the radionuclides must take place so that the nadicde attaches to the colloidal
particle. Finally, colloids have to migrate throutffe groundwater in order to co-
transport contaminants along with them. The intgwas between contaminants and

colloids are represented in Figure 1:

1. Immobile Colloids 2.
Immabile

Radionuclides

Colloid

1]
Radionuclide ® O .

Colloid-Facilitated
Transport

Mabile Colloids

Figure 1. Possible interaction between colloids angdionuclide particles in the subsurface.

Figure 1 presents the scenario in which a mobilkoido may interact with a
radionuclide. For ease of interpretation, a simgiiegram has been shown where
only one colloidal particle and one radionuclideticée are shown. The following
interactions may occur:
1. Interaction of the mobile colloid with the solid trig, leading to its retention;
2. Interaction of the mobile radionuclide with the idomatrix, leading to its

immobilisation;
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3. Irreversible interaction of the mobile radionuclié&h an immobile colloid.
In this case, the transport of the radionuclidel Wwépend on the rate of
release of the colloid.

4. Interaction of the mobile colloid with the mobiladionuclide, leading to an
enhancement of the transport of the radionuclidevéVver, depending on the
reversibility of the interaction, the radionuclid®n be transported long
distances, until deposition of the colloid (irresibie sorption) or can be
transported until the radionuclide desorbs from tbaloidal particle

(reversible sorption).

The transport of contaminants and colloidal patdhrough the subsurface can be
generally described by four terms: diffusion, dispen, advection and a chemical
term which takes into account deposition and relessthe transported particté.
Migration of radionuclides is generally diminishieg sorption onto the solid matrix.
However, the presence of colloids can significarglyhance the migration of
contaminants, as seen by the scheme in Figure Aceil@n understanding of the

sorption of contaminants onto colloidal particleglindamentat*.

Examples of experimental observations of enhanagility of contaminants due to

co-transportation with colloidal particles are giveelow.

The breakthrough df*Am and?**Pu>® and'®!, 8sr, ¥'Cs, **1c, 22Th, 2%, #'Np,
23824 and®**Am % associated with Febex bentonite colloids througiméel
groundwater was studied by means of column expeatsnd he radionuclides were
found to be co-transported with the bentonite eddloFurthermore, the sorption of
Am on bentonite colloids was reversible, but sl@wvtransport through a crystalline
structure was slightly enhanced by the presendeenfonite colloids”’. However,
the transport was less than expected due to pghslyetention of the colloids in the
structure and partly due to, perhaps, desorptiddrdfom the colloids. Grolimuneit
al. * reported the outbreak of Pb through a non-calearewil; Nagasaket al *°
observed enhanced transport of Am and Np by monllorate colloids; Cs
migration through a granite fracture was enhangedlay colloids*® and by silica

colloids when passed through glass bead coluffindNatural organic colloids
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enhanced slightly the transport ¥fAm through a fracture in granite, but did not

influence greatly the transport 98r, as reported by Vilkst al. *.

1.4. Modelling

The classic approach describes transport of contants as a function of diffusion,
advection and deposition/release on the porousimaticlusion of colloids in the
transport equation has been approached by addiniveo terms in the original
transport equation (see section 1.4.3). Modellilg teffects of bacteria on
contaminant transport has also been addressed lysioypadding sorption and

desorption interactions to the classic apprdach

The inclusion of colloids in the solute transpoduation needs the complete
knowledge and understanding of the interaction betwradionuclides and colloids.
The study of both the sorption and migration ofaidhl particles and contaminants

have led to the development of computer codes.

1.4.1. Modelling solute transport

The transport of solute depends of three termsispetsive / diffusive term, an

advective term and a chemical term. The transgpragon can be defined &'

2
oc _ Da G _Va_q_pﬂ Equation 1.1

ot ox? 0X ot

ag; : .
g _ —jdes 4 jad Equation 1.2
ot

Wherec; is the concentration of a given solut® is the dispersion coefficient,is

the flow velocity,p is the solid mass per unit pore volumgeis the concentration of
adsorbed solutej®*and j** are the kinetic fluxes due to desorption and gutimr

reactions, respectively.
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1.4.2. Inclusion of colloids in modelling solute transport

The transport of colloids through the subsurface i@ described similarly to the
transport of solutes (Equation 1.1). Consideringodéion of colloids as linear and

reversible, the mass balance equation for colldigasport would resuft:

a(:j) =D a;(ffj)_ui a(s)b(j)_a(?epcj +&kjc, Equation 1.3

Where ¢; describes the concentration of suspended collopaticles (mobile

colloids), kfe"and k;”‘ds are the deposition and release rate coefficieaspectivelyf

is the porosity and,, is the concentration of deposited colloids (imn@loblloids).

The transport equation for a contaminant migratimpugh the subsurface in the
presence of colloids would result in the followieguation, which includes the
diffusion and advection term, as well as the sorpt@nd desorption terms of the

radionuclide from the solid matrix, from mobile loatls and from immobile colloids
11.

d°c

oc, _

ot ' ox? %i - p% - ki?dsébi k& +k*c o, + ki?escj 0, Equation 1.4
X X

Where the term%% includes the sorption and desorption of the comtant on the

solid matrix,0 is the porosityg is the mass fraction of the contaminant sorbethen

ads |,ads |, des kldes

K KoK are the adsorption rate

mobile ) and immobile ifn) colloids andk;
coefficients onto the mobile and immobile colloidsspectively; and the desorption

rate coefficients from the immobile and mobile oalk, respectively.

Other models have been developed based on thecciggzoach described above.
For example, Irin&t al.*? defined a pseudo-two-phase approach where twe type
clusters of pores were taken into account: one hichvonly pure water could be
found (colloids were excluded due to the small sizéhe pores) and another where

the colloid suspension occupied larger pores.
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1.4.3. Modelling contaminant sorption to colloids

Successful modelling of the transport of radiomledi through the subsurface in the
presence of colloids needs a full understandinghefprocesses which govern the
sorption of radionuclides onto the colloids. Sarptof contaminants on colloids has
been widely studied and different models have hessd to model such sorption.
Some of the simpler models are based on empirguateons, like the Langmuir or

the Freundlich isotherms.

Thermodynamic interpretations are based on thengsson that equilibrium is
reached when measurements are taken to enable otsruction of sorption
isotherms. This however, may not be true as kisetfche sorption may be slow and

equilibrium may not be attained on the period wfetiof the experimerit.

From the study of the sorption and desorption aftaminants from colloids, or, in
general, from solid surfaces, a mechanistic inetgtion can be derived. Once the
contaminant has sorbed onto the surface, giveméoessary time to reach a new
equilibrium, the adsorbate can (a) diffuse slowiyoithe matrix, (b) form inner-
sphere surface complexation, or (c) crystallis¢hi form of a new solid phadéd
The mechanisms of sorption are modelled using ser@mplexation models (refer
to Goldberget al. ** for more details) by testing the ability of the dets to

reproduce the data satisfactofify

Many models have been used to describe the meahsuisorption of metals onto
colloids. Based on surface complexation and catiarhange, models and computer
codes have been developed. For example, Misstaaia™ interpreted the sorption of
U(VI) onto goethite colloids using the double di#usyer model, Kraepiedt al. *
used potentiometric data and combined it with srfaomplexation and cation
exchange models to develop a computer code famthgelling of sorption of metals

onto Na-montmorillonite.

Although mechanistic interpretations of metal-callmteractions were not an aim in
this thesis, interpretations found in the literat@re used to interpret some of the

experimental results.



Colloid Binary Systems Page 32 of 214

Chapter 2. COLLOID BINARY SYSTEMS

2.1. Introduction

Understanding the migration of metals through theogphere may start by
evaluating the interactions of contaminants witle tmost rock. Due to various
factors, such as friction, the host rock might aske smaller, metastable particles
called colloids. Because of their small size, ddbomay be excluded from pores
while migrating along the Geosphere following tleevs of groundwater.

Having the same properties as the host rock, csllomight interact with
contaminants in the same way as the original misevath the addition that they
may be transported along with the colloids. Theeefeolloids can be considered

potential transporters of contaminants, i.e. radatides, through the Geosphere.

The knowledge of the extent of sorption of metatgoocolloids present in the
environment is therefore important in evaluatinge tipossible migration of
radionuclides through the Geosphere. In this matiet only sorption, but also
desorption of the metals from the colloids is afajrrelevancé®“® as an irreversible
sorption would lead to transport of the contaminavitereas a reversible sorption
could limit the enhancement of the transport of thataminant. In any case, the
assessment of the interactions of radionuclided willoids is fundamental in

understanding the fate of radionuclides in the @bere.

This chapter aims to extend the knowledge of theractions between three metals:
caesium (Cs), nickel (Ni) and europium (Eu), choseoause they are mono, di and
trivalent; with two different colloids that are afmant in the environment: boehmite
and montmorillonite. Sorption of the metals onte tlloids was studied under fixed
conditions of pH and ionic strength, followed byiawestigation of the desorption of
the metals, carried out in three consecutive st@épsprder to gain a better

understanding of the reversibility of the sorptprecess.
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Colloids can be considered to have the same serptperties as the minerals they
originated from, but their smaller dimensions pdavicolloids with a larger surface
area per mass which metals might sorb to, therahgrecing the sorptive properties.
In this investigation, special attention is paidhe sorption of metals onto colloids
and the solid phase of the corresponding mineralrder to compare the extent of
sorption onto colloids and to bulk surfaces of $ame material. To facilitate
comparisons, the surface areas of both colloidsmtid phase were measured, along

with other surface properties like proton or catexechange capacities.

The sorption of a metal onto a solid is generakpressed by a distribution ratio,
which is the ratio of surface-bound metal to digedlmetal in solution. Databases of
these distribution ratios exist and a large number of sorption studies are found i
the literature. However, the distribution ratiaiparameter specific to the conditions
in which the sorption was carried out. Furthermon@st of the distribution ratios
determined are so for the systems consisting oélsiand solid phases. The number
of investigations where sorption of metals is @rout on colloids is more limited.
Considering the only differences between collomiad solid phases might be related
to the surface area, this investigation suggesas tie distribution ratio for the
sorption of a metal onto a colloid might be propmral to the distribution ratio of the
metal and the ratios of surface areas. This idemimteoduced by Wielandt al. **,
who suggested that a “scaling factor” between tis&iution ratios could be the
ratios between surfaces areas. This idea has bdended, although, due to the
limited knowledge in modelling, only a robust apgch is presented herein, needing
further insight to produce a mathematical expressibat could relate both

distribution ratios.

2.2. Experimental

The experimental procedure was based mainly orhb@&atperiments measuring the
sorption and desorption of metals onto colloidal anlid phases using two different
minerals. In addition to batch experiments, otheasurements were needed in order
to characterise the colloids, i.e. measurementvefame size, zeta potential and

surface area.



Colloid Binary Systems Page 34 of 214

2.2.1. Method development

2.2.1.1. Materials used

Two different colloids were wused in this investigat boehmite and
montmorillonite. The structures and main properté both are summarised below.
Three metals were used to study the sorption ¢r@ortineral phases, Cs, Ni and Eu.
The solutions were prepared from the chloride safiteach metal. The details are
described in section 2.2.1.1.3.

2.2.1.1.1. Boehmite

Boehmite is an aluminum oxyhydroxide of formula AGM). Its structure consists
of double layers of octahedra held together by dgelin bondings of the OH groups
(Figure 2)*". Two different types of oxygen can be distinguiblaecording to their

location within the octahedra (red and blue in FegR): (1) the oxygens in red are
those in the middle of the octahedra and are shayddur other octahedra. (2) the
oxygens in blue are the hydrogen-bonded to the exygn the neighbouring double

layers. The ratio between oxygen and hydroxyl gsogpexpected to be one to one.
48

- T

ol 2 , «—— Surface

+«—— Inter-layers

, «—— Inter-layers

+—— Surface

Figure 2. Structure of boehmite®’.

Boehmite can be found in the environment in bagxaed laterites, as it constitutes a

main component of these minerals, together withbgte/bayerite(Al(OH) and

diaspore ¢-AIOOH). Boehmite is used in industry as a sourcalominum?4°
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The morphology, size and surface area of the sgistbe@ boehmite depend on the

conditions of processingg. acidic/alkaline conditions, temperature of furnaeae

of processing and precursor uséd" Boehmite can be synthesised by hydrothermal

processing of aluminum alkoxid€, aluminum salts, such as chloride®>* or
54,55,56

nitrate > aluminum acetate powd#t aluminum sulphate and urg& aluminum

isopropoxide / isopropand! or aluminum hydroxide¥.

Two phases of boehmite were used in the work pteddmerein: colloidal and solid
phase. Boehmite colloids were provided by FERALCA. (UK) as CERASOL.
The solid phase was provided by Nabaltec (Germas/)APYRAL AOH20. Both

products were used without further treatment.

2.2.1.1.2. Montmorillonite

Montmorillonite was purchased from Aldrich (UK) &dontmorillonite K10. A
proposed structural formula of montmorillonite is:
Nay.0sCa.19Mdo oAl 1 sFe(111)0. 1Mo 4) (Sig) O10(OH)2- n HO **

Montmorillonite is a clay mineral belonging to tpayllosilicates. The structure of
montmorillonite consists of two silicon tetrahediagers separated by an aluminum

octahedra layer (see Figure®3)

» a-"lq '~-I r"-"i‘:’.l'. FE‘.‘:";'

e s 5"

Exchangeable cations (Na*, K*, Ca*, Mg*) + H,0

Figure 3. Structure of montmorillonite 2.

The surface of montmorillonite carries a net negatharge due to isomorphous

substitution of lattice cations by cations of lowslence. Charge neutrality is
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achieved by the formation of electrostatic intdmaxg with nearby cations in
solution, which can undergo ion exchange procesitbsther cations in solutioff.

Together with kaolinite, illite or chlorite, montmlkonite is a major component of
bentonite, used as backfill material for radioaetiwaste repositorie¥’. Upon a

release of radionuclides, the first barrier encered would be the backfill material.
Hence, understanding the interactions of radiodesli with montmorillonite is

essential towards assessing the mobility and fatadionuclides in the Geosphere.

2.2.1.1.3. Metal solutions

Metal solutions were prepared by diluting a knowmoant of solid with deionised
(DI) water to the desired volume. The solids usadefach metal were: CsCl (BDH
Laboratories Analaf), NiCl, (Fisher Scientific) and Eug(Sigma-Aldrich). NaCl

and KCI, from Sigma-Aldrich chemicals, were usedatiust the ionic strength. In
some cases 2-(N-morpholino)ethanesulfonic acid (ME&8&ma-Aldrich) was used

as a buffering agent and was chosen for its nonptxing properties.

Radioactive stock solutions, obtained from Amershhlrternational Plc., were
prepared by diluting a known volume of radioactteck into the desired volume of
DI water. Generally, 10 — 20 x Focm® would be taken from the stock solution
provided from the manufacturers and diluted inte-12D cni DI water. The isotopes

used are shown below.

Table 1. Isotopes and radioactive parameters.

Isotope Inorganic Salt Radiation Half life (years)
measured
BCs CsCl Gamma 30.2
N NiCl, Beta 100
52Ey EuCk Gamma 13.5

The metal concentration of the active metal statit®n can be calculated from the

exponential decay law:
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dN
_E = AN Equation 2.1

_n2

ty2 ] Equation 2.2

Where/ is the decay constant, related to the half-tim#hefisotope by Equation 2.2,
andN is the number of atoms involved. The metal conegioin may be calculated
dividing N by the avogadro number {N= 6.022 x 16%). Table 2 shows the metal
concentration of the active metal stock solutiameg that the specific activity was

approximately 8.33 x fBq dni®.

Table 2. Metal concentration in active metal stoclsolution.

Metal ty, (seconds) [M] (mol dm™®)
2

Bics 952387200 1.89 x 10

O3Ni 3153600000 6.29 x 10

52%Ey 425736000 8.49 x 10

The study of these three metals was carried outtaldlee following importance of
the metals:
« Csis present in the environment due to nucleavites and accident¥'.
« Niis a toxic heavy met&F, which can be found in wastewater due to its use
in industry ®. Ni is an analogue for other heavy metal and ragitde
contaminants, i.e. Pb (Iff.

« %y is a well-known analogue for transuranic metald other lanthanides
67

2.2.1.2. Preparation for measurements

Average sizes and zeta potentials of colloids weeasured using a Zeta Master S
(Malvern Instruments). Ten recordings were measaretithe average and standard

deviations are reported.

pH measurements were carried out using a JenwaypB5Meter. The instrument
was calibrated prior to its use with three standaldtions (pHs 4, 7 and 10).
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Samples were centrifuged in a Hermle Z206A cergafat 6000 rpm for 30 minutes.
When necessary, samples were mixed using a LabK&éD® Vortex mixer. The
filters used in all sorption and desorption expenits were supplied by Elkay (0.45
and 0.22um in pore size) or Anachem (PES Syr-filter Qrf filters) and the plastic
syringes used (5 cinwere provided by BD Plastipak. When used, thestiga
syringes were filled with sample, the filter fitténlthe end and the first 5 érof the
filtered sample were discarded, collecting the oislhg 2 cni for radiometric
measurement. Control experiments showed that rgiigorof activity to the syringe

filters or to the centrifuge tubes took place.

Radionuclide assays (to an error of two sigma ttebewere performed using either
a Tricarb 1900TR Liquid Scintillation Analyzer (Faecd Ltd) or a Cobra Il Auto-
Gamma Counter (Packard). The activities measuree wenverted by calculation

into concentrations.

Powder X-ray measurements were performed using €ualdiation { = 1.5418 A)

on a Bruker D8 diffractometer in reflection georyednd a Braun position sensitive
detector. The sample was loaded onto a silicon kaokground substrate and data
were collected in the range 5 € 2 90° with a step time of 1 second and step width
of 0.014°.

2.2.1.3. Speciation

The JChess speciation programme was used to ptadichetal species for each of
the systems studied in batch sorption experiméltiese were constituted by the
MCI, (M = Cs, Ni, Eu), the colloid (boehmite or Na-mmarillonite), 0.05 mol drit
NaCl as background electrolyte and pH 7.

2.2.1.4. Data processing

Sorption isotherms were constructed from data obthirom the batch experiments.
The results were fitted to three different modéie Langmuir, the Freundlich and

the Dubinin-Radushkevich equations. The three nsoded briefly described in this
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section. In addition to this, the distribution catiwere determined from the sorption

isotherms.

2.2.1.4.1. Distribution ratio

The simplest type of sorption isotherm is the Imsatherm = 1 in the Freundlich

isotherm -Section 2.2.1.4.2-), where the conceptrabf sorbed metal on the solid
(mol kg?) is directly proportional to the concentrationdi$solved metal in solution
(mol dm®). The proportionality factor is defined as thetrilisition ratio, R (dn? kg

) (Equation 2.4§%°° It can be determined from radiometric measurémas:

Q=R,C Equation 2.3
_A A !

Rd - Equation 2.4

Ag M

WhereQ is the concentration of metal bound to the sdlidaze (mol kg), C is the
concentration of dissolved metal in solution (meh3d), Ry is the distribution
coefficient (dni kg?), Ao is the activity of the blank active sample (nopsiam took
place), referring to the initial concentratiofyq is the activity of the sample after
sorption, referring to the equilibrium concentratiy' is the volume of the sample, in

dm® andm is the mass of colloid, or solid, in kg.

The distribution coefficient can therefore be dedvirom the slope of the linear
range in the sorption isotherm of a given radioitigcto a given surface. Due to the
empirical nature of the distribution coefficierttjs subject to the specific conditions
under which the experiment was developegl, pH, ionic strength or complexing
ligands®®. Thus, the value of theqRor the sorption of metals on solids may vary
depending on the chemical conditions of the expemia process (discussed in

section 4).

The distribution ratios presented herein were dated by linear regression of the
linear sorption isotherm of metals. Whenever thetsan isotherm was non-linear,
data used to determine they Ralue were those which would exhibit a linear
behaviour. Data were presented as the mean valdkeodistribution ratio + the
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standard deviation. The minimum number of sampgesiuo calculate theqRralue

was, where possible, five replicates for ten dédfgrconcentrations. These were the
cases where the sorption isotherm showed a liresgoonse for the whole range of
concentrations studied. In the cases where thiedsotcurved, suggesting saturation,

the number of samples used to calculate theaRie decreased.

2.2.1.4.2. Freundlich isotherm

The Freundlich model is an empirical isotherm whdelscribes a non-linear sorption
of the adsorbate to the solid surface. The equatih the linearised form for the

Freundlich isotherm are shown bel&W?

Q=FC" Equation 2.5

logQ =logF +nlogC Equation 2.6

Where Q and C are the concentration of metal bound to the serfaicd free in
solution, in mol kg and mol dri, respectively.F and n are characteristic
parameters of the Freundlich model, related to dbsorption capacity and the
adsorption intensity, respectiveld A value of unity fom indicates linear sorption.
Values ofF andn are reported herein and discussions are made lomsedalues

obtained.

2.2.1.4.3. Langmuir isotherm

The Langmuir model is based on the assumptionahatlectric double layer exists
between the adsorbent surface and the adsorbateeFassumptions include: (1) no
interactions take place between the adsorbed spe@g no migration of species
occur in the plane of the surface; (3) only a mayet of metal is adsorbed to the
surface; and (4) all adsorption sites are homogenedhe Langmuir sorption

isotherm introduced the idea that sorption to théase is limited, whereas the linear

and Freundlich isotherms assumed infinite sorpoibtihe adsorbaté.

The Langmuir equation, as well as the derivationthte linearised form of the
equation are shown belot®
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Q= QmaX% Equation 2.7

Rearranging and reversing the equation,

Oree J1+LC _ 1 +1 Equation 2.8
Q LC LC

Dividing by Qmax

11 + t 1 Equation 2.9

Q Qu LIR,C

Where Q and C are the concentration of metal bound to the serfaicd free in
solution, in mol kg and mol drit, respectivelyQmaxis the maximum concentration
of metal that can adsorb to the surface; in othemds; the sorption capacity of the
mineral; and L is an equilibrium constant relatedhte energy of adsorption.

2.2.1.4.4. D-R isotherm

The linearised Dubinin-Radushkevich (D-R) equatian be described &%:

INQ=InQ,, —ke&* Equation 2.10
E= RTIn(l+ %) Equation 2.11
E = (_ zk)‘% Equation 2.12

WhereQ andC are the concentration of bound to surface andhlisd in solution
metal, in mol kg and mol dr¥, respectively Qmax is the sorption capacity of the
mineral, in mol kg, k is a constant related to the adsorption enegig, the mean

free energy, in kJ md| ¢ is the Polanyi potentiaR the gas constant (8.314 Jiol
') andT the temperature, in K.

2.2.1.4.5. Statistics

Batch experiments were carried out to measuredhgisn of metals onto minerals.

A minimum of five replicates were used for eachahebncentration. In some cases,
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up to eight replicates were used. The radioactwitthe samples was measured to a

2c error.

The concentrations of dissolved metal in solutiod surface-bound metal were
determined mathematically from the measured agtivihlues. The mean and
standard deviation of these concentrations wereridted from the number of

replicates used in the batch experiment.

The Ry values presented are shown@st SD where@ is the mean value obtained

for the distribution ratio andSD is the standard deviation. Both values were
determined by applying the linear regression metfide same method was applied
to determine the standard deviation of charactersirameters of the Freundlich,

Langmuir and D-R isotherms.

2.2.2. Generation and stability of colloids

2.2.2.1. Boehmite

Boehmite colloids were used as provided with nattreent prior to their use, except
dilution. Initial measurements of average size padicle counts per second were
carried out to find the concentration of boehmitdlaids to be used in sorption

experiments.

Characterisation and stability of boehmite collowegss carried out by measuring the
average size, particle counts and zeta potentias [Ast parameter was measured as

a function of pH in a wide range of pHs and iortresgths.

Separation of colloids from solution was achievgdckntrifugation of samples at
6000 rpm. An experiment was carried out wherebypdasnof boehmite colloids
were centrifuged for different times, ranging fr@o 50 minutes and recording the

average size after the test.
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2.2.2.2. Montmorillonite

Montmorillonite colloids were extracted by repedyedashing Montmorillonite K-
10 (Aldrich) with 25 cm aliquots of 0.05 mol dii NaCl, combined with filtration
and centrifugation. The filtrate was measured vdginamic light scattering (DLS)

for average size and particle counts.

Montmorillonite colloids were characterised by Dafd zeta potential. The stability

of the obtained colloids was measured as a fundigi and ionic strength.

2.2.3. Sorption and desorption experiments

The study of the interactions between metals anderals was performed by
investigating the sorption and later desorptionnadtals from colloidal and solid
surfaces by using batch experiments. The experahenbcedure and the results are
shown first for the colloidal phase of each minenadl then for the solid phase. The

desorption experiments are then detailed.

2.2.3.1. Sorption experiments

The sorption of metals onto colloids was studieidgishree different metals, Cs, Ni
and Eu, which are mono-, di- and trivalent, respebt; and two different colloids,

boehmite and montmorillonite.

The experimental procedure for sorption onto cdBoiand solids was slightly
different.

Sorption onto colloids

10 cn? of colloid suspension were pipetted into 15°qguolypropylene centrifuge
tubes, along with 1 cfrof metal solution, buffer and background electi®lyrhe pH
was adjusted to 7 by adding small volumes of Na®@H®GIl. The suspensions were
then spiked with 10QL of a radioactive tracer (approximately 0.83 KBy left to
equilibrate for 24 hours. After the equilibratingripd, the samples were centrifuged
in a Hermle Z206A for 30 minutes at 6000 rpm. Cohaxperiments showed that
this time was sufficient for the colloids to be amged from the bulk. To further

ensure this separation, prior to the radiometri@sneement of the solution, the
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samples were filtered using 0.48n Elkay filters. The 24 hour contact time was
chosen following previous experiments carried dautcaighborough University*.

Sorption onto solids

The procedure was the same as that used for cellexdept that the solid was
weighed into the centrifuge tubes. To keep thedsti liquid ratio similar to the

adsorption carried out on colloids, aproximatelyr3§ of solid were weighed into
the vessels. In several sets, the influence ofatheunt of solid on the sorption of

metals was tested.

Experimental conditions
pH and ionic strength were kept constant in alchatxperiments. However, the
influence of other parameters was assessed:

* The influence of the solid to liquid ratio was stdiby changing the colloid
concentration in suspension: it varied from 15 4on%g of colloid present in
the 10 cm, in different batch experiments to study the iaflue of the
colloidal concentration. This concentration was suead gravimetrically.
The colloid concentration will be clearly stated time results for ease of
interpretation.

* The influence of background electrolyte on the sorpof Cs and Ni onto
boehmite colloids was studied by batch experimenising the same
procedure as the one described previously.

Control experiments

The pH of the samples was adjusted to 7.0 £ 0.dr gd leaving the samples to

equilibrate, followed by monitoring of the pH aftdre equilibration period. As an

example, the sorption of Ni onto solid montmoriitenwas tested in the presence

and in the absence of MES, noting the evolutiothefpH.

On conclusion of the equilibration period, sepamatf the colloidal phase from the
solution took place by centrifugation and latetrdition. The filters were tested for
radioactivity retention. Furthermore, filters o#48.and 0.22um pores were used. A

separate test was carried out to study any difta®n the sorption.
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2.2.3.2. Desorption experiments

Reversibility of the sorption of metals onto codlsi and solids was studied by
performing three consecutive desorptions after dloeption experiments. The

procedure was carried out equally on the experignimtcolloidal and solid surfaces.

At the end of the sorption experiments, an aliqobtbackground electrolyte

containing buffer solution was added to the cemfef tubes in order to restore the
initial solid to liquid ratio. The colloids were sespended by briefly sonicating and
then left to equilibrate for 24 hours. After theuddpration period, the samples were
subjected to the separation process as explaingtheinadsorption section. The
desorption experiments were carried out carefdlyeproduce the same conditions
as the sorption experiments, to minimise the effgctexperimental differences

between sorption and desorption.

2.2.4. Surface area measurements

An extensive study of the surface of boehmite, lmaithoids and solid, was carried

out by measuring the surface area, proton andrcaiiohange capacities.

Spectroscopic techniques were used on both phdsesebimite, aiming to see
differences on the surface of the colloid and thledsWith this purpose, both SEM
and X-ray Powder Diffraction (XRD) techniques werged on both phases of the

mineral.

2.2.4.1. Specific surface area

The specific surface area (SSA) can be definedhasdtio of the surface area of a
solid surface and its mass; the former accountslfosites accesible for cations in

the inner surface. The units of the SSA are’g ™.

The most common method used to measure the SS#lid$ ss the BET methof,
which consists of the measurement of the amouatsbrbed nitrogen gas required

to cover the solid surface with a complete monalayle surface area is determined
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from this measurement, together with the crossaat area of the adsorbed gas
74,72

The BET method is generally used to measure the &Sgolids; however, it can
also be used to determine the SSA of collofd&™’” by previously drying the
colloidal suspension. This can be done by evamoraalthough during this process
the colloidal suspension might undergo aggregationwhich case some of the
interfaces might become inaccesible to the adserbgés, leading to an
underprediction of the surface area of the parti€leOther methods have been
proposed for the determination of SSA of colloigafticles involving the adsorption
of polyvinylpirrolydone (PVPY?, organic dyes®, or the titration of hydroxyl groups
on the surface of the colloid with a standard soiubf NaOH in a saturated NacCl

solution®.

Two different methods were used experimentallydtedmine the SSA of boehmite
colloids:

* The BET method
The SSA was determined by the BET method at B&8sing a Micromeritics
Gemini VI 2385C series physisorption system.

* Dye adsorption method
This method was first tried on solid boehmite, démeh, upon success, on boehmite
colloids. The experimental procedure followed tHascribed by Avenat al. ”® to
measure the surface area of kaolinite colloids leasaring the sorption capacity of
the surface with methylene blue. Briefly, the metlumnsisted on adding a known
amount of dye solution to a known amount of boebmihe samples were placed on
a shaker for 15 minutes. After this time, the saaplere centrifuged for 5 minutes
to separate the phases and UV measurement wasrrpedoto measure the
concentration of remaining dye in solution. Theesumatant was discarded and a new
aliquot of dye solution was added to the boehniite procedure was repeated until
the concentration of dye solution in the centriliggample was equal to the

concentration of dye solution added.

Since the surface of boehmite is positively chargedhe pH range 2 to 8, the
appropiate dyes for the application of this metbadooehmite would be negatively
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charged. The following dyes were tried: diphenyisxide (DPSO), 4-
nitrobenzylalcohol (4NBA), 3-nitrophenol (3NP) apdnceau S (structures shown in

Figure 4).
Diphenylsulfoxide | 4-nitrobenzylalcohol (4ANBA)
(DPSO) /[fOH
[ RN
\S: a’f’f:‘
NO;
3-nitrophenol Ponceau S
(3NP) SOs;Na HO SO
OH
NaO3S N=N N=N
NO, SC

Figure 4. Organic dyes used in the surface area mearement of boehmite colloids.

2.2.4.2. Exchange capacity measurements

Other parameters indicative of the surface arethefcolloids are the proton and
cation exchange capacities, PEC and CEC, respBctiBoth properties were

measured for boehmite using the methods descrnbddtail below.

2.2.4.2.1. Proton exchange capacity

The PEC method used in this investigation was netliirom that described by He
et al. 2> in order to prevent the colloids from flocculatinbhe method developed
consisted of the titration of boehmite in 0.05 msh® NaCl. The pH of the
suspension was taken to 3 with 0.01 mol*d#Cl and then titrated to pH 8 with 0.01
mol dni® NaOH. The pH was not increased above pH 8 so asdidl flocculation of

boehmite colloids. Once the suspension was at piHvBas back-titrated to pH 3.5
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with 0.01 mol dri? HCI. The system tended to buffer at pH 3.5. Théesiaised to
titrate (ron) and backtitrate ) could be calculated from the volume used. The PEC

was calculated g&:

molH " sites
PEC= — Equation 2.13

gboehmite

molH "sites=n,,, —n, Equation 2.14

In the case of the solid, 1.5 g were used in tipeement. In the case of the colloids,

the gravimetric analysis of the sample showed @26 g were titrated.

2.2.4.2.2. Cation exchange capacity

The CEC is defined as the capacity of a mineraly dr soil to sorb cations which
can later be exchanged by other cations in soltffoMany methods have been
proposed for the measurement of this fundamentapesty of clays®®* The

cobaltihexamine chloride method was chosen to meaie CEC of the minerals

used herein.

The method is based on spectrometrically measutimg concentration of
Co(NHs)s®" before and after it was contacted with the mindgM absorbance was
measured at 472 nm. In detail, 40%mf 0.0167 mol diii Co(NH;)sCl; were added

to 2 g of mineral. The resulting suspension wakeahdor one hour, after which
centrifugation at 6000 rpm took place for 10 misutdn aliquot of the supernatant
was filtered through 0.22m filters and the absorbance measured. The CEC was

calculated a&:
CEC= HoA X 50><! x100 Equation 2.15
Ab m

Where A is the absorbance of the Co()Cls sample, Ais the absorbance of the
sample after shaking for one houwtjs the volume of sample, in émandm is the

mass of boehmite, in g. The CEC was calculateahits of meq d.
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2.2.4.2.3. SEM and XRD powder diffraction

Part of this investigation included assessing tifferénces in surfaces between the
colloidal and the solid phase of boehmite. For thigpose, SEM images were taken
aiming to observe physical differences in the sigrfaf the colloidal and solid phases

of boehmite.

XRD diffraction patterns were taken after the siptprocesses of either metals or
HA had taken place, aiming to find alterationshe surface of boehmite due to the

sorption of metals or HA.

Sorption of metals on boehmite colloids was studiegl radiometric batch
experiments. However, a batch of sorption experim@ras carried out radiotracer-
free to measure any changes in the surface dubetgresence of metals. These

changes were assessed by measuring XRD diffraptierns and SEM images.

SEM measurements were carried out at BGS (Keywai), using a LEO (Zeiss)
435VP Variable Pressure Digital Scanning Electrorcrdscope (SEM). Powder
diffraction measurements were taken using Gu¢Kdiation § = 1.5418 A) on a
Bruker D8 diffractometer in reflection geometry aadBraun position sensitive
detector. The sample was loaded onto a silicon kaokground substrate and data
were collected in the range 5 € 2 90° with a step time of 1 second and step width
of 0.014°.

2.3. Results

This section presents the results of the experisnéetailed in section 2.2. The
characterisation of colloids, along with the anelyaf the stability are presented. An
understanding of the conditions in which colloideres stable was fundamental for
the batch sorption and desorption study. Thosetisorpxperiments were performed
always at the same pH and ionic strength. Howentrer factors influencing the
sorption of metals on colloids were investigated, &he solid to liquid ratio or the

background electrolyte.
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Desorption of metals from minerals and soils plagsmportant role on the mobility
of radionuclides. The results for these experimdetts are shown following those

of sorption.

The study of the surface area concentrated on dkérbite colloids. The results of
the surface area, PEC and CEC of the colloid ardstiid phase of boehmite are
compared to extend the comprehension of the diftexen sorption of metals on

boehmite.

2.3.1. Characterisation and stability of colloids

2.3.1.1. Boehmite

Boehmite colloids were used for sorption experiradoy diluting aliquots of the
Cerasol suspension in 1000 B water. Prior to the sorption experiments and du
to the high concentration of colloids of the Cetasaspension, dilution was
necessary for further experiments. Different ddo8 were carried out and
characterisation of those samples took place &cséhe optimum concentration of

colloids. Table 3 shows the characterisation ofdihtions.

Table 3. Average size of boehmite colloids as detrined using a Zeta Master S. 1 cfrboehmite

colloids diluted into x cn? deionised water.

Dilution (cn®) Average Sizeénm) Kcounts per second pH

50 125.0+1.8 121.9+0.2 4.05
80 127.8 £ 1.7 92.0+0.5 4.07
100 123.9+1.3 81.4+0.2 411
120 118.6 £ 2.6 52.9+0.3 4.16
150 128.4 £ 5.7 43.0+0.2 441

Table 3 shows the average size and particle cdontsols containing 1 cfnof
boehmite colloids diluted into DI water. The volumiewater is indicated in the first
column, in cm. The results indicated that as the volume of Diewincreased, the
average size remained constant and the particletsaecreased, the latter being due

to the lower amount of colloids in suspension. Aistant value of average size
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suggested colloidal stability. Only a slight ingean pH was observed for the most
diluted sample. Further monitoring of pH, measudedy, showed constant pH of

the sols with time, suggesting stability of theutkd colloids.

As the average size was not influenced by the idiutactor, the only parameter
relevant for choosing the dilution to use in furttsrption experiments was the
particle counts per second. Dilution of 1°%af boehmite colloids into 100 ¢hDI
was chosen as it yielded a reasonable amount tflpacounts. Hence, the boehmite
sols used for the sorption experiments were prephyediluting 10 cri of Cerasol
colloids into 1000 crhof DI water, yielding approximately 30 mg of boelenin

suspension per 10 énas determined gravimetrically.
Stability of boehmite colloids
Centrifugation of colloids took place for differetime periods at 6000 rpm. The

average size of the remaining suspension was regord

140
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Figure 5. Average size and kcounts per second of élumite colloids after different centrifugation

periods.
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Figure 5 shows the decrease in the average sizefabhdehmite before and after
being centrifuged for different periods of time.elmitial size of the colloids, of
almost 120 nm decreased to approximately 50 nm edtetrifuging for 30 minutes.
Furthermore, this value remained constant whenrifegétion was carried out for
longer times. This experiment showed that the degation time of 40 minutes
chosen for the sorption and desorption experimamsured the separation of

boehmite colloids from solution.

The stability of boehmite colloids was measuredtiys as a function of pH and
time. Kinetic measurements were carried out by nding the average size of

boehmite colloids during 60 minutes at differentspHhe results are shown in

Figure 6.
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Figure 6. Average size of boehmite colloids as arfction of pH and time.

Figure 6 shows the kinetic behaviour of boehmitéoats as a function of pH. Three
different groups can be observed. The first onéhénbottom part of Figure 6 shown
by the fully coloured data points, shows constaiues throughout the time of the
experiment. These results suggested stability efctilloids during this time at pHs

3.7 to 6.7. Increasing the pH, from 7.8 to 8.9,ttedn increase of the average size of
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the colloids with time, suggesting that boehmitéoids were no longer stable, but
particles were slowly flocculating. A further inase of the pH, to pH 10, showed a
rapid increase of average size with time, indicaaimost immediate flocculation of

the colloids.

Summarising, Figure 6 indicated that stabilitylod tolloids was ensured at acidic to
neutral pHs, but colloids were no longer stablelldline pHs. This pattern was also

shown by the zeta potential, shown in Figure 7.
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Figure 7. Zeta potential of boehmite colloids as function of pH, for two samples of boehmite

colloids.

Figure 7 shows the zeta potential of two sampldsoehmite colloids across a wide
range of pHs. The zeta potential was positive ie #tidic and neutral range,
becoming negative at pHs above approximately &®&e(ectric point), in agreement

with previous literatur&®87#3

As the sorption experiments investigated were thewkere Cs, Ni and Eu were
added to boehmite colloids at different concerdredj the measurement of the zeta
potential of boehmite colloids in the presence aftals was carried out at pH 7
(Figure 8).
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Figure 8 shows the effect of increasing metal cotregion on the zeta potential of
boehmite colloids at pH 7. The average zeta paknofi boehmite colloids at the
same pH is delimited by the shaded area in thehgrépe zeta potential measured
for the metal-colloid suspensions for most of thetahconcentrations was within the
limits of the boehmite colloids alone. Thus, thegance of metal ions in suspension

did not result in a decrease of the stability oétmite colloids.
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Figure 8. Zeta potential of boehmite colloids as function of metal concentration (Cs, Ni and
Eu) at pH 7.

2.3.1.2. Montmorillonite

Montmorillonite colloids were extracted from Montnimnite K-10 by washing
repeatedly with NaCl 0.05 mol din followed by filtering and centrifuging.
Approximately, 0.4 drhof NaCl 0.05 mol diff were used in order to extract colloids

from the solid.

Two different batches of extracted montmorillorgtaloids were characterised prior
to their use in sorption experiments for charaségion tests. The results are shown
in Table 4.
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Table 4. Characterisation of montmorillonite collods.

Batch number Average Size (hm) Kcounts per second eta @otential
1 426.8 + 16.1 58.2+0.7 -30.1+£2.6
2 440.0 £ 19.1 43.1+£0.5 -33.1+0.5

Stability of montmorillonite colloids
The stability of colloids with pH was studied by asering the average size and the

zeta potential across the range of pH 3 to 12.rékelts are shown in Figure 9.
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Figure 9. Average size (a) and zeta potential (b snontmorillonite colloids as a function of pH.
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The average size measured at low pH was noticdagher than that measured in
the neutral and alkaline range, as well as thedstahdeviation in each of the
measurements. The results suggested that montomatellcolloids were not stable at

low pHs, gaining stability as the pH increased.

The zeta potential of montmorillonite colloids wasgative in the whole range of
pHs studied, in agreement with Kagal.®°.

The stability of montmorillonite colloids with iomi strength was studied by

recording the values of average size, particle aim zeta potential at various ionic
strengths, adjusted using NaCl. The results arensho Figure 10.
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Figure 10. (a) Average size and (b) zeta potentiaf montmorillonite colloids as a function of

ionic strength.

Figure 10 shows the effect of increasing ionicrgite on the average size and zeta
potential of montmorillonite colloids. The averagee increased slightly with

increasing values of ionic strength, suggestingead to destabilisation as the ionic
strength increased. The zeta potential values, henvegemained constant as the

lonic strength increased.

The stability experiments carried out indicated tthlaoth boehmite and
montmorillonite colloids were stable at pH 7 andiéostrength 0.05 mol drh Zeta
potential and DLS measurements suggested thataease in pH would lead to
flocculation of boehmite colloids, whereas stapiltf montmorillonite colloids
would be ensured at neutral to alkaline pHs. Tlif$erences are due to the overall
positive charge of boehmite and negative chargenohtmorillonite. Applied to
natural media, where pH can be considered nearalgthe results suggest that at
low ionic strength values of groundwater flows, tbatolloids studied would be
stable. However, in the near-field of a repositdr, example, where the pH is
expected to be high due to dissolution of hydrosfjehe results suggest that only

montmorillonite colloids would be mobile, due toagulation of boehmite colloids.
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2.3.2. Sorption and desorption experiments

This section shows the results for the sorption dasorption of metals on both
boehmite and montmorillonite, in both the colloidald solid forms of the minerals.
The section starts with the sorption results orhbate, followed by the results on
sorption on montmorillonite. Thereafter, desorpticesults are shown, first for
boehmite, then for montmorillonite. Modelling ofetlsorption of metals on minerals

Is summarised along with the sorption isotherms.

The results of the modelling are shown in the faihngraphs and tables listing the
characteristic parameters of each isotherm. Foe edsinterpretation desorption
results are shown in the form of desorption peaged, as the desorption isotherms

were linear for the range of concentrations studied

2.3.2.1. Sorption experiments

2.3.2.1.1. Speciation

Results for JChess speciation modelling predidbedpredominant ionic species for

the metals and also the ionic species on the sudhthe colloids.

Table 5 shows the concentrations of the possible ispecies present in the systems
under evaluation. The JChess speciation programetigbed that the cationic form
of Cs, C$, would be predominant over the aqueous, non-diswatform, CsCl. A
number of hydroxide species were predicted for MNithe system. However, the
concentrations of these forms of Ni complexes veeders of magnitude lower than
the free metal concentration. Even more numerousaxyde and chloride forms
were predicted for Eu. In the case of Eu, it wasthe free metal the one to dominate

in solution, but instead a dimeric hydroxide.

Species for boehmite were also predicted, the mostinant species being AJO
The neutral and cationic form of boehmite were oted to be present in a lower

concentration, by one and two orders of magnituelpectively (Table 5).
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When applied to the binary systems with montmaritl® colloids, the speciation

programme yielded similar predictions (Table 7).

Once again the speciation programme predicted higloacentrations of free
cationic Cs and Ni above the chloride or hydroxsgecies. In the case of Eu, the
tetravalent dimer was the predominant species lutisa. The concentrations of Ni
and Eu neutral species (hydroxides or chloridespvire concentrations below 19
mol dm?® and thus could be considered negligible. From ehesults, one can
assume that the metal was dissolved in solutionveasl available for sorption onto

the colloidal surfaces.

Data produced from JChess speciation provided ge laumber of ionic species
resulting from the dissociation of montmorillonif€he concentration of Naions
present in solution, facilitated by montmorillonieas orders of magnitude higher
than any other species in solution. Moreover, manilfonite also produced Mg
ions, which were present in concentrations highantthose of free Kii or EG".
Figure 3, in section 2.2.1.1.2, shows the structfrenontmorillonite, where the
exchangeable cations are NaMg®* and C&'. Data provided by the speciation
programme showed large concentrations of Mad Md" ions, which can be
assumed to undergo ion exchange with the metaisdimted into suspension (Cs
Ni?* or EU™), playing a key role o

in the sorption of the latter onto the colloidatfages.

Speciation prediction for boehmite showed that Al@@s the dominant anionic
species present. Due to the more complex natursootmorillonite, the speciation
programme provided many more anionic species, sata¢ed to the silicates and

some from the aluminates.

Both neutral and anionic species would be availdbtemetal sorption. Surface
complexation could take place at these sites byodepation or complexation with

the amphoteric group$.
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Table 5. Metal speciation for system constituted bg0> mol dm® MCI, and 30 mg boehmite

colloids at pH 7 and ionic strength 0.05 mol d.

lonic lonic _ lonic
_ [Cs] (mol dm?®) _ [Ni] (mol dm?) _ [Eu] (mol dni®)
Species Species Species
Cs 9.75 x 10" Ni** 9.98 x 10° | Ew(OH),"" 4.96 x 10°
CsCl 2.47 x 18 NiCI* 2.38x 10 | EUY 7.78 x 10
Ni(OH),  4.56 x 10" | EuOH*  3.45x 10
Ni,OH**  2.49x 10 | EuCF* 2.50 x 10’
Nis(OH),*" 2.21 x 10 | Eu(OH)Y" 2.08 x 10’
Ni(OH);  5.64 x 10 | EuO' 6.95 x 10°
[Al] (mol dni®) EuCh” 2.64 x 10°
AlOy 2.26 x 10° Eu(OHy  9.22 x 10"
HAIO, 5.22 x 10 EuQ:H 4.71 x 10
Al(OH),"  4.39 x 10" EuCk 3.56 x 10"
NaAlO,  1.39 x 10" EuCly 7.22 x 10"
AIOH?*  3.46 x 10 EuQ, 4.70 x 10
Al 8.46 x 10" Eu(OH)  3.83x 10"

Al,(OH)* 1.00 x 10

Table 6. Speciation for montmorillonite in the pregnce of 16 MCl,, 0.05 mol dm® NaCl and

pH 7. Concentrations in mol dm”.

lonic Concentration | lonic Concentration
species  (mol dni®) species (mol dm®)
Sio, 9.79 x 10 NaAlO, 1.34 x 10°
NaHSIQ; 1.95x 10° Al(OH),"  4.90 x 10"
HSIOs 1.49 x 10/ AIOH** 5.37 x 10
AlO; 2.52 x 10° H.SiO”  3.69 x 10
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Table 7. Metal speciation for system constituted bg0* mol dm™ MClI, and 30 mg

montmorillonite colloids at pH 7 and ionic strength0.05 mol dm?®,

lonic lonic lonic
~ [Cs] (mol dni®) _ [Ni] (mol dm?) _ [Eu] (mol dmd)
Species Species Species
Cs' 9.87 x 10" Ni* 498x10 | Ew(OH),™ 2.17 x 10°
CsCl 1.35x 18 NiCl* 518 x 10° | EU** 5.70 x 1¢°
Ni(OH),  1.48 x 10" | EuOH"* 1.51 x 10/
Ni,OH**  6.88x 10" | Eu(OH)" 6.65 x 1C°
Ni(OH);  2.04 x 10" | EuCF* 6.58 x 10°
Nis(OH),** 1.37 x 10" | EuO' 2.22 x 10°
EuChk* 3.09 x 10'°
Eu(OH)  2.65x 10"
EuG:H 1.35 x 10
EuChk 2.27 x 10
EuQ, 1.50 x 10"
EuCly 3.08 x 10"
Eu(OH),  1.22x 107

2.3.2.1.2. Control experiments

Two control experiments constituted the study o gorption of Ni onto solid
montmorillonite when the pH was buffered and whewas allowed to drift, and
when the supernatant resulting from separatingctiiidal phase from solution
after the sorption process was filtered through @#0.22um pore filters.

By measuring the pH of the samples after the dayatiion period, a drift in the pH
towards lower pHs was observed. For example, theopkhe samples for the
sorption of Cs onto boehmite colloids drifted fr&@®6 + 0.14 to 5.48 £ 0.02. In
another batch of Cs sorption onto solid montmaritie, the pH drifted from 6.93 +
0.08 to 3.81 + 0.05. The pH drift was also obserf@dNi sorption onto solid

montmorillonite, where a decrease in 1.30 = 0.4itsucould be observed. From
these results, the pH of the samples used to igadstthe sorption of metals onto

boehmite and montmorillonite was buffered using MES
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After the separation of the colloidal phase fronuson by centrifugation, filtering
of the sample solutions were carried out with eirfilters. The two pore sizes
tested were 0.45 and 0.g&. The differences in the sorption isotherms amswshin
Figure 11. The sorption isotherms were almost idahtsuggesting that colloids

above 0.22um were not present in solution after centrifuging.
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Figure 11. Ni sorption onto solid montmorillonite & pH 7 and ionic strength 0.05 mol dri.
Filtration through 0.45 and 0.22 um filters.

2.3.2.1.3. Sorption of metals onto boehmite colloids

The sorption of Cs, Ni and Eu onto boehmite coBoidas studied at different

boehmite concentrations. Figure 12 shows the swrpof the three metals onto a
similar concentration of boehmite, approximatelyr8g in 10 cm. The masses of

boehmite colloid measured gravimetrically for eaeh of experiments are shown in
Table 8.

Table 8. Mass of boehmite colloids in 10 chmeasured gravimetrically.

Metal ‘Cs Ni Eu
Mass boehmite colloids (mg)‘ 29 335 28
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Figure 12. Sorption isotherm for the sorption of CsNi and Eu onto boehmite colloids (30 mg) at
pH 7 and ionic strength 0.05 mol drif.

Sorption of Cs (black circles) and Ni (white sq®re/as found to be linear in the
whole range of concentrations studied, withvRlues for the linear fit above 0.9.
However, Eu (triangles) sorption on colloidal boétemexhibited a non-linear
behaviour from low values of Eu in solution. Foistheason, the sorption of Eu (in
Figure 12) is presented as two series, one in wtliehlinear region allowed the
determination of the distribution ratio; and anotirewhich the whole isotherm is
shown. Note that these two series overlap eaclr;atbasequently, the “Eu linear”

series can not be appreciated.

Due to the early saturation of the surface by**Eiens, the calculation of a
distribution coefficient (R in a linear range was confined to the first thdzga
points. The following figure shows they Ralues calculated for Eu, reflecting the

non-linear sorption to boehmite colloids.

Figure 13 shows the distribution ratio values claltad for Eu sorption on colloidal

boehmite. A clear trend can be seen in which thedRies decrease as the initial
metal concentration increased. Thg iR the ratio of bound to dissolved metal; the
results suggested that the concentration of dissolaetal increased faster than the
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bound metal as the initial concentration in solutiocreased. The results indicated
that at low Eu concentrations, most of the Eu striwe the surface, but as the Eu
concentration increased, Eu ions saturated thesyrtausing more Eu to remain in
solution and hence decreasing the ratio of boundigsolved Eu. These results are
also reflected in the percentages of sorption, Wwhalso decreased as the
concentration of Eu increased (Figure 13).
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Figure 13. Distribution ratios and percentages of@rbed Eu on colloidal boehmite at pH 7 and
ionic strength 0.05 mol dn.

The slope of the linear fit corresponds to thevRlue of the sorption of the metal
onto the colloid. It is clear from the results thia¢ Ry values, and hence sorption,
increased as the valency of the metal increased.Rjhvalues for Cs, Ni and Eu
were measured as 99.3 + 9.1, 298.9 + 15.3 and 1667 Xg", respectively. From
these values, sorption of metals onto boehmiteoittsllincreased in the order Cs <
Ni < Eu. The trend agrees with general observatwrnion exchange equilibria of

increasing affinity with increasing ionic chargfe

Modelling

The results were modelled using Langmuir, Freuhdiamd D-R equations. As
observed in Figure 14, the Langmuir model did nbttHe experimental results,
whereas the Freundlich and D-R models were abfi tloe data. The most relevant
parameters from modelling is shown in Table 9.
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¢) Langmuir fit for Eu sorption on boehmite colloids
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Figure 14. Langmuir fits for (a) Cs, (b) Ni and (c)Eu sorption on boehmite colloids

(approximately 30 mg) at pH 7 and ionic strength @5 mol dm?®.

Freundlich fit for metal sorption on boehmite colloids
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Figure 15. Freundlich fit for metal sorption on bodmite colloids (approximately 30 mg) at pH 7

and ionic strength 0.05 mol drit.
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D-R fit for metal sorption on boehmite colloids

0
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Figure 16. D-R fit for metal sorption on boehmite olloids (approximately 30 mg) at pH 7 and
ionic strength 0.05 mol dn.

Table 9. Modelling parameters for metal sorption oto boehmite colloids.

Langmuir Freundlich D-R
R? Qmax R? N R Qnmax E
mol kg* mol kg* kJ mol*
Cs| 0.9971 <0 0.9910 1.11+0.04 0.9764 0.215 8.11
Ni | 0.9350 NA 0.9611 0.81+0.06 0.9692 0.298 8.22
Eu NA 0.9769 1.87+0.10 0.9888 0.070 13.02

NA = not applicable

Table 9 shows the significant parameters obtaimedh fmodelling the sorption of
metals onto boehmite colloids. None of the thredaimestudied was modelled
satisfactorily by the Langmuir model, shown by then-linear behaviour of the
plotted data. Both the Freundlich and the D-R m®&dited the experimental data,

with the following remarks:

From the results Cs showed high values of the Eilemconstantn, near unity, in
agreement with the linear sorption isotherm. Bosha@d Ni exhibited similar values
of free energy of sorption; those values, betwean®11 kJ mo! suggested an ion

exchange mechanisim
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The saturation values predicted by the D-R modelb&iow the observed values in
the sorption isotherm (Figure 12). Eu saturated gdhdace of boehmite at early
stages of sorption, with a maximum uptake of apipnetely 0.1 mol kg. The

predicted saturation values for Ni and Cs werewedlte experimental value, as the

predicted values fell in the linear range of sanpti

2.3.2.1.1.1. Influence of colloid concentration

The sorption behaviours of Cs, Ni and Eu were suithy using different amounts of
boehmite present in suspension, i.e. changingdhe ® liquid ratios. The following
table shows the mass of boehmite colloids presefi0icni of suspension for each
metal, measured gravimetrically prior to the sanptexperiment.

Table 10. Mass of boehmite colloids in 10 chof suspension measured gravimetrically.

Metal | Mass of boehmite colloid (mg)
Cs 14 29
Ni 33.5 54
Eu 14 28
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Figure 17. Effect of the solid to liquid ratio on he sorption of (a) Cs, (b) Ni and (c) Eu onto
boehmite colloids at pH 7 and ionic strength 0.05 oi dm™>.

In the case of Cs and Eu, Figure 17(a) and (c)sthption of metal onto the colloids
increased as the amount of boehmite increasedndisated by the Rvalues,
summarised in Table 11. In the case of Ni, Figuféb), the sorption of metal onto

colloids showed no significant difference.

As the amount of boehmite colloids present in sosje® increased, so did the R
values. Logically, the more surface available isp&nsion, the higher the metal
sorption. However, this did not apply to Ni, whielxhibited lower R values at

higher boehmite concentrations. Zhateal. °* suggested particle aggregation could
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lead to these results, although colloidal stabilias observed throughout the

experiment.

Table 11. R, values for metal sorption onto varying amounts oboehmite colloids.

R4 (dn?’ kg™)
mg boehmite 14 30 54
Cs 76.7+1.7 99.3+9.1
Ni 2989+153 220.9+6.2
Eu 1135.1+54.6 13851.0

2.3.2.1.1.2. Influence of background electrolyte

Parallel sorption experiments were carried out tody the influence of the
background electrolyte on the sorption of Cs ondehmite colloids. The pH and
ionic strength conditions were the same as thoseribed in the experimental
section, only the ionic strength varied and this wdjusted using KCI or NaCl. The
amount of colloids present in 10 &mwas approximately 33.5 mg. For ease of
interpretation of results both the sorption andbdetson isotherms are shown (Figure
18).
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Figure 18. Effect of the background electrolyte orthe (a) sorption and (b) desorption of Cs onto

boehmite colloids at pH 7 and ionic strength 0.05 oi dm™>.

The sorption isotherm in Figure 18 (a) shows a&idR value for the sorption of Cs
in the presence of NaCl (11.35 + 0.51%kg™) than in the presence of KCI (5.15 *
0.42 dnt kg?), indicating that higher sorption of Cs onto bodkentolloids took
place when NaCl was the background electrolyte.theamore, the desorption
isotherms in Figure 18 (b) showed a significantodetson from boehmite colloids in
the presence of KCl (86.27 + 7.41%), as opposedltav desorption in the presence
of NaCl (8.83 + 0.46%).

The Ry value obtained for the sorption in the presencéla€l from Figure 18 (a)

was lower than that observed in Figure 12, duehouse of a different batch of
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colloids for these sorption experiments. The lattdrich were in the form of powder
rather than suspended, were used exclusively tty she sorption and desorption of
different background electrolytes. Although repradiity could not be proven with

this batch, the aim was to analyse the influendeackground electrolyte.

The presence of the background electrolyte intredua competition of sorption
between the Csions and the electrolyte ions, the latter beingspnt in higher
concentrations. The results indicated that sorptb@s was higher and desorption
was lower in the presence of NaCl, suggestingNla&tl hindered less the sorption of
Cs to the colloids. Moreover, the results suggest the competition introduced by
K" ions was stronger than that introduced by Mas, which is attributable to the
greater similarity in both ionic size and electrgaiivity of K" ions with C§ ions®.
These results suggested that the background digetretrongly influences the
interaction of metals with boehmite.

2.3.2.1.4. Sorption on solid boehmite

Sorption of the three metals studied previously bmehmite colloids was also
assessed for the solid phase of boehmite, whersitieewas substantially greater
than for the colloid phase. Section 2.3.3. will whihe difference in surface area
between the colloidal and the solid phases, whiels higher for the colloids. The
solid to liquid ratio was kept similar to that used the adsorption to colloidal

boehmite (30 mg to 10 c¢hsuspension) experiments.

Figure 19 shows the sorption isotherms for the tsmrpf Cs, Ni and Eu onto solid
boehmite. Two different series were used for thgptsan of Eu, one in which the
linear range of the isotherm is fitted to the lineegression, and another where the

isotherm is shown for the whole range of conceiunatstudied.

In general, the sorption increased with the valeoicyhe metal, i.e. the Rvalues
increased from 26.4 + 0.3 drkg™ for Cs, to 47.7 + 1.09 dkg™ for Ni and 448.4 +
8.6 dn? kg™ for Eu. Both Cs and Ni showed a linear sorptiorthi@ range of metal
concentrations studied. On the contrary, the no@ali sorption of Eu indicated
saturation of the solid surface.
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Figure 19. Sorption isotherm for Cs, Ni and Eu ontasolid boehmite at pH 7 and ionic strength
0.05 mol dn?’.

Solid vs colloid
All metals showed a greateg Ralue for the colloidal phase than for the solcge,

consistent with a higher surface area of colloidgreover, the difference was
increased with the ionic charge of the metal. Is thanner, the Rfor Cs increased

by 4 times when the surface phase was colloidad. ifbrease for Ni and Eu was 6
and 30 fold, respectively (see Table 12 for sumseariR values). These results
suggest a direct relation between thgtRe ionic charge and the surface phase. This

relationship will be discussed in section 2.4.

Table 12. Distributio ratios for metal sorption onboehmite (colloidal and solid phase).

solid to liquid ratio  Rq (dn® kg'?)
(mg : cm)

Colloid 29:10 99.3+9.1

Solid 100 : 30 26.4+0.3
\i Colloid 33.5:10 298.9 + 15.3
Solid 100 : 30 47.7 +1.09

e Colloid 28: 10 13851

Solid 100 : 30 448.4 + 8.6
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The sorption behaviour of metals on solid boehmites modelled (Figure 20) and

compared to that on colloidal boehmite. Table I®msarises the results, where, for

ease of interpretation, the modelling parameteard®bh solid and colloid are shown

together. Although the Langmuir model yielded gditsl in terms of R value, the

interpretation of the model failed to explain thgperimental observations. The units

for Qmaxare mol kg and for the free energy of sorption kJ thol
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¢) D-R fit for metal sorption onto solid boehmite
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Figure 20. Modelling of metal sorption onto solid behmite at pH 7 and ionic strength 0.05 mol

dm®=.

Table 13. Modelling parameters for metal sorption ato solid and colloidal boehmite.

Langmuir Freundlich D-R
R Qmax R n = Qmax E
Colloid | 09996 1.71x16| 09910 1.11+0.04 0.9602  0.595 7.67
Cs Solid | 0.9973 583x18| 0.9989 0.99+0.01 0.9823  0.329 7.72
| Colloid | 0.9948 <0 0.9611 0.81+0.06 0.9692  0.298 8.22
NI Solid 1 <0 0.9997 0.99+0.01 0.9871  0.587 7.70
Colloid | 0.9781 curve 0.9769 1.87+0.10 0.9608 0.145  12.31
=u Solid | 0.9989 9.39x18| 0.9375 0.82+0.09 0.9706  1.014 8.51

Table 13 shows some of the modelling parametershi®rsorption of metals onto
solid and colloidal boehmite. The following conctuss can be made from the
results:
e The values for Qux predicted by the Langmuir model were lower thavséh
observed experimentally in the sorption isothertne D-R model predicted
Qmax values similar to those observed experimentally Mo and Cs, but
overpredicted the value for Eu.
* The Langmuir model failed to predict the sorptidriNo onto boehmite, both
in the colloid and the solid phase.
* The Freundlich model predicted high valuesndior Cs and Ni, consistent
with the linear sorption observed in the isotherifise values predicted for
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Eu sorption on colloids were lower, as well corenstwith the saturation of
boehmite by the cations.

e Cs and Ni sorption onto boehmite, both colloids aolid, was best described
by the Freundlich isotherm, as better valuesofiBre obtained.

2.3.2.1.5. Sorption onto montmorillonite colloids

The sorption of Cs, Ni and Eu onto montmorillongelloids was studied. The
sorption isotherm of the three metals is shown iguie 21. Different batches of
montmorillonite colloids were used to measure thgtson experiments. The mass
of montmorillonite colloids in the vials, measuieg gravimetric analysis, as well as

the average size are shown in Table 14.

Table 14. Characteristic parameters of montmorillorite colloids used in sorption batch

experiments.

Metal Mass (mg) Average size (nm)
Cs 60 583.6 + 33.8
Ni 11 559.3 + 156.5
Eu 16 775.7 £ 168.8

Table 14 shows a significant variability in the mad$ colloids present in each set of
adsorption experiments. This reflects the diffigutt preparing the montmorillonite
colloids. The size of the colloids was in all caabsve 500 nm and therefore still in

the colloidal region.
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Figure 21. Sorption isotherms for (a) Cs, (b) Ni ad (c) Eu sorption onto montmorillonite

colloids at pH 7 and ionic strength 0.05 mol dif.

Figure 21 shows linear sorption for Cs throughcweg tange of concentrations
studied. The distribution ratio,qRcould be determined from the slope, and was 33.5
+ 0.7 dnf kg™ . Sorption of Ni increased linearly at low Ni contmtions but curved
at higher Ni concentrations, indicating saturatednmontmorillonite colloids. The
slope of linear range of the isotherm represem$Rthvalue, which calculated for the
desired range yielded 278.53 + 9.51%dkg™. Eu sorption onto montmorillonite
colloids increased sharply at low concentrationd @mrved reaching a plateau at the
range of concentrations studied. This plateau atdit the sorption capacity of
montmorillonite colloids, since the colloids readhsaturation with EU ions. The
linear range of the isotherm corresponds to th&iligion ratio value, R which
yielded 4174.1 + 164.4 dhkg™.
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In general, the sorption of metals onto montmanilie colloids increased as the
valence of the metal increased, consistent withgdreeral trend observed in earlier
sections where an increase in the ionic chargetée@dn increase in sorption.
Furthermore, saturation of the colloids occurretbaer metal concentrations as the
valence of the metal increased.

The sorption of metals onto montmorillonite colleidvas modelled with the
Langmuir, Freundlich and D-R models (Figure 22)e Thsults are summarised in
Table 15. The maximum amount of metal sorbeg.{Qs in mol kg' and the free

energy of sorption (E) in kJ mdl
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¢) D-R fit for sorption on montmorillonite colloids

“\‘\*\\L
[ ] T-A

A y = -0.0056x + 1.3599

“---ao R?=0979

— __y=-0.0057x - 0.6892
—

“R®=0.9685

o & A N O
I R N |

In [M]bound

y =-0.0079x - 0.9926

-101 R? =0.9847

-12 T T T T ‘ ‘
0.0E+00 2.0E+02 4.0E+02 6.0E+02 8.0E+02 1.0E+03 1.2E+03 1.4E+03

(polanyi potential)?

‘ ¢ Cs m N A Eu Linear (Cs) —— Linear (Ni) - - - - Linear (Eu)‘

Figure 22. Modelling metal sorption on montmorillonrite colloids at pH 7 and ionic strength 0.05

mol dm3,

Table 15. Modelling parameters for metal sorption @ montmorillonite colloids.

Langmuir Freundlich D-R
R® Quax(x10) | R n R Quma(x10) E
Cs | 0.9998 1.695 0.9997 0.95+0.01 0.9847 37.1 7.95
Ni | 0.9954 3.375 0.9865 0.71+0.03 0.9685 50.2 9.37
Eu | 0.9996 65.656 0.9409 0.65+0.07 0.9796 389.6 4509.

In general, the three models fit the experimengthdyielding high values of R
(most of them above 0.98). The values gf(redicted by the Langmuir and by the
D-R model observed in Table 15 were an order ofnitade lower for the Langmuir
model. The sorption isotherm in Figure 21 indicateat the Qaxfor Ni and Eu were
approximately 20 and 80 x fOmol kg', respectively. The Langmuir model
underpredicted these values for both Cs and Ni;elvew the value predicted for Eu
was close to that observed. Thus, the Langmuir ifdtked better the experimental
behaviour for Eu. The linearity shown in the sarptisotherm for Cs is reflected in

the high value of the Freundlich constamt,

Finally, the D-R model overpredicted the valuessofption capacity (not for Cs).
The mean energy predicted for the three metals estgd an ion exchange

mechanism of sorption.
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2.3.2.1.6. Sorption on solid montmorillonite

The sorption of Cs, Ni and Eu to solid montmoriltenwas investigated in the same
way as that used for the colloidal phase. The massontmorillonite solid added to

each vial was 50 mg for the Cs, 10 mg for the Ncivas and 16 mg for the Eu
batch.
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Figure 23. Sorption isotherms for (a) Cs, (b) Niad (c) Eu sorption onto solid montmorillonite

(black squares) and onto colloid (white triangles).

Figure 23 shows the isotherms for metal sorptioto @olid montmorillonite. For
ease of comparison, the sorption isotherms usieagdhoidal phase are also shown.
Cs sorption onto solid montmorillonite showed avedr isotherm, suggesting a
tendency to saturation. The slope of the lineagearepresented the distribution
ratio, R, which was measured as 114.7 + 6.0°da™. Ni sorption onto solid
montmorillonite showed a tendency to saturatiohigher Ni concentrations, which
also occurred in the sorption to the colloidal ghakhe R value yielded 51.5 + 1.7
dm® kg, Finally, sorption of Eu onto the solid phase afmmorillonite showed a
steep increase at low metal concentrations, foltblayea plateau and increased again
at higher metal concentrations. The increase shmythe last data point could be

due to either experimental error, or due to préaffmn of a hydroxide form of Eu.
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The R value was calculated as 4251.9 + 427.8 #gt. The sorption of metals on

montmorillonite increased in the order Ni < Cs < Eu
The sorption of metals onto montmorillonite was eltetl using the Langmuir,

Freundlich and D-R isotherms (Figure 24). The rahvparameters are shown in
Table 16. The values of are mol kg and the free energy kJ rifol

a) Langmuir Fit on solid montmorillonite
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¢) D-R Fit on solid montmorillonite
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Figure 24. Modelling metal sorption on solid montmadllonite at pH 7 and ionic strength 0.05

mol dm3,

Table 16. Modelling parameters for metal sorption a solid montmorillonite.

Langmuir Freundlich D-R
R Qmaxx10? R° n R Quax10®> E
Cs 0.9977 18.7 0.9991 0.763x0.01 0.992 50.4 8.70
Ni 0.998 6.30 0.9988 0.855+ 0.01| 0.9885 304 9.21
Eu 0.9931 401 0.9433 0.456+ 0.05| 0.9729 189.8 11.32

The sorption capacity of the solid,nQ is expressed as mol kgand the mean
energy as kJ mdl From the results in Table 16, the Langmuir madelerpredicted
the sorption capacity of the solid for each of thetals, thus failing to explain
appropiately the experimental observations. The BxdRlel predicted, for all of the
metals, mean free energy values above 8 kJ magjgesting sorption took place via
an ion exchange mechanism. The values found foFteendlich constant), are in
agreement with those found in the literature fapson experiments under similar

experimental condition¥*°

Influence of the solid to liquid ratio
The amount of montmorillonite used in the colloigalase during the investigations
of Ni was of approximately 11 mg. A separate badgberiment was carried out

where the amount of montmorillonite weighed in ¥ was 10 mg. The rest of the
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sorption experiments were carried out following slaene procedure as described for

all the sorption experiments performed.

Series “10 mg linear” and “50 mg linear” in Figu2® overlapped with “10 mg

montmorillonite” and “50 mg montmorillonite”, resgievely.
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Linear (10 mg) —— Linear (50 mg)

X 50 mg linear

Figure 25. Sorption isotherm for Ni sorption on sdd montmorillonite at different solid to liquid

ratio, pH 7 and ionic strength 0.05 mol dri¥.

Figure 25 shows the sorption of Ni onto solid montitfonite at two different
concentrations of montmorillonite in suspensionahfl 50 mg in 10 cfin The lower
concentration was chosen to compare the sorptidwi @in solid mineral to that on
the colloidal phase. The isotherm shows two clealilstinct behaviours in the
sorption of Ni on montmorillonite depending on 8@id to liquid ratio. The series in
black represents the sorption on 10 mg solid mireerd is characterised by a linear
region, followed by a slight decrease in sorptieading to saturation. The data point
highlighted by the circle was chosen to be accalimehe linear region, despite its
slightly higher value. Not taking this point intoresideration when calculating the
distribution ratio from the linear region, wouldeld an R value of 159.79 drhkg™,
which is a value close to that reported earliere Ravalue for the sorption of Ni on

10 mg of solid montmorillonite vyielded 164.37 + B.@&In? kg®, which was
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significantly higher than the resulting value whka amount of solid increased to 50
mg, 51.46 + 1.71 dirkg™.

Solid vs colloid

Table 17 compares theyRalues for the sorption to the colloidal and sqlithses of
montmorillonite. Together with the distribution i, the mass of montmorillonite
in each batch is also shown, as well as the typsatfierm observed in the range of

concentrations studied, either linear or curved.

Table 17. Sorption parameters for metal sorption ormontmorillonite (colloidal and solid

phase).

phase mas@eng) Ry (dm® kg?) isotherm

colloid 60 33.5+0.7 linear

Cs solid 50 114.7 £ 6.0 curved
colloid 16 99.9+194 curved

Ni solid 10 164.4 £ 0.6 curved
solid 50 515+17 curved
- colloid 11 4174.1 £164.4 curved
solid 16 4251.9 +427.8 curved

The general trend observed in section 3.2.1.2.hithvchanging the mineral phase
of the boehmite led to an increase of thevRlue was not observed in the case of
montmorillonite. Analysing the possible reasonss sorption experiments were
carried out in the same way and the amounts of mamilonite are similar in the
colloidal and the solid phase. However, the solidntmorillonite was not pre-
conditioned prior to the sorption experiments. Bgrithe extraction of colloids,
montmorillonite was saturated with Naons, thereby introducing a competitive

element during the sorption experiment.

In addition to the Rvalue, differences in the modelling of the somptad metals on

montmorillonite were also assessed.
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Table 18. Modelling parameters for metal sorption ato colloidal and solid montmorillonite.

Langmuir Freundlich D-R
R Qua(x10) | R n R Quax10) E

Coll | 0.9998 1.70 0.9997  0.956 0.9847 37.1 7.95
©s Solid | 0.9977 1.87 0.9991 0.763 0.9920 50.4 8.70
| Coll | 0.9953 3.54 0.9865 0.708 0.9792 58.9 9.28
N! Solid | 0.9980 0.63 0.9988 0.855 0.9885 30.4 9.21

Coll | 0.9996 65.66 0.9409 0.650 0.9796 389.6 9.45
= Solid | 0.9931 40.12 0.9433 0.456 0.9729 189.8 11.32
Coll : Colloid

The R values obtained for most of the fits were abo®9 Oindicating good fits. Eu

sorption onto solid montmorillonite was best fittbg the Langmuir isotherm. In

addition, the predicted sorption capacities agréb those observed experimentally
in the sorption isotherms. The D-R fits exhibitesvér R values for the three

metals, but suggested ion exchange mechanism éosahption of the metals on
montmorillonite. Eu was the metal to present highalues of mean energy of
sorption. Finally, the Freundlich isotherm predicténe linear sorption of Cs on
colloids and the non-linear behaviour of the metasnontmorillonite.

2.3.2.2. Desorption experiments

Following the sorption experiments, a series oé¢hconsecutive desorptions were
carried out to study the extent of the reversipilit the sorption. To this purpose, an
aliquot of fresh electrolyte solution was addedrdstore the initial volume. The
activities obtained from the desorbed metal weensformed by mathematical
operations into metal concentrations. The plothef desorbed metal concentration
versus the concentration of bound metal (from somptresulted in the desorption
isotherm. For ease of interpretation desorptioshidwn as desorption percentages.
This was possible when the desorption isothermse wigrear in the range of
concentrations studied. As a result, the desorgiencentage was derived from the

slope.
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2.3.2.2.1. Desorption from boehmite colloids

Figure 26 shows the desorption percentages foithre® consecutive desorptions
(white, lined and dotted columns in figure) carraat following the sorption of Cs,
Ni and Eu onto boehmite colloid. The total desami calculated for each metal
after the three steps were: 19.75 £ 7.12, 63.33LF @nd 30.01 £ 1.24 % for Cs, Ni
and Eu, respectively. Ni was the metal which shoviled highest desorption
percentage, followed by Eu and Cs. All the methlewsed the same general trend:
the first desorption was the one in which the gneamount of metal was desorbed,
especially for Cs, which did not show significamsdrption percentage beyond the
first desorption. Overall, the results indicatedttiorption was reversible to a greater
or a lesser extent. The desorption isotherms frdnithwthe desorption percentages
were calculated are shown in Figure 27 to Figure 29
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Figure 26. Desorption percentages for three conseiixe desorptions of metals from boehmite
colloids (30 mg) at pH 7 and ionic strength 0.05 nham™.
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a) Caesium Desorption 1 from Boehmite (29mg)
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b) Caesium Desorptions 2 and 3 from Boehmite (29mg)
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Figure 27. (a) First and (b) second and third desqtions of Cs from boehmite colloids at pH 7
and ionic strength 0.05 mol dri¥.
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Figure 28. First, second and third desorption of Nfrom boehmite colloids.
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Figure 29. First, second and third desorption of Edrom boehmite colloids.

2.3.2.2.1.1. Influence of colloid concentration

The reversibility of the sorption of metals ontcebmite colloids in the presence of
different concentrations of colloids was studied dayrying out three consecutive
desorption steps following the sorption experiments

As a reminder, two different concentrations of ol were used in the sorption
experiments. The masses of boehmite colloids ih eaperiment are summarised in
Table 8.
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Figure 30 shows three different illustrations, éoreeach of the metals; furthermore,

each illustration represents the three desorptsnults for the two different masses
of colloid, indicated in the x-axis.
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Figure 30. Influence of solid to liquid ratio on the desorption of (a) Cs, (b) Ni and (c) Eu from

boehmite colloids.

A number of conclusions can be drawn from Figure 30
* Ni was the metal to show higher overall desorppencentage, followed by
Eu and Cs, which was the metal to exhibit largeviersibility.
e The concentration of boehmite did not influencengigantly the desorption
behaviour of Cs or Eu. However, the desorption gretiages of Ni decreased
with an increase of the amount of boehmite in susijoa.

* In all cases, the first desorption showed highdues than the second or
third.

2.3.2.2.2. Desorption from solid boehmite

The desorption percentages for the three consecdegorptions, determined from
the desorption isotherms are shown in Figure 3le dhsorption isotherms are
shown in Figure 32. In the case of Cs, the secasbmrption yielded low values,

constant for all concentrations used; thus, theraayee value was used as the
desorption percentage.
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Figure 31. Desorption percentages for three conseiive desorptions of metals from solid

boehmite at pH 7 and ionic strength 0.05 mol di

The total desorption percentages shown in Figurev&® 30.77 + 13.37% for Cs,
56.75 + 3.06% for Ni and 22.59 + 3.34% for Eu. Tdreer of desorption for the
metals was Eu < Cs < Ni. No significant desorptdrCs took place after the first
step, whereas Ni and Eu displayed similar desamppiercentages for the first and
second washes. The results for Cs suggested tb@ab¥Cs interacted with boehmite
through formation of chemical strong bonds whichraveot altered by electrolyte
washes; whereas the 30% desorbed was only pHysicaind through electrostatic
interactions. On introduction of electrolyte sotutj the N& cations replaced the Cs
cations, releasing them into solution. The resoliserved for Ni and Eu suggested
that ion exchange also took place between theidis in the electrolyte solution and
the metal ions on the surface.

Solid vs colloid
The desorption percentages determined for the aalidthe colloidal phase were not
significantly different, only slight differences wlol be observed (Table 19), except

for Cs, which desorbed in a greater percentage thensolid phase.
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Table 19. Desorption percentages for metal desorjgth from boehmite (colloidal and solid
phase).
Overall desorption percentage
Metal Colloid Solid
Cs 19.75+7.12 30.77 +13.37
Ni 63.33+7.17 56.75 + 3.06
Eu 30.01+1.24 2259 +3.34
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c¢) Eu desorption from solid boehmite
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Figure 32. Metal desorption from solid boehmite apH 7 and ionic strength 0.05 mol dr.

2.3.2.2.3. Desorption from montmorillonite colloids

Figure 33 shows the desorption percentages forNCsand Eu desorption from
montmorillonite colloids in three consecutive dgdmm steps. The total desorption
percentages observed for each metal were 16.7@01#4dlfor Cs, 43.51 + 6.24% for
Ni and 4.75 = 2.62% for Eu. The highest desorppencentage was that from Ni,
followed by Cs and then Eu. The general trend foth@ metals was that the first
desorption was the main desorption. The desorpisotherms from which the

desorption data was derived are shown in Figure 34.

The results from the sorption experiment (Figurg stfowed that sorption increased
in the order Cs < Ni < Eu. Figure 33 showed thatdider of desorption was Eu < Cs
< Ni. These results suggested that Eu was the mditigh sorbed more strongly to

montmorillonite colloids, as it sorbed to a greaetent and desorbed the least from

the colloids.
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Figure 33. Desorption percentages for three consetive desorption steps of metals from

montmorillonite colloids at pH 7 and ionic strength0.05 mol dn?’.
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b) Ni desorption from montmorillonite colloids
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c¢) Eu desorption from montmorillonite colloids
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Figure 34. Metal desorption from montmorillonite cdloids at pH 7 and ionic strength 0.05 mol

dm®.

2.3.2.2.4. Desorption from solid montmorillonite

Figure 35 shows the desorption percentages for NIsand Eu from solid
montmorillonite. The total desorption percentagiésrdhree consecutive steps were:
69.49 + 1.80, 42.99 + 1.18 and 2.59 + 0.02% for Bs,and Eu, respectively.
Desorption occurred in a greater extent in the cdges, followed by Ni and then
Eu. The desorption of Cs contrasted with previoxpeements where little
desorption took place beyond the first wash.
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As indicated from the desorption experiments, sonpof Cs and Ni onto solid
montmorillonite was reversible, as almost 70 anéb50espectively, of the metal
sorbed onto the solid was afterwards removed byhiwgswith electrolyte. On the
contrary, Eu exhibited low reversibility, with 3%esbrption. The desorption of Eu

from the colloidal phase of the mineral also sugggetow reversibility.
The desorption percentages calculated for the guiise of montmorillonite are

similar to those calculated for the colloidal phdsee Figure 33), except for Cs,

which desorbed four times more from the solid ptiaaa from the colloid.

60

50
43.15
T
L
40
©
(0]
2
2 30
@
© 24.23
X +
20 17:
11.59
10 / —— 717
/ e 2.59
o S | ]
Cs Ni Eu
Metal

‘El Desorption 1 B Desorption 2 O Desorption 3 ‘

Figure 35. Desorption percentages for three conseiive desorption steps of metals from solid

montmorillonite at pH 7 and ionic strength 0.05 moldm™.
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a) Cs desorption from solid montmorillonite
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¢) Eu desorption from montmorillonite solid
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Figure 36. First, second and third desorption for§) Cs, (b) Ni and (c) Eu from solid
montmorillonite at pH 7 and ionic strength 0.05 moldm®.

2.3.3. Surface area of boehmite

The specific surface area of boehmite colloids masasured by NBET adsorption.
PEC and CEC were also measured for the colloidaltia@ solid phase of boehmite.
However, the CEC and PEC increases are not propattio the increase in surface
area. Table 20 shows the difference in surfacenpaters between the colloidal and
the solid phase of boehmite. The average size pa®@imately 70 times higher for
the solid phase (considering the average size &9 #0n; data provided by
manufacturer). Consequently, some characteristranpeters of the surface were
significantly smaller for the solid phase: the spesurface area measured by BET
was 50 times bigger for the colloid, the differemcehe CEC was 3 times more for
the colloid and finally an order of magnitude whe tlifference in the PEC, greater
for the colloid. The results show that the largeface area of the colloid results in a

higher CEC and PEC. However, the CEC and PEC iseseare not proportional to

the increase in surface area.
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Table 20. Surface parameters of colloidal and solidoehmite.

. Average size Surface Area CEC PEC
Boehmite
(nm) (m? gt (meq ¢ (mol H" g* boehmite)
Colloid 122.4+39 114.2797 +0.9035 21.57+1.052.6 x 10°+6.2 x 10°
Solid * 2.4673 + 0.0018 7.12+0.10 1.3x10°+3.0x10°

*Diameter (um) as provided by manufacturer: d10 = 1.2; d50 €90 = 17
d10 indicates that 10% of the particles have a senaiameter than 1.2m, being the remainder 90% larger
than that size. d50 and d90 indicate same pararseter

The BET method involves the solidification of thelloids, a process which may
affect the structure or surface properties of tbkoils. Therefore, other methods
have been developed to measure the surface apedlatls. These methods involve
the adsorption of an appropiate dye to the colléid3he method was described in
section 2.2.4.1.

For ease of use, the method was first appliedecstiid. As boehmite is positively
charged in the range of pHs studied, the methodinexd) the selection of a suitable
dye. Unfortunately, none of the dyes tried hereerensuitable for the measurement
of the surface area of boehmite. The following éasummarises the problems
encountered when using the dyes, as well as theiteams tried. The third column
shows, in most of the cases, the absorbance olosévehe dye solution (named
blank) and the absorbance for the dye-solid sanvgleen the absorbance measured
for the sample was similar to that measured fobtaak, no sorption took place.
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Table 21. Attempt to measure surface area of boehtaiby adsorption of organic dyes.

Dye Conditions Problems
[DPSO] = 5x10', UV too concentrated for higher
DPSO 8.3x10° mol dni® concentration and not measurable for loywer

concentration. Range too narrow.

[NBA] = 10 mol dmi® | Blank A = 0.9788
NBA m boe = 0.955 g A =1.1500

|

No sorption observe

[BNP] = 10° mol dmi® | Blank A = 0.7189

m boe = 0.0999 g A =0.7330
m boe = 0.2020 g A=0.7743
m boe = 0.3015 g A =0.7450
3NP No sorption observe(

[3NP] = 10° mol dmi® | No sorption observed.
m boe = 0.1042 g
[3NP] = 10° mol dmi® | No sorption observed.
m boe = 0.2023 g

[Ponceau S] = 1% v/v | Colour of dye disappeared. Apparent

m boe = 0.3064 g sorption. However, UV showed sorptign.

m boe = 0.3001 g Possible reason could be decomposition of

m boe = 0.3013 g dye.

[Ponceau S] = 1% v/v | This time equilibration time was changed to

m boe = 0.2998 g 5 minutes. Just after the solid and dye were

m boe = 0.3056 g added together, a red solid started| to
Ponceau S o

m boe = 0.3023 g precipitate. pH was 1.37.

[Ponceau S] = 7.5xI¥) | pH was taken to 9 with N4DH. The three
5x10°, 2.5x10° % v/v | solutions studied turned white immediately
m boe~ 0.2 g after adding the boehmite. After
centrifuging the solution was still cloudy.
After filtering the solution was still cloudy.

UV could not be measured.

The last dye used, Ponceau S, seemed to be dedognposthe presence of

boehmite, since the resulting colourless solutifv@rahe equilibration time showed
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high absorbance in the UV. In case the aluminiurs having a chemical effect on
the dye, an experiment was carried out where thesasoncentration of dye (1 %
v/v) was contacted with 0.3 g of AlChnd AI(OH). However, no changes were
observed. Hence, apparently only boehmite had d&vctebn the dye at this
concentration. Also, the calibration curve for thldge could only be acquired
between 2.5 x I® and 7.5 x 18 % v/v, since higher concentrations were too
concentrated for UV and lower concentrations gawesoebance below 0.1

(background range).

Although a wide range of dyes were used, underemfft conditions, the

measurement of the surface area of boehmite by asttye was unsuccesful.

2.3.3.1. Surface imaging

SEM and XRD measurements were carried out on bdeheoiloids, solid and on

those metal-bound colloidal samples. SEM image® waken expecting to observe
differences in the surfaces between colloidal aoidl 9oehmite. Furthermore, SEM
images were taken on metal-bound, radiotracerfr@ehmite samples aiming to

observe any changes induced by the sorption oflsnetdo the colloids.

XRD measurements were used initially to compareh botlloidal and solid
boehmite, expecting to observe similar or identdififactograms. XRD was further
used to observe whether the sorption of metalsHfchad altered the structure of

boehmite.

XRD measurements for boehmite, both the colloidad &he solid phase, showed
identical diffractions for both phases (Figure 3Fyrther, the programme verified
the presence of boehmite by positive match withréfierence boehmite (Figure 38).
The width of the peaks is inversely proportionathe size of the particles. Hence,
the broader peaks observed for colloidal boehmitonsistent with a smaller size of

the particles. The Scherrer equatidiis defined as follows:

L= Equation 2.16
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WhereL represents the size of the particle, inlAs the wavelengthi(= 1.5418 A),
B is the full width at half maximum intensity ofdtpeak, in radians anglis the
angle.L could be calculated in nm by multiplying the onigi value by 10, as 1 nm =
10 A.

The Scherrer equation was used to calculate thee dfiboehmite particles for the
first three peaks from Figure 37. The results amens in Table 22.
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Figure 37. XRD diffractograms of solid and colloidhboehmite.

Table 22. Size of colloidal and solid boehmite caltated by the Scherrer equation.

Colloid Solid
Size (nm) 417.5 10146.4

The size of colloidal boehmite, as calculated by 8ctherrer equation is orders of
magnitude lower than the size observed for thedsphrticles of boehmite, in
agreement with average size measurements carrieblyoDLS. However, the size
measured for the colloidal boehmite is slightly Heg than that measured in
suspension by DLS (approximately 124 nm, TableTBe increase in size is most
probably due to aggregation of particles which tgbikce during the evaporation

process prior to the XRD measurement.
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Two important conclusions could be drawn from thRD<measurements: (a) the
size of colloidal particles was indeed significgntbwer than the size of solid
particles and that the solidification process d#dcthe colloidal suspension by
forming aggregates which altered the surface cleniatics of the colloidg,e. their

size.
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Figure 38. XRD Powder diffraction for boehmite (coloidal and solid samples) compared to reference bbmite.
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The powder diffractions observed in Figure 37 shbe presence of peaks at the
same 2-theta degree, indicating that the same afiveas being analysed. The
broader peak for the colloidal boehmite samplegtiogr with the smaller (lower

intensity) peaks, are probably due to the smaleount of sample introduced in the

instrument.
XRD measurements for boehmite colloids and metalkbdeboehmite colloids

showed no significant differences, suggesting that metals did not cause any

alteration in the structure of boehmite (Figure.39)
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Figure 39. Effect of metal binding on boehmite catlids.

The SEM images were combined with EDAX mapping. Hiter confirmed Al and
O were dominant in boehmite. The images for boehgotloids and solid are shown
in Figure 40.
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Figure 40. SEM images for boehmite (a) colloids anfb) solid.

The boehmite colloids were oven-dried prior to theasurement, resulting in a
needle-like structure. Figure 40(a) shows the eddgkat structure, which exhibited a
rough surface with cavities. Instead, solid boebrp#rticles (Figure 40(b)) showed
aggregation of pellets of smooth surface.

Samples of the radiotracer-free sorption batch ex@sts were also oven-dried
prior to the surface imaging on SEM. EDAX mappirtgpwed no metal on the
surface, most probably due to the low concentratiohmetal present. Due to the
evaporation process, the SEM showed the sampliee toechanically broken. SEM
images of Cs-, Ni- and Eu-sorbed boehmite collaigsshown in Figure 41 to Figure
43. All the SEM images show aggregates of partickdsich probably originated
during the evaporation process. For ease of urade®sty and interpretation,
different expansions are shown, where a varietgioés of the aggregates can be

observed.
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Figure 41. SEM images for Cs-bound boehmite collogd
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Figure 42. SEM images for Ni-bound boehmite colloisl

Figure 43. SEM images for Eu-bound boehmite collosl
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2.4. Discussions

Other studies reported in the literature have shthaih metal sorption has generally
been studied on solid surfaces rather than collsdafaces. The investigations

herein have shown sorption isotherms and interpioatson both phases of minerals.

2.4.1. Metals and Boehmite

Sorption of Cs, Ni and Eu studied in this work, dtger with other investigations
have shown that boehmite, despite being positiebbrged, can act as an adsorbent
of cations through the OHgroups. Spectroscopic studies have shown the
mechanisms of interaction of multivalent metalshwitoehmite colloids. In this
manner, Cu(ll) was found to coordinate to the oxgyeé the AIOOHY’, thereby
forming inner-sphere complexes. As(V) associatedaehmite by forming bidentate
binuclear structures, where As coordinated to twagqgens in a tetrahedral

99
l.

coordination®™. Hiemstraet al.* concluded that the sorption of Fe(ll) to boehmite

could be explained in the same manner. Mengl. **°

studied the sorption of Eu
onto pseudo-boehmite and found that the chemicaoration was due to
electrostatic attraction. Phosphorous covered 20%he boehmite surface at pH 4
191 Liu et al. *°? observed the reversibility of the sorption of Qp{b boehmite by

means of column experiments. Finally, the reveligof the sorption of metals onto

boehmite colloids has also been observed in the @a€r(VI)>° and Rh(VII)>.

To summarise the experimental observations, thgtisor of metals onto boehmite
(colloids and solid) increased with the ionic cleaaf the metal, and thegRalues
were higher for the sorption onto the colloidal pdn@ompared to those on the solid
phase, due to the higher surface area of the doll@esorption experiments showed
that Ni was the metal to desorb the most afteretlmensecutive washes and that Cs
desorption took place mainly after the first desiorp In the case of this metal,
further washes did not exctract more metal from ghdace of either colloidal or

solid boehmite.

Na’ ions, present in solution, compete succesfulyhv@s ions for outer-sphere

3

sites 1% leading to a reversible sorption of Cs on boebmias observed
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experimentally. However, this reversibility was pplartial, as a significant amount
of Cs remained sorbed after the first desorptioend#, not only ion exchange
mechanism, but also inner-sphere complexation eaasbumed from the irreversible
sorption observed. Although ion exchange is thennma¢échanism for Cs uptake on
minerals 1% Kim et al. '® proposed as well stronger bonds via inner-sphere

complexation , which takes place by the proximit{Cs to the Stern layer.

Ni sorption on boehmite was linear and showed thgkdst reversibility on boehmite.
The D-R model predicted ion exchange as the machareésm for the sorption of Ni
on boehmite, which would explain the high desorptabserved. The presence of
weak and strong binding surface sites were assibyedillasefior Nand'® when
investigating the sorption of Fe(ll) onto oxidesdamay also apply to the sorption of

Ni onto boehmite colloids.

Batch sorption experiments indicated that Eu soddetbst completely to boehmite
at low concentrations, but soon saturated the seiréd boehmite. Kraemast al. ®’
reported sorption percentages above 98% at metakotrations 3imol dni® at pH
6.3, in agreement with the experimental observatidine high sorption of the metal
to the boehmite surface might be due to the bondfrgydrated Eu to the aluminol
groups*'%® Naveatet al.**” modelled succesfully the sorption of Eu on goetbi
introducing into the surface complexation model thernary complexes
=XOHEUCF* and =XOHEuU(OH). These weak and electrostatic bonding lead to

dettachment of the metal and thus reversible smrptiay be expected.

Sorption of metals on boehmite, both solid andatdd, increased in the order:
Cs<Ni<Eu
Which agrees with the general trend that an ineraasionic charge leads to an
increase in sorptioff. Desorption increased in the order:
Cs<Eu <Ni
The desorption percentages observed for Cs frorhrbibe colloids were lower than
those for Eu in the colloidal phase, but was indhme order (considering error) in
the solid phase. The divalent metal was the ongetorb to a greater extent from
boehmite in both phases, therefore, ionic charg@oat the dominant factor to

determine the extent of desorption. From the tinne&als studied, Ni is the metal to
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exhibit the highest electronegativity and the lowsze (see Table 23). According to
the hard-soft-acid-base rule, a hard acid is tleati§ acid (electron acceptor) which
has high electronegativity and low ionic si2&'% Further, the rule states that hard
acids tend to react or complex with hard basessarfidacids will tend to complex
with soft bases®. Oxygen donors, like OHare considered to be hard bas&s
According to this, boehmite could be classifiecadsard donor, which would tend to
complex with Nf*, considered a hard acid, rather thaf @sEU’* cations, which are
softer in acidity. However, the experimental reswt desorption suggest rather the
opposite behaviour, since the higher reversibitibserved suggests that boehmite
tends to interact stronger with Csr EU* ions. Moreover, Nacations, classified as
hard acids, would be expected to replace softéorcacomplexed to the surface of
boehmite. The experimental findings that desorptbmNi from boehmite occurred
to a greater extent than the other two metals cbealdxplained by the HSAB theory

assuming a soft-base character for boehmite.

Table 23. lonic sizes and electronegativities of nads studied.

: . Electronegativity
Cation lonic Size (pm) o
(Pauling)
Na’ 113 0.9
Cs 169 0.7
Ni?* 69112 1.8
Eu** 108.7'2 1.15

2.4.2. Metals and Montmorillonite

118

Due to the abundance of montmorillonite in natsls ~, the sorptive behaviour

of metals with this clay has been studiadd Ky values have been provided for
sorption experiments under specific experimentahdimns **41*°116117 The
number of investigations on sorption and desorpsiilies of metals onto colloidal

montmorillonite is more limited.

Examples found in literature include Bouby al. '8, who found that Eu(lll) and
Th(IV) bound to clay colloids, whereas, under thene conditions, Cs(l) and U(VI)

would remain mainly dissolved. Czimeroed al. *° found that Cs bound to
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montmorillonite colloids directly to the oxygens ihe siloxane group$>Sr was
found to adsorb quickly onto montmorillonite collsi present in natural
groundwaters®°. Baik and Chd** studied the sorption of U(VI) onto natural soil,
constituted mainly by montmorillonite colloids, erd different experimental

conditions. Sorption was found to be greatest a6y

As a summary of the results found for metal sorptiand desorption onto
montmorillonite colloids and solid phase, the sompt of metals onto
montmorillonite colloids increased in the order €Ni < Eu. The sorption of Eu
showed a low reversibility, as only a 5% of the $fubed was desorbed after three
washes. Desorption increased in the case of Csanasdhighest for Ni, but in all
cases was below 50%. The sorption behaviour wéerdift in the solid phase, as the
order of sorption increased Ni < Cs < Eu. The reibdity was also low in the case
of Eu, as less than 3% of the sorbed Eu was desoalfter three washes. Ni
exhibited similar desorption percentages in thégahase, as it did on the colloidal
phase. Finally, Cs showed the largest reversibibty 69% of the sorbed Cs was

desorbed after three washes.

lon exchange was the main sorption mechanism ttaexghe adsorption of Cs on
solid montmorillonite, based on the mean free energdicted by the D-R model, in
agreement with previous reports found in the lie@®**?2°°1% The model fitted

succesfully the experimental observations in thekwwresented herein, predicting

similar values of mean free energy to those founderature.

Partial reversibility of Cs sorption on montmorilite has been reported in literature.
In this manner, Bellenget al. ' and Dyeret al. '** reported preferential retention
of Cs ions by solid montmorillonite; Bostiek al.**> reported 31% desorption of Cs
from solid montmorillonite after two washes witreetrolyte. The author suggested
two types of sorption mechanisms, inner sphere texep, in which Cs would be

more immobilised, and outer sphere complexes, w@sreould be easily exchanged
by other cations present in solution. Significard@sarption of Cs from clays

[ 126

containing montmorillonite was observed as well byjaniené et a and

Krumhanslet al.®*.
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A desorption percentage of approximately 43% irhkibie colloidal and the solid
phase was determined for Ni. These results argrneement with other authors who
reported remobilisation of Ni on addition of otheations in solution™*’. Two
different sorption sites have been described t@watcfor the partial reversibility
observed for sorption of Ni on montmorillonite: Wesites, and strong sites which
would lead to retention of the metal on the surfacé’

Eu sorption to montmorillonite and similar claysgenerally described by surface
complexation'®. This mechanistic explanation supports the fingihgrein in which
low reversibility was found for Eu, suggesting sijobonding took place at the

interface of montmorillonite.

The sorption of the metals increased as the iom&ge of the metals increased, in
agreement with Adeleyet al. ®*. Both Cs and Ni were found to exhibit reversifilit
of the sorption, however, Eu desorption was lowe dnder of desorption increased

in the order Eu < Ni < Cs.

Some R values reported in literature for sorption of netan montmorillonite are
shown in Table 24. All the values listed in thel¢éatorrespond to batch experiments
carried out at pH 7. The ionic strengths and stdidiquid ratios, however, varied

from one reference to another, hence the differentdistribution ratio values.

Although few R values are referenced in Table 24 compared tontaey more
available in literature, the aim was to show thgdarange of values depending on
the conditions of the batch experiments. A databaseprovided by Wold?® where

a large number of Rvalues can be found for the sorption of differerdtals onto
c&* and N& montmorillonite, under different experimental ciimhs. In the same
report, Wold highlighted the concerns in comparthg sorption of metals onto
colloids when the experiments were carried out undéferent experimental
conditions, mainly due to the influence of sizetrtisition. Because the jRralue is
normalised to the mass of colloid and not to thiéase area, the smaller the colloids,
the larger the surface sites available for sorpteord thus, the larger they Ralue.
Hence, studying the sorption of metals onto cofloisl not just influenced by the

solid to liquid ratio, but also by the size distrilon of the colloids.
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Table 24. R, values for metal sorption on solid montmorilloniteat pH 7.

Reference Metal Ravalue S/L ratio
(dm?® kg™ (mg:cn)
Cs 115 60 :10
Bosticket al.*?® Cs 399 1:25
Bellengeret al.*?® Cs 4514
Ni 164 10: 10
Boonfuenget al.®® Ni 3900 1:1000
Eu 4250 16:10
Bradburyet al.*?° Eu 10 1.5
Rabunget al. **° Eu 2500 5:20

Note that the cells in grey are the values repotterkin.

2.4.3. Solid to liquid ratio

Findings reported herein are in agreement withelwdsGranados Corred, in which
the solid to liquid ratio influences, to a sign#itt extent, the sorption of metals on
boehmite. The effect is an observed increase qtisorof the metal with the amount
of sorbent present in suspension. Sorption of Ceased by 30% when the amount
of boehmite in suspension doubled. For the samegehdhe distribution ratio for Eu

increased by twelve-fold.

Ni, however, exhibited a decrease in the sorptiponuncrease of the solid to liquid
ratio. When the concentration of boehmite colldiiseased from 33.5 to 54 mg in
suspension, the distribution ratio decreased by, 2@%reas an increase of five-fold
in the concentration of solid montmorillonite led & 70% reduction in the
distribution ratio.

Another example of the influence of the solid tuid ratio on the sorption of Cs on
solid montmorillonite can be found in literatureable 25 compares the differences
in the Freundlich constants found for different idoto liquid ratios. The

experimental values reported herein are also ligtethe table (shaded area). All
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experiments from literature summarised in the tatdge carried out at pH 7 and

similar ionic strengths.

Table 25. References on Freundlich fit of Cs sorpin to solid montmorillonite.

Freundlich constant

Reference Solid to liquid ratieng : cn) F n
Adeleyeet al.” 500 : 20 3.17 x 10 0.755
Akyuz et al.%* 50 : 50 3.64 x 16 0.67

Atun et al.* 20:5 23.40 0.90
Filipovic et al.® 10:1 3.63 0.91
60 : 10 17.96 0.76

Table 25 is an example of how sorption behaviourCsf varies under varying
conditions of solid to liquid ratios. The valuessebved in this work are consistent
with those reported by Atuet al.®®, due to the similarity in the solid to liquid rasi

2.4.4. Sorption onto solid vs colloid

The sorption of metals on boehmite and montmoiitiérsolid and colloidal phases,
has been described by means of the distribution ratthe linear range of the

sorption isotherm.

The linearity of the sorption isotherm observed@srsorption on colloidal boehmite
turned into non-linearity (at the same range ofcemrrations) when the sorption was
carried out on the solid phase of boehmite. XRDralitograms showed the same
pattern for both phases, confirming that the miharalysed was boehmite. Also,

equal chemistries could be assumed in both collaida solid phases.

Assuming equal chemistries, one can expect diftexerin the sorptive behaviour to
be due to differences in the surface area of thmeral. These differences are mainly
the size; the specific surface area of the coll@darger than that of the solid phase
thereby increasing the number of surface siteshamge, increasing the sorption. In
addition, saturation would be reached at highercentrations of metal in solution.

The same explanation would apply for Ni and Eu.
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This qualitative description could be improved bguantitative approximation. The
Rq values for the sorption of metals on colloidal aotld surfaces studied herein are
summarised below (Table 26). A scaling factor basedthe ratio of specific surface
areas was proposed by Wielatfdand succesfully applied on the sorption of Cs, Sr
and Th onto cementitious colloids. A similar apmio#s used herein, where not only
the ratios of SSA are considered, but also thesati CEC and PEC. Due to the
limited available data, further studies and deapsight is necessary to persue a

mathematical equation.

Table 26. Sorption of metals on boehmite and montmmifionite, solid and colloidal phase.

Rq (dn’ kg™)
Metal-Mineral Colloid Solid Boehmite
Cs — boehmite 99.3+9.1 26.4+0.3 SSA, _ 4633
Ni — boehmite 298.9+153  47.7+1.1 SSA,
Eu — boehmite 13851 448.4 + 8.6 CECy — 303
Cs — montmorillonite | 33.5 +0.7 114.7 £ 6.0 CEC,,
Ni — montmorillonite | 99.9 + 19.4 164.4 + 0.6 PEC,, =20
Eu — montmorillonite | 4174.1+164.4 4251.9+427.8 PEC,

The increase of Rvalue when the phase changes from solid to caldds already
been stated. In addition, the increase was shapdhe cation charge increased.
Thus, not only the surface area plays a role orettitncement factor, but also the
cation charge. Table 26 shows the values of thesréetween specific surface area
(SSA), the PEC and the CEC of boehmite for the phases studied, which are
considered to play a key role in the relation betwthe distribution ratios of the two

phases.

A first mathematical approach to the relationshfpthe distribution ratios could
consist of a linear relationship between thg &h the solid (Rso) and the
enhancement factor, which could be a direct pramoretween the charge and a
parameter related to either the ratio of surfaeasrthe ratio of CECs or the ratio of
PECs. In equation 2.12, the charge of the metapsesented by andY represents
the ratio of one of the properties of the surfadee results are shown in Table 27.
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Rico = Rysa X ZXY Equation 2.13

d,col

Table 27. Estimated values of Rvalues for metal sorption on boehmite.

Predicted Rcoioig (drm® kg™
Experimental R ~SSA “PEC. " CEC.
(dm® kg™) “Ssa, VT PEC,, " CEC,,
99.3+9.1 Cs 1223.1 528 80
298.9 + 15.3 Ni 4419.8 1908 289
13851 Eu 62323.1 26904 4076

The first approach used consisted on using thesaif SSA as the proportional
factor relating both distribution ratios. This falon of Y resulted in an
overestimation of the R,. A second function o¥ was used by taking the ratios of
the PEC, which also led to an overestimation ofRhg, Finally, taking the ratios of
CEC as the proportional factdf, yielded values of q slighly lower than those
observed experimentally.

2.5. Conclusions

Briefly in this chapter, reversibility studies weperformed by batch experiments
where desorption tests followed those of sorptibinese studies were carried out
using stable colloidal suspensions. Preliminarestigations showed the conditions
in which stability of the colloidal suspensions wassured. Parallel sorption and
desorption studies were carried out on the solasplof the mineral with the aim of
obtaining a mathematical expression which wouldtesthe sorption behaviour on
colloid phases to that on solid phases.

The stability of boehmite and montmorillonite cadle was assessed as a function of
pH and ionic strength. The results concluded th&t7/pand ionic strength 0.05 mol

dm® were appropiate for sorption experiments.

The sorbents used for the sorption experiments weelmite and montmorillonite

colloids, and boehmite and montmorillonite soli@ehmite (colloidal and solid
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form) and solid montmorillonite were used as preddy the manufacturer, whereas
montmorillonite colloids were extracted by repeatethes with electrolyte from the
solid form. The sorption of Cs (mono-), Ni (di-)daku (tri-valent) on these minerals
was investigated. Generally, the findings agreeth \an increase of sorption with
ionic charge. Sorption isotherms and later modgllshowed a general linear
behaviour of Cs, general non-linear behaviour ofaled a linear sorption of Ni on

boehmite (both phases), followed by a non-lineaptsan on montmorillonite (both

phases).

The three sorption isotherms used in modelling wieeeempirical models Langmuir,
Freundlich and D-R models, which provided estimatksorption capacity of the
minerals and energy of sorption. In general, thailte proved unsuccesful for the
Langmuir model, due to an underprediction of thggon capacities, but good fits
for the Freundlich isotherm. The D-R isotherm pcesti ion exchange as the

sorption mechanism in general.

Desorption experiments showed that the sorptianethls on boehmite was partially
reversible. The sorption of metals on montmorilenivas also partially reversible,
although Eu exhibited low desorption values in bgllases of montmorillonite. The
reversibility did not depend on the ionic charge, i showed the highest
reversibility in most of the cases. The resultsrfrihe desorption experiments carried
out have been interpreted from a thermodynamicaggbr and these have shown the
order of desorption of metals from colloids. Howevihe kinetics of desorption

would be necessary for a thorough and complete laune of the desorption rates.

The partial reversibility may be explained by diffet sorption mechanisms,
supported by many authors in literature; sorptignitmer-sphere complexation,
which leads to the formation of strong, chemicatdigy and sorption by outer-sphere
complexation, which is described by weak, physmadl electrostatic interactions
between the metal and the mineral surface. Oniaddif the electrolyte, the metal
ions bound via outer-sphere complexation were exgb@ by the cations from the
electrolyte, whereas the complexed metal ions neethibound to the mineral

surface.
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The Ry values were found to be dependent upon the solidjaid ratio, increasing
as this parameter increased, in agreement withr athelies found in literature.
Another influencing parameter was the backgrounectadlyte. Changing the
electrolyte from N&to K' led to a decrease in sorption and an increasesargtion
of Cs to boehmite colloids, thus concluding that similarity in ionic size resulted in
a greater competition for the sorption sites.

Measurements of the specific surface area, protwhcation exchange capacities
indicated that the lower particle size of the ddioprovided a higher specific surface

area for colloids, explaining the higher sorptidoserved on colloidal particles.

An attempt to quantify the distribution ratio oktsorption of metals on colloids as a
function of the R value on solids, charge and surface, was madenplistic, linear
equation was proposed where thg \Rlue for the sorption of metals on colloids
could be determined from they Ralue for the sorption of metals on solids, th&do
charge of the metal and the ratio of CEC betweercdtloidal and the solid particles
of the mineral. However, this simplistic model auinly be applied on the results
obtained herein for boehmite. Thus, a single syssamsufficient for testing a model
and more measurements and mathematical processiregded to continue this line

of enquiry.
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Chapter 3. COLLOID HUMATE TERNARY SYSTEMS

3.1. Introduction

Inorganic and organic colloids are ubiquitous congris of the subsurface and are
likely to affect the mobility of radionuclides thugh the Geosphere. The interactions
of metals with two inorganic colloids have beendstigated in the previous chapter.
Humic acids (HA) play an important role in the naiion of contaminant metals
through the Geosphere, as they may also infludmedinary interactions of metals

with minerals.

The effect of HA on the sorption of metals ontoiddurfaces has been widely
investigated, and some examples can be found ipt€ha. In general, the presence
of HA in a ternary system constituted by the me##{,and a surface, has been found
to increase the sorption of the metal onto thergaaface at low pHs but to hinder it
at high pHs. Examples apply for mono-valent, asl welfor multi-valent cations:
TI(1) sorption decreased on pyrolusite in the pneseof HA 3% fulvic acids (FA)
decreased the sorption of Am(Ill) on silica, butreased it on alumin&2 The

a>* was found to

influence of HA on Th(IV) sorption onto silicE® and alumin
increase at low pHs and decrease at intermediatdigh pHs. Sorption of U(VI) on
attapulgite increased at all pHs in the presencelAf*>. Cruz-Guzman*® found
that HA enhanced the sorption of Pb(Il) and Hggh) montmorillonite, but hindered
it on ferryhydrite, due to the high affinity of Hfor the mineral and consequent

blocking of sites.

Fewer studies, however, have been carried outvigstigate the influence of HA on
the sorption of metals onto colloidal surfaces.afsexample, the sorption of Cm(lll)
onto silica colloids was enhanced by HA at low ghi® to complexation of Cm to
HA, but decreased at pHs between 6.5 and 8 duenpetition of HA and sorption
sites of silica for the metal. At higher pH Soumittaret al**” reported an increase
in the sorption of Cm(Ill) onto silica colloids.r®jh et al. **® reported as negligible
the effect of HA on the sorption of metals onto metife colloids. Jairet al. **,

observed an enhancement in the sorption of neptupinto hematite colloids in the
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presence of HA at acidic pHs. These studies progsidéence that the effect of HA
on metal sorption to colloids does not always felline general trend observed for

most of the solids.

Following the investigation of the interaction ddlloids with contaminant metals,
this chapter studies the influence of HA on thg8on of metals (Cs, Ni and Eu)
onto boehmite colloids and focuses further on thy@ieability of the linear additive

model (LAM) to the experimental results.

3.1.1. Linear additive model

The LAM is a mathematical model used to predict soeption of metals onto

surfaces in the presence of HA. The ternary sysgethe system in which metal

cations, HA and the solid or colloid surface coexithe different interactions are

shown in Figure 44, where, for simplicity, HA maldes have been given a spherical
shape. This example uses a solid surface.

Mém

R.
) R 4y f

777777717

Figure 44. Interactions between metal cations (MKA molecules and the surface of the solid.

The LAM assumes that the distribution coefficient the ternary system (B
results as a combination of the distribution caegfits of the separate binary
systems [, fua and R). Several expressions have been proposed to deteiR:
values in ternary systems. For instance, Samaefaah **° proposed the following

expression for the LAM (as applied for solids):
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_ R+ Jfaha

Equation 3.1
1+ Q- f,) AHA]

R

WhereRy; andRy, in dn? kg?, are the distribution coefficients for the ternamd
binary metal-solid system, respectively, is the fractional sorption of HA onto the
surface is the metal-humate stability constant, in mol'%iid, in dn?, andW, in
kg, are the volume of sample and weight of solespectively, andHA] is the
concentration of HA, in mol dih

A slightly simpler model was proposed by Lippeldal. ***-

_ R+ T BHA]
T 1+ [HA

Rz

Equation 3.2

A series of assumptions are considered in both enadtical formulations of the
LAM: 142,143,140,144
 The individual sorption coefficients are indepertdeof the metal
concentration;
* The sorption properties or characteristics of theemal are not affected by
the presence of HA;
« Different molecular weight fractions of HA are negfied and sorption of HA
is considered as a whole;
» Affinity of metals for mineral-bound HA and for dislved HA are
considered identical;
* The mass of mineral is much higher than the massirdéral-bound HA;

» Electrostatic interactions at the mineral-wateeliféce are neglected.

Although the LAM has been generally applied to nmidte influence of HA on the
sorption of metals onto solids, in principle, itgpication could be extended to
colloidal systems. However, the examples founddte dn the literature report, in
general, the failure of the model when applied dthoidal systems: Kumaet al’*°

observed an increase of Cs sorption on silica ictsllat acidic pHs in the presence of

HA. Although at first the LAM could not describecsesfully the effect of HA, the
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use of two different stability constants for medtaimate complexation led to the
success of the model. The two stability constaotsesponded to the complexation
of metal with dissolved HA in suspension and tHatetal with surface-bound HA.
Like this, the sorption of Cs onto silica colloitfS and that of Tc (VII) onto alumina
146 \vere modelled by the LAM. However, this modificat of the LAM did not
satisfy the modelling of Cm(lll) sorption onto s#i colloids in the presence of HA
147 Christlet al.*** found that the additivity assumption underestimate sorption

of copper onto hematite colloids in the presencdAf

This chapter aimed to study the influence of HAmatal sorption onto boehmite
colloids. Further, an attempt to model the sorptiath the LAM was made. With the
objective of comparing the behaviour of metals lo@ ¢olloids in the presence and
absence of HA, the experimental conditions were dlime as those used for the
batch sorption experiments in the previous chapter.

3.2. Experimental

Before the investigation of the influence of HA dtme sorption of metals onto
boehmite colloids was started, the sorption of Hihodboehmite colloids was studied
(see section 3.2.4). Special attention was givehdatability of boehmite colloids in
the presence of HA, since initial tests providepgezimental evidence of flocculation
of the colloids taking place on addition of HA atvéde range of concentrations.
Therefore, a study was carried out in which théikta of the colloids was followed

by DLS or UV-Vis spectroscopy. Once the stabilitpnditions were established,

sorption experiments were carried out.

3.2.1. Preparation of reagents

Purified humic acid (Aldrich)*® was used to prepare solutions of concentrations
ranging 1 to 500 mg ki All the samples used were adjusted to pH 7 anitio
strength 0.05 mol dihiwith NaCl.

Boehmite colloids were provided by Feralco Ltd. aagoncentrated suspension.

Aliquots were taken from there to prepare the sosipas for experimental study.
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Gravimetric and spectrophotometric measurementg warried out to characterise

the colloids. pH was fixed to 7 prior to any expgtal measurement.

Metal solutions were prepared by dissolving theresponding chloride salts in DI
water. The solids used for each metal were: CsCIHB.aboratories AnalaR),
NiCl, (Fisher Scientific) and Eug(Sigma-Aldrich).

The pH and ionic strength were fixed to 7 and @& dm?® with NaCl (Sigma-

Aldrich chemicals), respectively.

3.2.2. Preparation for measurement

UV measurements were taken using a UV Type Variamy CSeries 50 Bio
Spectrophotometer. A quartz cuvette was filled wégbproximately 1 crh HA
sample and the absorbance spectrum was recordederal wavelengths (254, 300,
350 and 400 nm).

Average size of the colloids was measured by dyodigint scattering (DLS) and
was carried out in a Zeta Master S. An averagemfmeasurements were taken for
each sample, except in the kinetic studies, whach eecording corresponded to one

measurement. A plastic cuvette was filled with agpmately 3 cm of sample.

Powder X-ray measurements were performed using €taldiation £ = 1.5418 A)

on a Bruker D8 diffractometer in reflection georgednd a Braun position sensitive
detector. The sample was loaded onto a silicon haokground substrate and the
data were collected in the range 56<90° with a step time of 1 second and step
width of 0.014°. SEM pictures were taken in a LEARi§s) 435VP Variable Pressure
Digital Scanning Electron Microscope (SEM) at BGS.

pH measurements were carried out in a Jenway 35@@tdr. The instruments were
calibrated prior to their use with three standaidtsons (pHs 4, 7 and 10).

Samples were centrifuged in a Hermle Z206A cergafat 6000 rpm for 30 minutes.

When necessary, samples were mixed using a LabK&OW Vortex mixer. The
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filters used in all sorption and desorption expemts were supplied by Elkay (0.45
um in pore size) and the plastic syringes used (5) amere provided by BD
Plastipak. When used, the plastic syringes weledfilvith sample, the filter fitted to
the end and the first 5 énof the filtered sample were discarded, collectihg
following 2 cn? for radiometric measurement. Control experimertewed that
sorption of activity to the syringe filters or tioet centrifuge tubes did not take place.

Radionuclide assays (to an error of two sigma ttebewere performed using either
a Tricarb 1900TR Liquid Scintillation Analyzer (Faecd Ltd) or a Cobra Il Auto-
Gamma Counter (Packard). The activities measurede wieansformed by

mathematical operations into concentrations.

3.2.3. Stability of HA

Control experiments were carried out to measureefifect of centrifugation and
filtration on HA solutions of different concentratis, ranging from 10 to 450 mg

kg'. The UV-Vis absorbance of the solutions was meabat several wavelengths
(254, 300, 350 and 400 nm). As humic acids havange of molecular masses, the
absorbance at one unique wavelength would not geowiformation about whether
an important fraction of humic acids were beingisetted by centrifugation.
Hence, the ratios between wavelengths were caézlilahd differences observed

between these ratios would indicate any chahjes

3.2.4. Stability of colloids in the presence of HA

To study the influence of HA on the sorption of aigetonto colloidal boehmite, a
stable suspension of humate-colloid was neededinfluence of HA on the stability
of boehmite colloids (approximately 67 mg in 30%mas studied by measuring
kinetically the average size of the colloids at @Hin the presence of varying
concentrations of HA, ranging from 0 to 5, and 260450 mg kg. At higher

concentrations of HA, UV-Vis spectroscopy was neettemonitor the stability of
the sols, whereas at lower HA concentrations thabilgly was measured by DLS
with the Zeta Master. For intermediate HA concdiirs no spectroscopic

measurements were carried out.
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The same kinetic measurements were performed B cwitaining approximately
11.4 mg of boehmite colloids and varying conceitrest of HA (1 to 40 mg kg). In
this case, DLS was the only technique used to raothe stability. The average size

was measured every 50 seconds for 50 minutes.

3.2.5. Sorption of HA to boehmite

The extent of the sorption of HA onto boehmite veaisdied by means of batch
experiments. The sorption of HA to both the colddidnd solid phases of boehmite
was measured. The concentration of HA was measwsdg UV-Visible
spectrometry at 254 nm. For this purpose, in tii#, 20 crhof HA were added to
10 cn? of boehmite colloids (total mass of colloids 33rg). In the case of the
sorption onto the solid phase of boehmite, 3¢ omHA were added to 0.1 g of
boehmite. The concentrations of HA were preparegive a final concentration of 2
to 80 mg kg. The samples were pH adjusted to 7.0 + 0.4 byradsinall amounts
of HCI or NaOH 0.1 mol di and ionic strength 0.05 mol dhwith NaCl, and left
to equilibrate for 24 hours, after which time tremples were centrifuged for 30
minutes at 6000 rpm. 5 ¢nof supernatant were collected with a syringe, ¢o b
filtered with a 0.45um syringe filter. The first 2 cthhwere discarded and the
following 3 cnt of filtered suspension were collected in a quanzette for UV

measurement.

The absorbance of HA is related to the concentratimough the calibration curve
(see section 3.3.1.). Hence, the concentration/ffaHdsorbed to boehmite could be
calculated as the difference between the initial &fled and the HA measured in

solution after the equilibration time.

3.2.6. Sorption of metals to boehmite in the presence of HA

The effect of HA on the sorption of different metdl.e. Cs, Ni and Eu) onto
colloidal boehmite was studied by performing bagtperiments where 1 chof

metal solution and 1 chof HA were added to 10 chof colloidal boehmite (33.5
mg). 0.1 cm radioactive spike were added (0.83 kBq3rfsee Table 1 in Chapter 2
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for isotopes used). The metal solutions were pezpao that the final concentration
of metal ranged from 1Dto 4x10° mol dni®. In a similar manner, HA solutions
were prepared so that the final concentrationsigpension would be 0, 1 and 2 mg
kg'. The corresponding volumes of metal and HA sohgtiwere added within one
minute to the boehmite suspension, minimising tifece produced by the order of
addition. Pre-equilibration of the colloids with H#fas been shown to influence the
sorption of metal onto colloidS®® however, for a better comparison of the results

with those found in Chapter 2, this factor was asdessed.

The pH was adjusted to 6.8 + 0.1 and the ionimgtlte was adjusted with NaCl to
0.05 mol dn?. The samples were left to equilibrate for 24 hpafger which, the
samples were centrifuged for 30 minutes at 6000. rAm aliquot from the
supernatant was filtered through a 0% filter and 2 cm were measured for
activity. The collected data were related to thecemtration of metal left in solution

by the following equation:

Asamp
coin == [M], Equation 3.3
pike

[M]

Where [M] soin IS the concentration of metal left in solution eaftthe sorption

experimentAsampie iS the activity of the samplésyie Is the activity of a reference
sample where no sorption process took place;[lsii¢dis the initial concentration of
metal introduced in the ternary system. The conagaotr of metal bound was
calculated as the difference between the initiahceatration of metal and the
concentration left in solution after the sorptiomeriment,

[M ]bound = [M ]i - [M ]soltn Equation 3.4

Note that thgM] poung CONsiders not only the metal bound to the collmid also the
metal-humate complexes bound to the colloid. Ininailar manner, theM] soitn
includes both the concentration of free metal cation solution and metal-humate

complexes, also in solution.
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3.3. Results and discussions

3.3.1. Calibration curve of HA

The concentration of HA was measured by UV-Vis sscopy in all the
experiments. The calibration curve was plottedwarelengths varying from 254 to
400 nm, for HA concentrations ranging from 10 td2@g kg (Figure 45). The
calibration curve showed the values of correctedodiance. Due to the high
absorbance recorded at high concentrations of Hitiah was necessary from HA
concentrations above 80 mgkgrhe absorbances for samples of HA concentrations
above 80 mg Kg§ were corrected for the dilution factor and datgesy like
“corrected absorbances” in the calibration curvs$.the calibration curves were
fitted by linear regression method and the dR the fit was above 0.99 in all the

cases.

y = 0.0328x + 0.0728
R? = 0.9965

y = 0.0236x + 0.0366
R?=0.9971

AYT 0.0149x + 0.0237

Corrected absorbance

- R?*=0.9971
-7 . Af i
21 . __ _ -© y=0.0091x +0.0156
- 0 R® = 0.9965
1 _ -O 7
0 T T T T
0 50 100 150 200 250
[HA] (ppm)
¢ 254 nm O 300 nm A 350 nm O 400 nm
Linear (254 nm) Linear (300 nm) - — - Linear (350 nm) — - Linear (400 nm)

Figure 45. HA UV calibration curves

The limit of detection (LOD) and limit of quantition (LOQ) could be calculated

as LOD = >0 ang LOQ = 10SD 151 whereSDis the standard deviation of the

m m

blank solution, this being the background solutith no HA, andm the slope from
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the calibration curves. The standard deviatiorheflilank solution was measured as
7x10* mg kg'. These values were calculated for the calibratiorve measured at
254 nm; the LOD and LOQ were 0.0640 and 0.2134 gigHA, respectively.

3.3.2. Stability of HA

The UV-Vis absorbance of several HA solutions wasasured at 254, 300, 350 and
400 nm. The effects of centrifugation and filtratiovere studied by comparing the
ratios of the absorbances at 300, 350 and 400 widedi by the absorbance at 254
nm. The results for the effect of the differentatraents applied to the HA solutions
at 254 nm are shown in Figure 46. The ratios ofodizces as a function of

centrifugation and filtration are shown in Figuré 4
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Figure 46. Effect of treatments on the absorbancesf HA at 254 nm.

Figure 46 shows the corrected absorbances of HAsuned at 254 nm after being
centrifuged twice and filtered through 0.45 and2Quéh filters. The differences with
the original absorbances (labelled as “no treattémt Figure 46) were not
significant at low HA concentrations, but increastightly with HA concentration.
The decrease of absorbance occurred after the@ndtifugation process, suggesting

that as the HA concentration increased, sedimemntatias taking place. Further
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centrifugation or filtration processes did not giedignificant differences in the
absorbance until a HA concentration of 250 mg*kgvhen the absorbances

decreased slightly with each process.

Due to the fractionation of HA, physical procesBks centrifugation and filtration
could affect the different molecular size fractiombe results observed in Figure 46
suggested sedimentation was taking place. Thidddeeildue to sedimentation of the
bulk or due to fractionation of HA. In order to dirout where the sedimentation
originated, the ratios of absorbances were plotgdinst the HA concentration
(Figure 47).
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Figure 47. Effect of centrifugation and filtration on the ratios of UV-Vis absorbances for HA
solutions at concentrations 10 to 450 mg Kg (a) Ratio AgdAzss (b) Ratio Agsg/Asssand (c)
A4O(/A254-

The ratios between the absorbances at 300, 350n#08nd the absorbance at 254
nm decreased in value as the wavelength increaseexpected due to the decrease

in the absorbance of HA with increasing wavelenghslight decrease in the ratios



Colloid Humate Ternary Systems Page 132 of 214

was observed at higher HA concentrations afterdifferent treatments, suggesting
that fractionation of HA was taking place after ttéagation.

3.3.3. Stability of humate-boehmite suspensions

Stable humate-boehmite suspensions were neededrp @ut the batch sorption
experiments. This section reports the behaviowotbidal boehmite when different
concentrations of HA, ranging from 1 to 500 mg-kgere added. The stability of the
humate-boehmite suspensions was measured by DBSwaxction of time and HA
concentration. Two different concentrations of buoéh colloids were used for the
kinetic study: 67 and 11 mg per 10 trThe total volume used for the stability
experiments was 10 ¢m

The colloidal suspension containing 67 mg of boédmshowed signs of
destabilisation when concentrations of HA abovegbkai® were added. The increase
in the average size with time, suggesting lossalfikty, can be observed in Figure
48.
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Figure 48. Stability of Boehmite (67 mg) HA suspeisns followed by DLS measurements of

average size.
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Figure 48 shows the kinetic evolution of the averagize with increasing
concentrations of HA. The three different HA cortcations caused different
responses on the colloidal suspension. In the peesef 1 mg kg HA, the average
size of boehmite was constant with time, suggessiagility of the suspension. In
the presence of 2 mg kgHA, the average size increased with time, sugggsti
flocculation was slowly taking place. When the Héncentration increased to 5 mg
kg', the average size quickly increased with time,catihg almost immediate
flocculation of the colloids. Further addition oAHo boehmite colloids resulted in
flocculation within five minutes. The average samild not be measured due to the
high polydispersity. When HA was added in conceitrs above 5 mg kY the
scattering of the colloidal suspension was measkiregtically by UV spectroscopy.
This technique recorded a constant high absorbamdech corresponded to
scattering of the light rather than absorbanca] tive particles flocculated, at which
time no more scattering was detected. From the d¥surements, the time taken for

the absorbance to fall to zero was used as anatiolicof stability.

As the added HA concentration increased, the tieeded for flocculation to be
detected also increased, as shown in Table 28. sliygested that the time for the
binary humate-boehmite suspension to lose stabilitgreased as the HA
concentration increased, suggesting that at lafgeiconcentrations, the binary sol
would remain stable. However, the HA concentrahienessary for the system to be

stable during 24 hours was not reached in theserements.

Table 28. Time of flocculation for boehmite colloid (67 mg) in the presence of increasing

concentrations of HA measured by UV-Vis spectroscgp

[HA] mg kg* | Time of flocculation (min)
200 59.58
250 66.00
300 104.66
400 259.06

The kinetic stability of a humate-boehmite susp@msiontaining 11 mg boehmite in
10 cn? was followed by DLS. Increasing concentrationsH# were added. The
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average size of the colloids was recorded as aitamof time and HA concentration

(Figure 49).
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Figure 49. Kinetic stability of boehmite colloids {1 mg) in the presence of varying

concentrations of HA at pH 7 and | 0.05 mol drf.

Figure 49 shows three distinct regions:

Beginning from the bottom, the first series of datew constant values of
average size of 184 + 8 nm. These data points sjmoreled to boehmite
colloids in the presence of 0, 1 and 2 mg KA.

The top set of data points, rather scattered dudigb polydispersity,
corresponded to HA concentrations between 5 ani@8g™. In this region,
boehmite sols were unstable, suggested by theesedtvalues of data and the
high values of average size. For some of the datly, a few points were
shown, due to the high polydispersity of the sasple

The middle set of data points, in blue, correspdnidehigher concentrations
of HA, i.e. 35 and 40 mg K§ In this range of concentrations the average size
decreased towards lower values and even thoughethdts were slightly

scattered, the data points showed a tendency twra stable system.
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A last kinetic experiment was performed on the hireystem constituted by 30 mg
boehmite in 10 cfhand 500 mg K§ HA. The suspension was followed kinetically
by DLS for 10 hours. The average size and kcounbdugon are shown in Figure

50.
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Figure 50. Kinetic stability of boehmite suspensioin the presence of 500 mg kKgHA.

Figure 50 showed an increase in the average sitle,tlne consequent decrease in
counts per second, suggesting a slow decrease stdbhility of the suspension. After
24 hours, the average size was 1338.9 = 217.4hercdunts were 44.0 + 1.0 and the
suspension had a polydispersity index of 0.505081D. The results suggested that
coagulation had taken place. However, the remaipargcles in suspension, despite

being above the colloidal range, remained stablbaitsize.

The kinetic studies have shown a general trenddtin suspensions: addition of low
concentrations of HA did not alter the stability tife system, but as the HA
concentration increased, the system lost stabdityl the colloids flocculated.

However, further addition of HA resulted again istable system. As mentioned in
Chapter 1, the stability of colloids was ensuredoag as the repulsive forces were
higher than the attractive forces. Applied to theaby system studied herein,

boehmite colloids have a positively charged surfadech may readily interact with
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HA, which possesses many negatively charged fumakigroups. This electrostatic
attraction might have caused the particles to mraecthe repulsive forces, leading
to flocculation. The overall charge of boehmitelaiols and HA, separately, were

measured by zeta potential (Table 29).

Table 29. Zeta potential of boehmite colloids, HAd binary humate-boehmite suspension.

HA concentrationimg kg')  Zeta potential (mV)

Boehmite 30 mg

0 21.8+29
/ 10cn?
HA 10 -42.0+3.6
Boehmite — HA 500 -355+34

In the absence of HA particles, boehmite colloidsevstable in suspension due to
the repulsive electrostatic interactions. As the Id@ncentration in suspension
increased, electrostatic attractive interactiondween the particles increased,
lowering the zeta potential and leading to coagumatFurther increase in the HA
concentration, above a certain threshold, perhapslted in electrostatic repulsion
between HA particles and these were more abuntantthe attractive forces. Table
29 shows the negative zeta potential of the binlamynate-boehmite system,
suggesting the dominance of electrostatic repussi@iween negative charges.

The concentration of boehmite colloids used forlihtch sorption experiments was
30 mg in 10 cr Given the results observed in this section, theddncentrations
chosen to study the effects of HA on metal sorpbato boehmite colloids were 1

and 2 mg kg, in order to ensure stability in the ternary syste

3.3.4. Sorption of HA to boehmite

The sorption of HA onto boehmite was studied byirgldncreasing concentrations
of HA to colloidal (33.5 mg) and solid (100 mg) Ibogite. After the equilibration

time, the suspensions were centrifuged for 30 megmuat 6000 rpm and the
supernatant was measured by UV-Vis spectroscopgtiermine the HA in solution.
The results are shown as a sorption isotherm inr€i¢pl. The sorption isotherm

allowed the determination &fa, which is a parameter used in the LAM equation.
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Figure 51. Sorption isotherm of HA to colloidal (30mg) and solid (100 mg) boehmite measured
by UV-Vis spectroscopy at 254 nm.

Figure 51 shows the difference in adsorption behavof HA to the colloidal and
the solid phases of boehmite. The sorption isothsehmows the concentration of
bound HA as a function of the initial concentratimhHA added to suspension. As
the concentration of HA increased, the solid phafsboehmite became saturated
with HA, whereas the colloidal phase of boehmitatowed to adsorb HA. This
saturation was observed as the isotherm for thd pbhse tended to curve at higher
concentrations of HA (white), as opposed to thedmisotherm for sorption of HA

onto colloidal boehmite (black).

The sorption isotherm also shows the higher adeormapacity of colloids due to
the higher surface area. When saturation occurrethe solid phase, the colloidal
phase continued to adsorb HA molecules. Furthermmwresigns of saturation could
be observed in the range of concentrations studikd.linear curve was fitted; the
slope represented the fraction of HA bound to thiéoils; moreover, multiplied by
100 it would yield the percentage of HA bound t@ thoehmite colloids. The
experimental result showed high, almost completgptsm of HA to boehmite

colloids, asfya = 0.976 = 0.006, which could be explained by tlerall positive

charge of boehmite and the overall negative chafgeA (as shown by Table 29).

This neutralisation of charge, however, led to fllbeculation of colloids; section
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3.3.3 discussed in more detail the HA concentratianwhich the suspension lost
stability. Therefore, the validity of the sorpti@otherm and, hendga, is limited to
the stability of the suspension. Further discusseme made in section 3.3.6.1, where
the applicability of the LAM is tested.

The binding mechanism of HA to boehmite surfacesoisyet clear. Several authors
have proposed ligand exchange mechanf8if*'>?> as well as outer sphere
complexation™® and cation bridgind®*. Due to the positive overall charge of the
boehmite surface and the negative charge of HAeuadidic and neutral conditions,
electrostatic interactions can take pl&&&2'*° varadacharet al. *** confirmed by
IR and crystallographic techniques the involvemehtOH groups as a mode of
binding of HA to boehmite, in the manner AIO Z/M* — HA, acting as bridges for
HA. Carlsenet al.**® found that HA bound to alumina surface via carboxjroups

present in the smaller molecular weight fractionsiA.

3.3.5. Sorption of metals onto boehmite in the presence of HA

The influence of HA (0, 1 and 2 mgKyin the sorption of three metals (Cs, Ni and
Eu) onto colloidal boehmite (33.5 mg in 10 ¥rwas studied by batch experiments.
The isotherms were calculated and thg VRlues calculated and compared. The
corresponding isotherms for sorption of metals odtdl and 2 mg K§ HA are
shown together for each metal. Moreover, the lireaves were fitted by the least

squares method and its parameters are shown figthies.

3.3.5.1. Sorption of Cs

The influence of HA on the sorption of Cs onto hoék colloids was studied by

means of batch experiments. The sorption isothamashown in Figure 52.

Figure 52 shows the sorption isotherms for Cs smrginto boehmite colloids in the
presence of 0, 1 and 2 mgkglA. All sorption isotherms are linear in the ranafe
concentrations studied, indicating that saturatias not reached. ThegRalues
correspond to the slopes of the linear curves a&lded 6.7 £ 2, 15.5 + 0.8, and 5.2
+ 0.6 dn? kg in the presence of 0, 1 and 2 mg'kgA, respectively. Clearly, thesR
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values decreased as the concentration of HA inedea®. the higher the HA

concentration, the lower the sorption of Cs to Imoi colloids.
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Figure 52. Sorption of Cs to boehmite colloids atk 7 and ionic strength 0.05 mol dri in the
presence of 0, 1 and 2 mg KgHA.

3.3.5.2. Sorption of Ni

The influence of HA on the sorption of Ni onto bagte colloids in the presence of

HA was studied.

Figure 53 shows the sorption isotherms for Ni sorpbnto boehmite colloids in the
presence of increasing concentrations of HA (nd. 2mg kg). The sorption in the
absence of HA was significantly higher than thathe presence of 1 and 2 mg'kg
HA. A separate figure in the top left corner in tiig 53 shows the sorption
isotherms for Ni in the presence of 1 and 2 mg KA. The slopes of the linear
isotherms for the three concentrations of HA yidldee R, values, which were 292

+11, 58.1 + 6.0 and 20.3 + 0.9 dkyg™ for 0, 1 and 2 mg K§HA, respectively. HA
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decreased significantly the sorption of Ni onto skieface of boehmite colloids at pH
7, as observed by Strathmaetral.**°, who studied the effect of fulvic acids (FA) on

the sorption of Ni onto boehmite.
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Figure 53. Sorption of Ni to boehmite colloids at H 7 and ionic strength 0.05 mol dr in the
presence of 0, 1 and 2 mg KgHA.

From Figure 53 it can be seen that the sorptiothém for Ni in the absence of HA
is linear, whereas in the presence of small comagohs of HA, boehmite colloids
became saturated with Ni given the same range rferdrations. Both the decrease
in the Ry values and the increase in saturation suggesHAfas hindering strongly
the sorption of Ni onto boehmite colloids.

The tendency to saturation in the presence of Hélccbe due to a decrease on the
available sites on the boehmite surface fdf Nins, presumably due to blocking of
the sites by HA. Given this assumption, the surfatdoehmite colloids would

become saturated by the metal ions at lower metatentration.
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3.3.5.3. Sorption of Eu

The effect of increasing concentrations of HA oa #orption of Eu onto boehmite

colloids was studied. The sorption isotherms fer different HA concentrations are

shown in Figure 54.
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Figure 54. Sorption isotherm for Eu sorption on bomite colloids in the presence of HA (0, 1

and 2 mg kg") at pH 7 and ionic strength 0.05 mol dr.

Figure 54 shows the influence of increasing conmegioh of HA on the sorption
isotherms for Eu sorption on boehmite colloidstHe absence of HA the sorption
isotherm shows a sharp increase but quickly reashasration, similarly to the
sorption isotherm in the presence of 1 mg KA. This analogy is reflected in the;R
value, as both yielded 102 + 22 and 104 + & #gY, respectively. Further addition
of HA (2 mg kg') enhanced the sorption of Euo boehmite colloids, as reflected by
the Ry value of 721 + 53 drirkg™

3.3.5.4. Discussions

In the case of Cs and Ni the sorption isothermsvsloa significant decrease of the

Rq values in the presence of HA. In the case of B&l,R; values increased at higher
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concentrations of HA studied. A table summarisiagadobtained from the sorption

isotherms is shown below (Table 30).

Table 30. R, values for Cs, Ni and Eu sorption in the presencef 0, 1 and 2 mg kg of HA.

0 mg kg' HA 1 mg kg' HA 2 mg kg* HA
Regression Regression Regression
R4 value , R4 value , R4 value ,
Fit (R?) Fit (R?) Fit (R?)
Cs 66 +2 0.9927 155+0.8 0.9804 5.2+0.6 0.9185

Ni | 292+11 0.9842 58+6 0.9611 20.3+0.9 0.9921
Eu| 10222 0.9847 104 £ 8 0.9823 721 + 33 0.9847

In general terms, the jRralue increased with the charge of the metal, enethe

presence of HA. HA had a negative effect on th@tsmm of metals onto boehmite
colloids, hindering the sorption, perhaps by blagkihe sorption sites of the colloid.
As the concentration of HA increased, this hindeeewas stronger, except in the
case of Eu, where the presence of 2 mg kg enhanced the sorption of Eu onto

boehmite colloids.

Organic coatings (humic and fulvic substances, miggpolymers) have been shown
to inhibit Cs sorption on reference clays like nmatillonite, illite or kaolinite (all

157123158159 pigol et al. **® suggested the blocking of the specific sites ef th

solids)
mineral by organic compounds, limiting in this widne sorption of Cs. Wanet al.
160 explained the decrease in sorption of Cs qafd,0s in the presence of HA due

to complexation of Cs to free HA in solution.

The high sorption of HA to boehmite colloids obsshin Figure 51 suggested that
the concentration of free HA in solution would baited. Therefore, the blocking of
specific sites by HA seems a more plausible expiamasince interaction of Cs with
HA has been reported as we&R and negligible at pH 8% These results would
further suggest that HA sorbs onto boehmite caflditbcking the sorption sites for
Cs' ions to sorb onto. Although the referenced ingedions were carried out on

solid surfaces, the same explanation could be egpdi colloidal surfaces.
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Ni has been reportetf® to bind to boehmite through inner-sphere complerat
binding directly to aluminol groups. In the presermf FA, Strathmann and Myneni
150 reported the formation of ternary complexes amdlibig of Ni where the organic
ligand acted as a bridge between the metal anddiie surface. Assuming a similar
behaviour from HA, this finding could suggest thB& blocked the sorption sites of
boehmite, thereby reducing the sorption of Ni telmite colloids.

In the absence of any organic ligands, Eu was fdonsorb onto alumina via the
formation of hydroxo complexes with the surfdé& In the presence of HA, Eu-
humate complexes were formed that precipitated fen durface of compacted

bentonite™®? being unable to diffuse into the bentonite sttt

The decreased sorption of metals onto boehmiteidslin the presence of HA could
be mainly due to two reasons: the affinity of thetahfor the humic was higher than
that for the colloid, thereby forming metal-humatemplexes that would remain in
solution; or, due to the high electrostatic atimatt HA sorbed onto the boehmite
sorption sites preventing the metals from sorbimgpoahem, hence remaining in
solution as free metal ions. From previous stuthesd in the literature, it appears

that the second reason would explain the experahéntings.

3.3.6. Surface imaging of boehmite colloids

Two different techniques, XRD Powder DiffractiondaB8EM, were used to analyse
the surface of the boehmite in the presence atideimbsence of HA to test for any

surface changes induced by HA.

Figure 55 shows two XRD diffraction patterns, o boehmite colloids and
another for the humate-boehmite dried powders. &tperimental preparation was
identical for both samples, which were oven dried &ept in a dessicator. The
results showed less intense peaks for the humatenfite colloids than for the
colloids alone. This could be due to the smallepam of sample from the humate-
boehmite colloids available for the measurementlwe to surface changes caused
by the HA. The ratios of the peaks were comparedigtnguish amongst the two

possible reasons (Table 31). The results showeth@ease of the ratio with an
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increase on the angle. The peaks from the humagkriite sample were weaker in
signal as the angle increased. A linear increasthenratios of the signals could
suggest that HA induced changes in the structubmehmite. However, these results

are not conclusive.
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Figure 55. XRD pattern of colloidal boehmite and HAbound boehmite.

Table 31. Intensity ratios for XRD peaks on boehm# and humate-boehmite colloids.

20 Ratio 20 Ratio
14.4 1.26 38.5 2.19
28.3 1.97 49.2 2.33

SEM images were taken from the boehmite colloids@land the humate-boehmite
colloids. The results are shown in Figure 55, whkeepresence of aggregates on the
surface can be observed when HA was bound to tkeérbibe. These aggregates,
however, could be due to the preparation process o the imaging. The SEM
image for boehmite colloids showed a smoother sarfahese results were not able
to indicate whether significant changes on theamarfof boehmite took place due to

interaction with HA.
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Figure 56. SEM images for (a) and (b) humate-boehitai and (c) boehmite colloids.

3.3.7. Modelling

Two different approaches were taken on modelling $orption of metals onto
boehmite colloids. Firstly, the LAM was applied fib the effect of HA on the
sorption of metals onto colloids, and secondlypgson was modelled by the sorption
isotherms previously described in Chapter.&,the Langmuir, Freundlich and D-R
isotherms.

3.3.7.1. Linear Additive Model

The applicability of the linear additive model (LAM/as studied. The equation used
for the LAM is the following"*"
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_ Ry, + %)fHAIB[HA]

o 1+(1_ fHA)IB[HA]

Equation 3.5

WhereRy 1 is the R value for the ternary system (dg?), Ry 1 is the R value for
the sorption of metal onto boehmite colloids {dkg?), V is the volume of the
suspension (dfl), W is the mass of colloids (mda is the fraction of HA bound to
the colloid,f is the stability constant of the metal ion humedenplex andHA] is
the concentration of HA (mg K.

Binary sorption experiments (HA-boehmite colloidshowed that the relation
between bound HA and the initial amount of HA addedhe colloidal sols was
[HA] bound = 0.9758 [HA}nitiar — 0.7494(Figure 51) With this equation, the [HA}und
when 1 or 2 mg Kg HA were added to the suspension could be calallatel
yielded 0.2265 and 1.2022 mg %kgwhich would correspond to fan = 0.23 and
0.60, respectively. However, the experimental cows under which the sorption
isotherm was obtained were unfavourable for a stabkpension, as an increase in
HA concentrations led to the flocculation of collsidue to charge neutralisation.
These values ofya= 0.23 and 0.60 were used to estimate thepRedicted by the

LAM, but the use of these valuesfgf is discussed further in this section.

The stability constants for the humate-metal comgdewere calculated elsewhere
163 the R values for the metal colloid suspensions wereethusculated previously
in Chapter 2. Th& 1 values were calculated for a voluie= 12 x 10° dn?® and a

mass of colloid®V = 33.5 mg. The results are shown in Table 32 aiuler33.

Table 32. Parameters for the application of the LAMfor sorption of Cs, Ni and Eu onto

boehmite colloids in the presence of 1 mg KgHA. fya = 0.23.

LN Bl vl e
Cs| 9.33x10 66.4 2.0 924x1% | 155+08
Ni | 5.89x10 182.9 £ 3.6 510x 10 | 58.1+6.0
Eu| 1.78x1b 101.7 +21.5 181x10" | 104.4+78
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Table 33. Parameters for the application of the LAMfor sorption of Cs, Ni and Eu onto

boehmite colloids in the presence of 2 mg KgHA. fya = 0.60.

= | | |y
Cs| 9.33x10 66.4 + 2.0 8.93 x 10 5.2 +0.6
Ni | 5.89x10 182.9+3.6 925x10° | 20.3+0.9
Eu| 1.78x1b 101.7 £21.5 6.09x 10" | 721.4 +52.8

The LAM predicted a decrease in the sorption ofatseto boehmite colloids in all
cases. However, thegRalues predicted were orders of magnitude smtilkar those
observed. On a first attempt, the LAM could no&pelied succesfully.

A simpler equation for the LAM was defined by Lipget al. **:

_ R+ fAIHA
R T ARA

Equation 3.6

The application of this equation yielded the foliog/values for the distribution ratio

of the ternary system:

Table 34. Parameters observed from the applicationf the LAM **°to the sorption of metals

onto boehmite colloids in the presence of 1 and 2gwkg™* HA.

1 mg kg* HA 2 mg kg' HA
Ryt predicted| R;:observed| R;predicted| R;observed
Cs | 3.01x10 155+08 | 6.36x10 52+0.6
Ni | 2.30x10' 58 +6 6.01 x 10" 20.3+0.9
Eu | 230x10 104 +8 6.01 x 10" 791 +53

This equation for the LAM predicts low distributicatios, below 1 in all cases;
values which are lower than those observed expetatig. Further, little differences
in the Ryt are predicted between the three metals studied. i$hdue to the high
value ofBu, which is is greater than 1 in all cases, and glsater than Ru. The

terms of the equation (Equation 3.6) cancel out thedpredicted R becomes the

fua multiplied by the HA concentration.
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This model also failed to explain the sorption ddtats in a ternary system formed
by boehmite, HA and metals. Possible reasons fier dre discussed in terms of

modelling and methodology.

One of the assumptions of the LAM is a similarraffi of the metal for the humate-
colloid and for the free HA in solution. If the ety of the metal for the dissolved
HA were higher than that for humate bound to théomh the R+ would be lower
than that predicted, in agreement with the resalfiserved. Another assumption of
the LAM is that the sorption properties of the nmaleemain unaltered. Although the
concentrations of HA and boehmite colloid were ciel@ in order to achieve a stable
system, HA might have induced some instabilityhie boehmite colloids, thereby
affecting noticeably the sorption properties of thelloids. XRD and SEM
measurements were not conclusive to whether tHacguof boehmite colloids was

altered by coating with HA.

Both equations used, Equations 3.5 and 3.6, depexiicly on three terms: &, fua
and pyu, which are the distribution ratio for metal boutadcolloids, the fraction of
HA bound to the colloids and the stability constahimetal and HA, respectively.
The Rym values were obtained from the sorption of the hetdooehmite colloids
under specific experimental conditions. As the rihistion ratios are strongly
dependent on the experimental conditions, the worppf metals in the ternary
system was carried out under the same experimeatalitions as those used in the
binary sorption studies to minimise errors due iftecences in Ry. The values of

Bw were calculated and used elsewh8re

However, the derivation of the fraction of HA boutadcolloids may be a source of
error due to the following reasons:

(1) Thefya was calculated from the sorption isotherm (Figeit§ where increasing
concentrations of HA were added to boehmite cadloils the HA concentration
increased, the stability of the suspension decdgdsading to coagulation of the
colloids by charge neutralisatiofi;a was calculated for a non-stable binary system.

(2) On another hand, when HA concentrations belomgkg' were added to a

colloidal system containing 30 mg of boehmite, desolved HA in solution could
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not be detected by UV-Vis, i.e. the signal corresjsul to background levels (Figure
57). These results suggested that low amounts of lb&dow limit of detection,
remained in solution, in which case the valudsafwould be close to 1, rather than

the lower values predicted from the sorption isothe
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[HA] (mg kg ™)

Figure 57. UV scatter of dissolved HA after equilibation with boehmite colloids at pH 7 and
ionic strength 0.05 mol dn.

Sensitivity Analysis

The application of equations 3.5 and 3.6 failedréproduce the experimental
observations. A sensitivity analysis was perfornmed the results obtained from
modelling with Equations 3.5 and 3.6. The influenoteach of Rj, fua, andp on
Equations 3.5 and 3.6 was studied by doubling thaelues and observing the

response of R. The results are summarised in Table 35 for Cs.
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Table 35. Sensitivity analysis for Cs sorption ontboehmite colloids in the presence of (a) 1 and
(b) 2 mg kg* HA.

a) X2 RitEq 3.5 R:Eq 3.6
Ra.cs 66.4 — 132.8 9.24 x 16— 1.85 x 10" 0.3— 0.37
fua 0.23 — 0.64 9.24 x 18— 1.32 x 10" 0.3— 0.53
Bes | 9.33x16—1.87x16 9.24x 10 — 4.63 x 107 0.3— 0.27

The values of Rd,t are those calculated by Equat®h and 3.6, respectively

b) X2 RitEq 3.5 R.Eq 3.6
Rd.cs 66.4 — 132.8 8.94 x 16— 1.78 x 10" 0.64— 0.67
fua 0.6 > 1.0 8.94 x 18 — 6.71 x 10 0.64— 1.04
Bes | 9.33x16—1.87x16 8.94x 10 — 4.50 x 17 0.64— 0.62

The values of Rd,t are those calculated by Equat®h and 3.6, respectively
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Table 35 shows the influence of doubling the thigé&uencing parameters into
Equations 3.5 and 3.6. When studying Equation iB.general, when the values of
R4.cs andBcs were doubled, the expected (Rwas doubled and halfed, respectively.
The sensitivity analysis of Equation 3.6 showeddlear dependence of the equation
on fya, as the doubling of isandfcs resulted in little changes on the expected R
but when thdya was doubled, the Rd,t was also doubled.

The sensitivity analysis showed similar resultsNoand Eu:

Table 36. Sensitivity analysis for Ni sorption ontdoehmite colloids in the presence of (a) 1 and
(b) 2 mg kg* HA.

a) X2 RiEq 3.5 R.Eq 3.6
R ni 182.9 — 365.8 5x 10 — 9.13x 10' 0.23— 0.23
fua 0.23 — 0.64 5x 18 — 8.80 x 1¢* 0.23— 0.46
Bni | 5.89x10—>1.18x16 5x10°—3.09x 10" 0.23— 0.23

The values of Rd,t are those calculated by Equat®h and 3.6, respectively

b) X2 Ryt Eq 3.5 R.Eq 3.6
Rani 182.9 — 365.8 9.25 x 16— 1.31 x 1¢' 0.64— 0.67
fha 06— 1 9.25 x 1¢ — 6.05 x 107 0.64— 1.04
Bni | 5.89x10—-1.18x16 9.25x 10" - 7.31x 10’ 0.64— 0.62

The values of Rd,t are those calculated by Equat®h and 3.6, respectively

Table 37. Sensitivity analysis for Eu sorption ontdboehmite colloids in the presence of (a) 1 and
(b) 2 mg kg* HA.

a) X2 Ryt Eq 3.5 R:Eq3.6
Rd.Eu 101.7 — 203.4 1.81x 16— 2.55 x 10' 0.23— 0.23
fua 0.23 — 0.64 1.81 x 18— 4.11 x 1¢* 0.23— 0.46
Bey | 1.78x16>356x16 1.81x 10— 1.44 x 1¢* 0.23— 0.23

The values of Rd,t are those calculated by Equat®h and 3.6, respectively

b) ‘ x2 RstEq 3.5 R(Eq 3.6
Rani ‘ 182.9 — 365.8 6.08 x 16— 6.80 x 1¢ 0.60— 0.60
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fua 06— 1 6.08 x 10 — 1.38 x 10° 0.60— 1.00
Bni | 5.89x10—-1.18x16 6.08x 10" - 5.73x 1¢f 0.60— 0.60

The values of Rd,t are those calculated by Equat®h and 3.6, respectively

The sensitivity analyses performed on modelling aheorption onto boehmite
colloids in presence of HA showed, for most of $lgstems, that changing the led

to a change in the calculated;;Rwhereas changing the other two parameters
influenced to little extent the overall distributicatio.

fua represents the fraction of bound HA to the surfatdhe colloid and has a
maximum value of 1. Earlier in this section theoesrimplied in the calculation of
this value were analysed. Further, a value of clkmsd was proposed as more

appropiate.

As closure to the sensitivity analysis, an attevngs made to model the systems with
values offya close to 1, to find out whether the predictegl 8buld resemble those
obtained experimentally. The following values fgi were adjusted manually in

order to obtain a Rd,t value close to the expertaldiiable 38).

Table 38. Values of fHA for similar values betweelRRy, predicted and experimental.

-, [HA] =1 [HA] =2
Rqtpredicted  Riexperim | Ripredicted R;experim
Cs 0.995 11.78 15.5 6.49 52
Ni 0.99999 57.17 58.1 47.33 20.3
Eu 0.999997 116.61 104.4 117.88 721.4

Table 38 shows the valuesfgh for which the LAM would yield similar results for
the predicted distribution ratio and the experiraéntlues. It can be seen that the
number of decimal points needed increased withc#ti®nic charge, and the values

of Ry predicted varied with the decimals used.

Table 38 confirms the errors in the derivationfigf via the sorption isotherm and
further confirms the high sorption of HA to boehendolloids. Moreover, assuming
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these new values dfa, the LAM could be applied to the sorption of metahto

boehmite colloids in the presence of HA.

3.3.7.2. Langmuir, Freundlich and D-R modelling

In a similar manner as in Chapter 2, the experialergsults for the sorption of
metals to boehmite in the presence of HA were medelising the Langmuir,
Freundlich and Dubinin-Radushkevich (D-R) approxiores. The linearised

equations corresponding to each model are sumrddredew:

Langmuir 1 1 1 N 1
— =t Equation 3.7
Q gq,®C q, !
Freundlich logQ =logF +nlogC Equation 3.8
D-R INQ=Inq,, —ke* Equation 3.9
— Equation 3.10
£ RTIn(1+ }é) q
E= (2k)_}é Equation 3.11

WhereQ is the concentration of metal bouri, is the distribution coefficientyy is
the maximum amount of metal sorbed on the collGids the free concentration of
metal in solution,F andn are constants; is the Polanyi potentiaR is the gas
constant, in kJT is the temperature, in K, and E is the mean fressgy of sorption,

in kJ mol®. A summary of the main parameters is detailedvoelo

Table 39. Parameters of the modelling of the sorgin of Cs, Ni and Eu onto boehmite in the
presence of HA (0, 1 and 2 mg kY.

Langmuir Freundlich D-R
[HA] R2 Om R2 n R E
(mgkg?) (mol kg% (kJmor?)

0 0.9807 9.8x 16 | 0.9991 1.01 £0.02 0.9875 8.21
0.9996 5.5x 16 | 0.9979 1.03+0.02 0.9894 7.3]
0.9968 -3.9x 16| 0.9808 0.96 £ 0.05 0.9616 7.54

LA

Cs

~ =

0.9948 -52x 10| 0.9905 1.22 +0.04 0.9830 6.9]
0.9997 1.67 x 1&| 0.9840 0.69 £0.03 0.9991 9.4!

= ol N B

Ni

\"Al
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0.9994 5.52x 1d| 0.9944 0.78 + 0.02 0.9994 8.8?

0.9969 1.25x 10| 0.8623 0.44 +0.06 0.9217 1231
0.9952 9.12x 18| 0.9891 0.60 £ 0.02 0.9958 10.31
0.9955 1.48x I®| 0.9876 0.53+£0.02 0.9994 11.63

Eu

N P O DN

Table 39 shows the parameters obtained from applifve three models to the
experimental data obtained from the sorption of Bs,and Eu onto boehmite
colloids in the presence of HA. Thé Represents the fit of the linear curve apgin

and E, respectively, represent the maximum concentratfometal adsorbed (mol
kg?), the representative Freundlich constant and thamnfree energy of sorption (kJ

mol ).

The modelled data for Cs showed better fits for thagmuir and the Freundlich
models. Observing the sorption isotherm in Figetbe maximum concentration of
Cs sorbed was above the value predicted by thetiequaherefore, this model did
not fit the experimental data. The constant catedldy the Freundlich model had a
value near unity, in agreement with the linear sorpobserved experimentally.

In the case of Ni, the Langmuir model failed to lexp the sorption of Ni onto
boehmite colloids in the presence of HA as the ipted value of g was lower than
that observed in Figure 53. The fits for both Fdioh and D-R models were
acceptable. The mean free energy values calculiadedthe D-R equation and thme
value from the Freundlich isotherm predicted a ¢geamn behaviour upon the
presence of HA in the system, from linear sorptiorthe absence of HA to the

saturation observed in the presence of HA.

Finally, the @, values predicted by the Langmuir model for Eu 8orp onto
boehmite colloids in the presence of HA were jlightly lower that those observed
in Figure 54. The fits for Eu were generally good 4ll the models. The Freundlich
equation predicted a value below one in all cases, showing a slightaase in the
presence of HA. Finally, the mean free energy \&alere in all cases above 8 kJ

mol ™, suggesting ion exchange mechanisms of sorptfon

The results of the models are shown below:
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a) Langmuir fit for Cs sorption onto boehmite colloids in the

presence of 0, 1 and 2 mg kg'1 HA.
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Freundlich fit for Cs sorption onto boehmite colloids in the presence
of 0, 1 and 2 mg kg™ HA.
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¢) D-R Fit for Cs sorption onto boehmite colloids in the presence of
0, 1 and 2 mg kg™ HA.

0
o] y =-0.0074x - 0.9423
R?=0.9875
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Figure 58. Modelling Cs sorption onto boehmite catlids in the presence of HA at pH 7 and ionic
strength 0.05 mol dn?.

a) Langmuir fit for Ni sorption onto boehmite colloids in the
presence of 0, 1 and 2 mg kg™ HA.

3.5E+04
3.0E+04 - A Y=0.0185x+181.15
b Ve
IR R? = 0.9994
2.5E+04 - -
7
'g Vd
3 2.0E+04 - e
= 7
Z. 15E+04 | g
= b - y = 0.0044x + 59.777
_ 7y =0.0094x - 19.301 R =0.9997 "
1.0E+04 - . -, R?=00048 _...--cT Sk
S.0E+03 | , ~ SRS
0.0E+00 Hﬁa : : : : :
0.0E+00  5.0E+05 1.0E+06 15E+06  2.0E+06  2.5E+06  3.0E+06
1/[Ni]free
O 0mgkg-1HA ¢ 1mgkg-1HA A 2mgkg-1 HA

— — — Linear (2 mg kg-1 HA)

Linear (1 mg kg-1 HA)

Linear (0 mg kg-1 HA)




Colloid Humate Ternary Systems Page 157 of 214

b) Freundlich fit for Ni sorption onto boehmite colloids in the
presence of 0, 1 and 2 mg kg'1 HA.
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¢) D-R Fit for Ni sorption onto boehmite colloids in the presence of
0, 1 and 2 mg kg™ HA.
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Figure 59. Modelling Ni sorption onto boehmite cobhids in the presence of HA at pH 7 and ionic

strength 0.05 mol dn?.
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a) Langmuir fit for Eu sorption onto boehmite colloids in the
presence of 0, 1 and 2 mg kg™ HA.
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b) Freundlich fit for Eu sorption onto boehmite colloids in the
presence of 0, 1 and 2 mg kg'1 HA.
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¢) D-R Fit for Eu sorption onto boehmite colloids in the presence of
0, 1 and 2 mg kg™ HA.
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Figure 60. Modelling Eu sorption onto boehmite cotlids in the presence of HA at pH 7 and ionic
strength 0.05 mol dn.

3.4. Conclusions

Organic substances have been shown to influenceditpgion of radionuclides and
other contaminants onto minerals. Although the istidvith colloids are not as
plentiful as on solid surfaces, some studies haenlyeported which show that HA
enhances metal sorption at low pHs and hinder$ high pHs. This chapter has
investigated the influence of humic acids on boeéroolloids as well as the effect

of humics on the sorption of metals on boehmitéogis.

HA was found to destabilise boehmite colloids atlffdow concentrations. As the
concentration of HA increased, boehmite colloidsdmee stable. The experiments
showed that the recovery of stability depended han doncentration of boehmite
colloids, as lower concentrations of colloid recmee stability at lower
concentrations of HA, whereas suspensions with drigloncentration of colloids

needed of higher concentrations of HA to becomiglstagain.

Following the investigation carried out in Chap&rthe conditions of pH, ionic
strength and metal/colloid concentration were rdpeed in this study, with the



Colloid Humate Ternary Systems Page 160 of 214

inclusion of HA at different concentrations. In erdo have a stable ternary system,
either low concentrations of HA (below 5 mggor higher concentrations of HA
were to be used. At high concentrations of HA,shdace coverage of boehmite by
HA might have been too large as to allow sorptibrmetals onto colloids to be
significant. Therefore, only 1 and 2 mgk#lA could be used in this investigation.
Further studies including higher concentrationsHéf would be needed to better
understand the mechanisms of sorption of metals twehmite colloids in the
presence of HAi.e. whether or not the metal in solution is preserifres metal ions

or as metal-humate complexes.

The investigation reported here revealed that H¥eneat low concentrations,
influenced greatly the sorption of metals onto boié colloids, hindering it in all
cases. From previous literature, the most plauskf@danation was the blocking of

sorption sites by the HA.

Mathematical tools were used to model the sorpaiometals onto boehmite colloids
in the presence of HA. Two different equations lté tinear additive model were
used, but, in a first attempt, both failed to explthe effect of HA in the ternary
system. A rigurous analysis of the possible souafesrror was performed, from
which a change in the value &fa, which represents the sorption of HA onto the
boehmite colloids, was made. This modification ledhe successful application of
the LAM. Further, this modification highlighted thmportance of considering a
stable binary (colloid-HA) system.
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Chapter 4. MOBILITY OF COLLOIDS AND COLLOID-
FACILITATED TRANSPORT

4.1. Introduction

Migration of colloids has been widely studied usiadarge number of techniques,
including fluorescence spectrophotomett{*1°°*%7 UV-Vis spectrophotometry
168.169.170.17L. 172, rhidity 14 Rutherford backscattering spectrometfy and high

sensitivity liquid in situ spectrometrfy”. The movement of colloids has been studied

$"1 and in field experiments’>%>1%177 Factors

both in laboratory condition
affecting the retention of colloids through a cotumay be attachment, straining and

filtering *°”.

The influence that organic and inorganic colloidavén on the mobility of
contaminants through the Geosphere has also beegsasf’#176177178.179.18054

generally, the transport of contaminants was endgtibg the colloids.

Radiolabelling colloids can be used to track thkoabduring a transport process, as
it involves the incorporation of a radioactive spiin the structure of the colloid
during its synthesis. It has been generally appf@dmedical purpose&’82183

However, it could also be used to follow radionesthly the movement of colloids

through a column.

The aims of this chapter were to synthesise stal®labelled colloids, study their
migration through a sand column and assess theemée of colloids on the mobility
of caesium through a sand column. Hence, this ehapty be divided into two
parts, one concerning the synthesis and stabilitpdiolabelled silica colloids, and a
second, concerning the migration of both silicdasdé and caesium associated with

the silica colloids through a sand column.
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4.2. Experimental

A known method for synthesising silica colloids wesed to generate radiolabelled
silica colloids'®. The stability of both the silica colloids and thediolabel was
studied by spectroscopic and radiometric technig@exe the stability of colloids
was assured, migration experiments were carriedbgupassing the radiolabelled

silica colloids through a sand column.

4.2.1. Method development

2.1.1. Materials used

Silica colloids were synthesised from TEOS (tetrglebrthosilicate), provided by
Alfa Aesar. 0.88 mol di NH,OH (Sigma Aldrich) and ethanol 99% were used in
the synthesis. The dialysis bags used were SpeatrBiotech Cellulose Ester (CE)
Dialysis Membranes MWCO: 100-500 D. These were iptesly wetted in 0.1%
NaNs, from Alfa Aesar. The NaClg) 95%, was purchased from Sigma Aldrich.

BDH sand was used in the migration experiments.

152E1 and®®*'Cs are detailed in Table 1.

4.2.1.2. Preparation for measurements

Following those experiments carried out by Fairhd8t characterisation of silica
colloids took place by measuring the average sk zeta potential with a Zeta
Master S (Malvern Instruments, UK). Approximatelg®® aliquots were used. UV
measurements were carried out using a UV Type Wa@Gary Series 50 Bio
Spectrophotometer. A quartz cuvette was filled waiiproximately 1 crhof sample

and the absorbance spectra were recorded at 240.1 n

Migration studies were carried out by means of mwiuexperiments. A Pharmacia
glass column with the following dimensions was us$icm in length and 2.6 cm in
diameter. 2Qum membranes were fitted at both ends of the coluAnBRharmcia P1
pump was used. 1 chaliquots from the effluent were collected with edfFRAC
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fraction collector. The radioactive samples werasueed by gamma counting¥§u
and*®'Cs) using a Cobra Il Auto-Gamma Counter (Packad), ldr by beta counting
(tritiated water) using a Tricarb 1900TR Liquid &diation Analyzer (Packard Ltd).
The activity along the length of the column was suead using a Na-l detector,
Teledyne Brown Engineering Environmental ServicesSeintillation Amplifier
model 5010.

4.2.2. Synthesis and stability of radiolabelled silica colloids

4.2.2.1. Synthesis of silica colloids

Silica colloids were prepared by a method basethandetailed by Stobet al. *#*
where 50 cmof ethanol 99% were added to 2 g of TEOS (tetsdettthosilicate).
The sample was then placed in a sonicating battstddding 2 crhof 0.88 mol drh

3 NH,OH. The samples were sonicated for a further 2Qtesand then placed in a
shaker overnight. After this time, the samples wetaced in dialysis bags
previously wetted in 0.1 % NaN0.05 mol drif NaClQ, was used as the dialysis
solution. This solution was changed every 12 hauntdl no ethanol was detected,
usually 7 to 10 days (qualitative detection of etilavas carried out by HPLC). The
silica colloids were transferred to a previouslyiedr beaker for gravimetric

determination.

4.2.2.2. Synthesis of Eu-doped silica colloids

50 cnt of ethanol 99% were added to 2 g of TEOS.  off*Eu (approximately
341.5 kBq drit) was added. The sample was placed in a sonicétity whilst
adding 2 cm of 0.88 mol drit NH4OH. The sample was left in the sonicating bath
for a further 20 minutes and then placed in a shakernight. After this time the
samples were transferred to a dialysis bag, preijowetted in NaM 1 dn? 0.05
mol dni® NaCIQ, solution was added to the measuring cylinder witeeedialysis
bag was placed. The sample was left in the dialyas for 10 days, changing the
dialysis solution twice a day. After this time, tbmlysis bag was emptied and the

silica colloids were characterised.



Mobility of Colloids and Colloid-Facilitated Transport Page 164 of 214

4.2.2.3. Characterisation and stability of Eu-doped silica colloids

UV measurements at a wavelength of 240.1 nm weesl Ws characterise the
generated colloids. Gamma counting was used to torotine stability of the
radiolabel. Also, the average size and zeta patieotithe synthesised colloids were
measured using a Zeta Master S. A calibration cwae produced by plotting the
measurements obtained by UV spectroscopy and gasoumding versus the dilution
of Eu-doped silica colloids in water.

4.2.3. Migration experiments

Following the characterisation experiments, thettsgsised silica colloids were used
to assess the migration of silica colloids throwglsand column, as well as the
influence of silica colloids on the transport afaioactive spike.

4.2.3.1. Migration of Eu-doped silica colloids through sand column

The migration of silica colloids was studied radeincally by following the
breakthrough of the synthesised Eu-doped siliclidsl through a sand column. The
overall dimensions of the column were 30 cm in tarend 2.6 cm in diameter. The
column was packed with approximately 250 g of s@gpatticle size diameter 100 —
300 pm 851818 previously wetted in DI water. To avoid the fation of air
bubbles, water was preintroduced into the coluramfits bottom to a certain height;
the sand was then poured slowly into the columnlevmechanical stirring took
place with a glass rod. The top and the base otdhann were fitted with 2@m

membranes. The eluants were flooded upwards thrthegbolumn (see Figure 61).

The flow rate of the eluant used in all measureseras adjusted to approximately
0.25 cni min™. Tritiated water (82 kBq dif) was used as a conservative tracer to
measure the porosity of the column. Following tbeopity measurement, migration
experiments were carried out by flooding 100° uspension of the synthesised Eu
doped silica colloids into the column until it wal added, at which point it was
switched to deionised water, until no activity wietected in the outlet. A fraction
collector was connected to the outlet at the tofhefcolumn. 1.25 cirfractions of

eluant were collected and measured in the gammateoior activity.
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Figure 61. Experimental set up for the migration ofradiolabelled silica colloids through a sand

column.

On conclusion of the experiment, any retentiorhefrtadiolabelled colloids along the
column was measured by gamma counting with a Netéador (see Figure 62 for
two different angles of the experimental set upie Tead bricks were set so that a slit
of 1.5 cm allowed the detector to measure the igtiVhe column was divided into
18 segments and each of the segments was measurd@ inutes. The instrument
was previously calibrated with’Cs,*Na and®'Co standards. From the calibration,
the channel numbers corresponding to the diffepntopeaks of°Eu were defined
and consequently the regions of interest couldebe s

Figure 62. Experimental set up for the measuremendf remaining gamma activity with Nal
detector.

A control experiment was carried out to test theativeness of the lead bricks at
shielding the detector fromy-activity. The control experiment consisted on
measuring a standard sample 'ofEu using the same set up as that used in the
column experiment. The standard was measured it b the detector and was
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moved two centimeters to the left and right of she when further recordings were
taken (Figure 63).

A1 A A+t
00O
\Lead bricks _Lead bricks |

MNa-l
detector

PC

Figure 63. Diagram of the control experiment carri@ out for the detection ofy-activity through
lead bricks with Na-1 detector.

Briefly, the recordings decreased sharply when stendard was moved two
centimeters away from the detector (Table 40),catiling that the lead bricks were
effective at shielding the-activity coming from segments of the column astdsvo

centimeters away from the segment in front of thctor.

Table 40. Control experiment proving the effectiveass of the lead bricks.
Position ‘ A-1 A A+1
Net counts‘ 585+ 121 19134367 384+126

4.2.3.2. Migration of Cs associated to Eu-doped silica colloids
through sand column

Column experiments were carried out to study tiecebf colloids in the migration
of Cs through a sand column. For this purposetehba synthesised Eu doped silica
colloids was contacted with a spike™dfCs (45 kBq crif). After equilibration, 3.5 g
of ion exchange resin were added to remove anp@sremaining in solution. Prior
to investigating the migration of Cs, the interantiof the metal with silica colloids

was assessed.
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4.2.3.2.1. Sorption and desorption of Cs on silica colloids

Prior to the column experiment, the sorption ansodation of Cs to silica colloids
were studied by means of batch experiments. Theasiblloids were synthesised as
described in section 4.2.2.1. In triplicate, 1%cofi CsCl solution (1x18 to 3x10°
mol dm® was added to 10 chof silica colloids. The suspension was spiked with
137Cs (8.3 kBq drif) and the pH adjusted to 7. The samples were degquilibrate
for 24 hours, after which separation took placecbgtrifugation (6000 rpm for 30
minutes), followed by filtration through 0.45m filters. The activity of a 2 chn

aliquot was measured by gamma counting.

Following the sorption experiments, desorption expents were carried out by
redispersing the Cs bound silica colloids in DI evatAfter a 24 hour period, the
samples were centrifuged for 30 minutes at 6000 Bamaliquot of the supernatant
was then filtered through a 0.4#n filter and its activity was measured by gamma

counting.

4.2.3.2.2. Column experiments

The procedure for the column experiments consistélboding 100 cm of Cs — Eu
doped silica colloids suspension into the columa fow rate of 0.25 cimin™ until
nearly all of the solution had entered to the calurfter this, DI water was
introduced into the column. Fractions of the eluaete collected until no more
activity was detected in the outlet. On conclusibthe experiment, the column was

measured with a Na-I detector to study the remgiaitivity along the column.

Both of the active elements present in suspensigeq and***Eu) were gamma
emitters. Detection and quantification of the atficoming from each element was
possible due to the different energies of the pheas of the element§’Cs has a
single peak at 665 ke\t>*Eu has up to six different photopeaks, showing aemo
complex gamma spectruhi®. The different values of energies made possibée th

separation of*’Cs and™%Eu in both the gamma counter and the Na-I detector.

A protocol was prepared in the gamma counter, wheFechannels were set to the

following values:
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Table 41. Selection of regions in gamma counter fdrEu and **'Cs.

Channel Lower Limitchannel number) Upper Limit(channel number)
Region A 75 250
Region B 350 500
Region C 700 850

The selection of channels shown in the table alpoeeided a good separation of the
peaks for*>*Eu (Regions A and B) and fof'Cs (Region C). In the case of the Na-I
detector, the peak for’Cs could be clearly distinguished from those frofiEu.
Two regions of interest were preset, the oné¥&u in channels 153 to 192 and the
one for**'Cs in channels 282 to 354. Figure 64 shows thetspémr the gamma
counter of the (a) Cs — Eu doped silica colloitt§,Eu doped silica colloids and (c)
Cs spike on their own. Figure 65 shows the spdotrthe Na-I detector for the Cs —
Eu doped silica colloids.
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Figure 64. Gamma-counter scans for (a) Cs associdtéo Eu-doped silica colloids, (b) Eu-doped

silica colloids and (c) Cs spike.
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Figure 65. Spectra from Nal detector for Cs associad to Eu-doped silica colloids.

4.3. Results

4.3.1. Characterisation and stability of colloids

Various techniques including UV-Vis spectrometryndmic light scattering (DLS),
zeta potential and gamma counting, were used toactaise the synthesised silica
colloids and radiolabelled silica colloids. UV-\4pectrometry (measurement at 254
nm) was used to study the stability of the colloagsa function of time and ionic
strength. Gamma counting was used to study thdlistabf the radiolabel as a

function of time.

4.3.1.1. Silica colloids

The average size of the (non-active) silica codoidas measured by DLS and
showed an average size of 124.8 £ 4.0 nm. The petential was measured by
electrophoretic mobility and showed -55.3 + 4.7 niiese data are an average of
ten measurements carried out in the Zeta Master values for the zeta potential of
silica colloids found in literature vary greatlypdnding on the ionic strength of the
suspensior®®. However, the experimental values are in agreemithtthe literature
for the pH studied: -35 mV?°, -53.1 mVv*%, -80 mV % Both the average size and
the zeta potential were measured in a Zeta Master S
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The surface area of the silica colloids was meaksbre the method described by
Sears™® Briefly, 30 g of NaCl were added to 1.5 g ofcsliacidified to pH 3 to 3.5.
The volume was made up to 150%with DI water. After taking the pH to 4, the
solution was titrated with 0.1 mol dfNaOH to pH 9. The volume required to rise
the pH from 4 to 9 is related to the surface aread@scribed by the following

relation:

S=32Vv-25 Equation 4.1

Where S is the surface area®(gt) and V is the volume required for the titration
(cm®). This procedure vyielded a surface area of 48 &jf Although this is a low
result compared to values found in the literatudeich are in the range of hundreds
of mfg™t 19419519 vyasconcelogt al. *** found that the specific surface area (as well
as other physical properties), depend on the ptigpoof reactantsj.e. TEOS,
NH3;OH, and ethanol, added to synthesise the silickidsl In their experimental

observations, the specific surface areas measanggd from <1 to 900 hy™.

The UV-vis scatter of the synthesised silica cdéoivas measured at 240.1 nm. The
stability of the silica colloids was studied asumdtion of time and ionic strength
(Figure 66).
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UV Scatter
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Figure 66. UV Scatter of silica colloids as a funixin of time and ionic strength (1S).

Figure 66 shows the kinetic stability of silicaloads at different ionic strengths over
a period of seven days. The plots shown are thitesicg of the colloid suspensions
as synthesised, without further dilution. The hggncentration of colloids in the
synthesised suspension explains the high valugd\bfscattered light. Note that
scatter decreased with time, more rapidly as tmécigstrength increased. At the
highest ionic strengths (0.5 and 1 mol Ynthe scatter of UV-Vis decreased
drastically after one day. Thus, as the ionic gtienncreased, the stability of the
colloids decreased. For ionic strenth 1 mol¥ithe colloids had flocculated after 24
hours. The ionic strength used in all experimends @.05 mol dm. Also, for all

migration experiments, the colloids were synthekisesity, to avoid flocculation

problems during storage.

4.3.1.2. Eu-doped silica colloids

The Eu doped silica colloids were characterisedniaasuring the average size, the
zeta potential and the gamma activity. The reprimlity of the synthesis of Eu
doped silica colloids is shown in Table 42, whdre measured properties of three

different sets of Eu doped silica colloids are siariged.
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Table 42. Characterisation of Eu doped silica colids.

Setl Set 2 Set3
Initial Activity (Bq cm?®) 385.17 316.78 322.44
Final Specific Activity(Bq cni®) 310.84 152.93 194.09
Radiolabelling yield%) 80.7 48.3 60.2
Average Sizénm) 167.8+29| 100.6+15.8 253.7+6.8
Zeta Potential(mv) -56.7+£3.7| -506+114 -46.8+2.9

The initial activity refers to the activity of°Eu added at the beginning of the
synthesis procedure, and the specific activityreefe the activity of the radiolabelled
colloids measured at the end of the synthesis diuoee The radiolabelling yield
varies in the three sets prepared. As the ratiseattants added to each set of
samples was equal in all three cases, the followkpgerimental factors are discused:
» Prior to the average size and zeta potential measnts, the samples were
diluted due to the high concentration of colloi@slution, however, should
not affect the properties of the synthesised addloi
» A different batch of dialysis bags were used far fynthesis of Set 3. This
could be a reason for the slightly higher valuesaoérage size observed
compared to the other two sets.
* The ionic strength is an important factor influergcthe stability of colloids,
but in this case, the ionic strength of the diaysalution was kept constant at
0.05 mol dr?, as the solution was prepariedsitu.
 The pH of the suspensions was adjusted on condusfothe synthesis.
Changes in pH could have occurred during the sgiglsteps, explaining the

differing properties of the colloids in the thra&etent sets.

As previously mentioned, the synthesised Eu dojlexh olloid suspensions were
highly concentrated. To achieve a good UV-Vis measent, the suspensions were
diluted by taking different volumes of suspensiatoil0 cni of deionised water.

The scatter in UV-Vis light, as well as the speciictivity, were measured and a

calibration curve was plot (Figure 67).
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Figure 67. UV Scatter and specific activity of sita colloids in DI water.

Figure 67 shows a good correlation between bothU¥escatter and the specific
activity with the dilution of colloids in water. Bhcalibration showed a linear
relation between the volume of colloids and the lijit scattered or the specific
activity. At higher concentrations of colloids inater, the UV scatter curved to a
plateau (not shown), indicating that the light dedd by the UV detector was
originated by the scattering of the light to oteerrounding colloidal particles, rather
than being scattered directly by the particles.

Two experiments were carried out to study whetlrer PEu label had been
incorporated into the structure of the silica cioldo In one experiment, 10 érof Eu
doped silica colloids (Set 2 in Table 42) were ected with 4 g ion exchange resin
(Amberlite IR-120). The activity of the supernataveas measured before and after
equilibration (1 hour). A blank test was also arout where the ion exchange resin
was contacted with 10 chof aqueous Eli (76.4 kBq dri?). The results for the
blank test proved that the ion exchange resin sodifectively all the free Eu, as
less than 1% of the initial activity was detected the supernatant after the
equilibration time. The results for the Eu dopedicai colloids showed that
approximately 70% of the initial activity remainedsuspension after equilibration

with the ion exchange resin.
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A second experiment involved centrifuging a sangfl&u doped silica colloids (Set
2 in Table 42). The supernatant was measured ftiwvitsgc before and after
centrifugation. After the process of centrifugatiodime colloids were redispersed in
the presence of different concentrations of Na@Gk $amples were left to equilibrate
and centrifuged again. The activity was measurddréeand after every treatment.
The results are shown in Figure 68.
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Figure 68. Specific activity of the supernatant ofuspensions of silica colloids before and after

centrifugation, and after redispersion in various oncentrations of NaCl.

Figure 68 shows the specific activity (y-axis) detsupernatant in the samples
described on the x-axis. The Eu doped silica cddidiad an initial specific activity
of approximately 350 Bq cth After centrifugation, the activity in the supetaat
decreased by approximately 30% and, hence, 70%eohttivity remained in the
colloids. These results are in agreement with thdirigs from the experiments
discussed earlier in this section. Furthermoresrattdispersing the Eu doped silica
colloids in various NaCl solutions and centrifugithgse samples, the activity in the
supernatant was negligible. These data show tleaEtfi" ions were not exchanged

with the N& ions when sodium chloride solution was added.

Both experiments yielded the same results. Thezefocan be assumed that after a
treatment with ion exchange resin th&Ew*" ions present in the sol are inside the
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structure of the silica colloids. This treatmentsvegplied prior to the use of the Eu
doped silica colloids in the column experimentsnsure that no free Elions were

flooding the column.

4.3.2. Migration experiments

4.3.2.1. Migration of Eu-doped silica colloids through sand column

UV spectrophotometric techniques have been usednmerous studies to follow the
transport, deposition and release of collditls*°®%8 |y this work, the migration
of silica colloids was studied radiometrically adrolabelling the silica colloids with
152Eu, which was incorporated in the structure of ¢béoids during its synthesis.
The Eu doped silica colloids were introduced itte tolumn as described in section
4.2.3.1 and the results are shown below. Tablehd@'s the experimental parameters

for the column experiment.

Table 43. Experimental parameters of column experimnt carried out for the assessment of the

migration of Eu doped silica colloids through sandcolumn.

Colloid size (nm) 258.5+5.0
Sand grain sizeufm) 200
Column diameter (cm) 2.6
Column height (cm) 30
Porosity 0.39+£0.03
Dead/Pore volume (cin 62.1+4.5
pH 7.23
Colloid / water flow (crmi min™) 0.260 £+ 0.005

The elution of the conservative tracer and Eu dapkech colloids from the column
as a function of total volume eluted is shown igure 69. Tritiated water was used
as the conservative tracer, since it would not [@kl@nion exclusion effects. The
column porosity was calculated as the ratio betwthenvolume filled with water
(Vw) and the total volume of the column+{V The volume filled with water was

measured as the volume at which tritium starteealetected in the outlet of the
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column. The total volume and the porosity of thduom were calculated by

Equations 4.2 and 4.3, respectivély

T
V; =—I Equation 4.2
4
V
@Y= % Equation 4.3
a

Wherer andh are the diameter and the height of the columomnrespectively, and

¢ is the porosity. The average porosity resulted3¢h0 = 3.0%, which is in

agreement with values reported by previous stuthetween 37.7% and 47.7%
198,200,20}'

The breakthrough curve for both the tritiated wated the Eu doped silica colloids
as a function of the total volume eluted can bensee Figure 69(a). The
breakthrough of the Eu doped silica colloids wdkveed by gamma counting since

it was the'>?Eu radiolabel, rather than the silica colloids, #hement measured.
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Figure 69. Recovery of Eu doped silica colloids ancbnservative tracer through sand column
(pore volume = 60.75 cr). (a) Whole experiment and (b) Beginning of the rakthrough.
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It can be seen that after starting the upfloodingwdoped silica colloids, C3o0on

reached 0.90 and fluctuated between 0.87 and l@8ating that little retention of
colloids took place and almost full throughput vedtained. On downflooding, the
Eu doped silica colloids returned to zero withldittailing, indicating again slight

interaction between the silica colloids and theinoi.

Figure 69 (b) shows the beginning of the elutiorveuwhere it can be observed that
the Eu doped silica colloids elute at a similaroedly as the conservative tracer.
Previous studies have shown that breakthroughlioh stolloids took place slightly
faster or at the same time than tritiated water®>'"# The slight retention observed
in the experiment is most probably due to the ebstiatic repulsion occurring
between the negative surface charge of both siblaids and the quartz sand bed in
the column®™ Several studies have observed little or no ritenof negatively

charged colloids passing through quartz sand codufir®®16822

The high recovery of Eu doped silica colloids swggehat thé**Eu radiolabel was
stable throughout the whole experiment. Studiegstigating the elution oP?Eu
through a sand column in the absence and presencelloids showed a 20%
recovery of ">%Eu after approximately 20 pore volumes in the preseof colloids
and no recovery in the absence of collditfs Therefore, the detection 6PEu can

be attributed solely to tH&%Eu doped silica colloids.

The total recovery of Eu doped silica colloids la¢ tend of the experiment was
calculated from the ratio of the overall activityeasured from the outlet and the
initial activity in the inlet,i.e. 3.38 kBqg were recovered from the original 4.05 kBq
in the suspension. These results yielded a 83.4%veey of Eu doped silica colloids
at the end of the downflood with DI water, indicgtipartial retention of the silica
colloids in the sand column. A second wash withwiaker was carried out, but no
significant activity was detected in the outletggesting the possibility that colloids
were retained in the column in some manner thattfeids could not be released

by further elution.
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4.3.2.2. Migration of Cs associated to Eu-doped silica colloids

4.3.2.2.1. Sorption of Cs to silica colloids

The migration of-*'Cs contacted with Eu doped silica colloids wasistlithrough a

column of the same dimensions as the one desanbibe previous section. Prior to
these experiments, the sorption of Cs onto silalbicls was investigated by means
of batch experiments to study the extent of sonptd Cs onto silica colloids. The
sorption isotherm as well as the percentages b@wadshown in Figure 70 and

Figure 71.
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Figure 70. Sorption isotherm of Cs sorption onto $ica colloids at pH 7.

The sorption isotherm shows a rapid increase ofameunt of Cs bound with
increasing Cs in solution, to a point where it @sand saturation begins. The slope
of the linear part of the curve corresponds to Rjesalue, which has a value of
approximately 65.3 + 4.1 divkg® under the conditions studied (pH 7 and ionic
strength 0.05 mol dif). This value is significantly higher than that ebeed by
Flury et al.**® who measured for 0.01 and 0.1 moldianic strength Rvalues of
0.550 and 0.274 dirkg?, respectively. The difference inyRalues are due to the
different particle size of silica colloids usedtins experiment, as opposed to non-
colloidal particles used by Flumt al?®>. Smaller particles provide a larger surface

area where metals can bind to (discussion in Ch&pte
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The sorption percentages (Figure 71) show how, avémwer Cs concentrations, the
sorption percentages show a maximum of 50% sorptidre findings are in
agreement with Bascetet al.?°* who observed a sorption of Cs onto silica gel (15
to 40 um in particle size) lower than 40%. The slightlgter sorption percentage
observed in Figure 71 is probably due to the smaketicle size (253.7 nm) used in
the present experiment.
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Figure 71. Sorption percentages for Cs sorption ontsilica colloids at pH 7 and ionic strength
0.05 mol dn?>.

Modelling
The sorption behaviour of Cs onto silica colloideswmodelled by fitting the
isotherms to the Langmuir, Freundlich and D-R isattns.

The parameters obtained from each isotherm, as agethe fitting parameters are
shown in Table 44. The Langmuir model did not Ke texperimental values, as
reflected by the low Rvalue observed. The Freundlich and D-R models dcoul

explain the sorption behaviour of Cs onto silicaids.
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Table 44. Modelling parameters for Cs sorption ontailica colloids.

Langmuir 0.9282
R Freundlich 0.9925
D-R 0.9917
F=7.63
Freundlich parameters n=0.76 £ 0.03

Qmax= 2.75 x 1¢ mol kg*
K = (6.21 + 0.03) x 10
E = 8.97 kJ mot

D-R parameters

The Quax parameter calculated (2.75x40nol kg') corresponds to the maximum
amount of Cs that would sorb onto the surface ef shica colloids. This value
would correspond to the plateau which the curvedsen in the isotherm (Figure 70).
It can be observed that although the predicted evatuin the same order of
magnitude as the experimental value, it is slighdalyer than the observed value in
the isotherm, which is approximately 4.5 x“iol kg*. The results from modelling
shown in Table 44 are in good agreement with thdifigs reported by Bascetat
al. 2°°> and Pathalet al.?% (see Table 45 for comparison). Noedlal. '™ reported a
Kg value of 23.8 + 1.2 dinkg” and a Freundlich parameter n = 0.88 + 0.01. The
sorption energy (E) calculated from the D-R modsiuited in 8.97 kJ md) which

is also in agreement with the literature. This ealf energy suggested an ion

exchange sorption mechanism.
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Table 45. Comparison of modelling parameters for Csorption onto silica colloids.

Experimental  E. Bascetirf® P.Pathak®®
n (Freundlich model) | 0.76 + 0.03 0.82 0.71+0.02
K (D-R model) x16 6.21 +0.23 6.3 6.18 + 0.14
E (D-R model) (kJ md) 8.97 8.91 9.00 £ 0.09

Desorption

Desorption of Cs from silica colloids was studigddalding fresh deionised water to
the previously sorbed Cs silica colloids. The dpson isotherm is shown in Figure
72, where the slope indicated that only 11.1 + 1&%he Cs bound to the silica
colloids was desorbed after a 24 hour period. Hanethe desorption of Cs from

silica colloids was non-linear. The percentagedesiorbed Cs increased with the Cs

bound.
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Figure 72. Desorption of Cs from silica colloids apH 7 and ionic strength 0.05 mol dri.

4.3.2.2.2. Migration of **’Cs associated to Eu-doped silica colloids

The findings in the investigation of Cs sorptiortaasilica colloids suggested that Cs

sorption to silica colloids took place via an iotclkeange mechanism. A spike of Cs
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was contacted with an aliquot of Eu doped silickoats and left to equilibrate for 1
hour. Prior to flooding it through the column, amiexchange resin was added to
remove any excess Cs ions remaining in solutiore fEsults for both Cs and Eu

doped silica colloids breakthrough are shown iruregr3.
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Figure 73. Cumulative recovery of Cs and Eu dopedl&a colloids through a sand column (Pore
volume = 71.3 cn).

Figure 73 shows the breakthrough for the consemvatracer (tritiated water),
superimposed onto the breakthrough of Cs assodiatsitica colloids and Eu doped
silica colloids, as well as their elution with Dlater. Four main aspects can be
highlighted from the breakthrough curve, concerrboth the migration of Eu doped
silica colloids and Csions:

(a) A slight delay on the breakthrough of both the @idé and the Cs can be
observed with respect to the conservative tracer.

(b) Approximately 4.2 kBqg of Eu (Eu doped silica cafls) were flooded in the
column, from which 3.31 kBq were recovered by thd ef the experiment,
yielding a 78% recovery of Eu doped silica colloids

(c) Less than 20% of Cs associated to silica colloids mecovered.

(d) Tailing appears upon downflood of both the Eu dogiéda colloids and the

Cs associated to the silica colloids.
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The migration of silica colloids through the sarmlummn was markedly different
when the colloids were associated with’ @ms. The experimental observations will
be discussed in order to understand the effedtefrtroduction of positive charges

in the system studied.

In the absence of Cs (Figure 69) the Eu dopedasdatioids eluted similarly to the
tritiated water, suggesting that the electrostagfmulsions between the sand and the
silica colloids prevented the silica colloids frdiing retained in a significant extent.
However, the presence of positive charges altdredsystem, introducing attractive
van der Waals forces between the exchangeable @ssattached to the silica
colloids interacting with the sand in the columine$e interactions resulted in the
retardation of the migration of the silica collai@gs well as in the retention of Eu-

doped silica colloids.

The total retention of Eu doped silica colloids wafculated as the ratio between the
activity measured in the effluent at the end of éxperiment (3.15 kBq) and the
activity in the inlet (4.25 kBq). These results wied a 74.3% recovery of the Eu
doped silica colloids. Compared to the recoveryamied in the absence of Cs ions
associated to the silica colloids (83.4%), the ®atalculated in this section is
slightly lower, suggesting again that the presenteCs altered the migration

behaviour of the silica colloids.

The elution and downflood of Cs occurred at the esdime as the silica colloids,
indicating that the recovery of Cs is due to asdem with the colloids.
Furthermore, the elution of Cs takes place aft@rpbre volumes, whereas in the
absence of colloids, Saiees$ al. °” observed elution of Cs after 10 pore volumes
through a quartz sand column at pH 7.2 and iomength 0.01 mol dit Moreover,
prior to flooding the column with Cs associatedsiiica colloids, cation exchange
resin was added to the equilibrated suspensionetoove any free Cs from
suspension; therefore, any Cs passing through dhena was bound to the silica
colloids.

The total recovery observed for Cs was approximats3% (0.58 kBgq were

measured in the effluent from the original 4.4 kBcthe inlet). Monitoring of the
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activity along the column with a Nal detector tquce at the end of the experiment.
The monitoring showed that the majority of the €8vity was removed within the
first third of the column, followed by a plateauthé top of the column (Figure 74).
No *%Eu activity (associated to silica colloids) coulel detected, as the Nal detector

gave no readings, or backgroung readings in themegf interest corresponding to
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Figure 74. Measurement of*'Cs activity (4.4 kBq) with Nal detector (ROl = 282— 354) along
column length after flooding of column with Cs assciated to Eu doped silica colloids and DI

water. Segments measured for 40 minutes.

Figure 74 shows the intensity of the activity incleasegment of the column,

represented by the counts measured by the Naltdetdde counts represented are
the net counts recorded by the instrument, withibthekground counts substracted.
The initial activity that was flooded in the columras measured as well prior to its
flooding. The instrument recorded 144540 + 228aoeints for this sample.

Two regions can be distinguished: during the fit6t cm of the column, strong
retention of Cs onto the sand took place; Cs desbftbom the silica colloids and
sorbed onto the sand, via an ion exchange mechaBisyond the first third of the
column, a constant distribution of Cs along theuowot could be observed. Further

injection of the column with DI water did not cauamy significant extraction or
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displacement along the column of Cs (Figure 76)raoeer, the measurement with
the Nal detector yielded a similar pattern as the abserved in Figure 74, indicating

that Cs was not being transported any further griteed water (Figure 77).

The results shown by the measurement ofythetivity by the Nal detector appear
contradictory with some of those shown by the mesments carried out in the

counter:

(1) The activities measured for each segment alloagolumn added approximately
174557 counts, which are higher than the initiaplem(approximately 144540).

These results suggest that, not only that all thevich passed through the column
was retained, but also that some extra activity waktected. These results are

opposed to the approximate 87% retention found fifeerbreakthrough curve.

The measurement gfactivity along the column was carried out in sway that the
end of one segment corresponded to the beginnirigeofollowing one. Although
the lead bricks proved to be effective at shieldimg detector from the rest of the
column (control experiment detailed in Table 48§ extray-activity observed might
be due to overlapping activities from the adjaceegments. Assuming this, an

overlap factor¢) may be defined as:

_ Avpeciea _ 144540087 _

¢ Abbserved 174557

Equation 4.2

Where the expected activity of Cs retained in tlermn at the end of the experiment
(Aexpected Would be approximately an 87% of the initial sitti that entered the
column. TheAgpserveqCOrresponds to the sum of the activities measuredch of the
segments. Once the overlap factor is establishegwacurve, more realistic of the
Cs activity retained in each of the segments cadrben (Figure 75). The shape of
the diagram is the same as that prior to consigehe overlap effect, but the net

counts are smaller.
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Figure 75. Corrected net counts for Cs retention ang the column.

(2) The breakthrough curve showed that the levelsaxtivity from **'Cs reached

zero at the end of the experiment (Figure 76), estiigg that only>’Cs associated to

colloids were eluted from the column and frééCs was retained in the column.

When the Nal detector was used to find out theibision of free**’Cs along the

column, constant values for theactivity of **’Cs were recorded at the top of the

column (Figure 74). Possible reasons for this figdiinclude:

« The constant values of approximately 4000 net coappear to be a baseline

from the Nal detector. However, the background t®were substracted.

* Perhaps some movement of the suspension took plaee the column was

changed position for its measurement in the Nag¢aet, although maximum

care was taken.

» The readings in the-counter for Eu-doped silica colloids showed tha{7%

of the colloids had been retained in the columnweleer, the Nal detector

was unable to detegtactivity coming from Eu. This could be due to a

homogeneous distribution of the Eu-doped silicdoadd along the column,

which would result in a lowy-activity per segment. Assuming that these

colloids were Cs-bound silica colloids, a baselimé*'Cs activity could be

explained by the homogeneous distribution of Cshblo&u-doped silica

colloids along the column.
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Figure 77. Na-I detector pattern for second flush bDI water through Cs associated Eu-doped

silica colloids - sand column

Modelling

An attempt to model the retention of Cs associatedilica colloids was made by
using some simple calculations, where the colums er@ided into 15 segments, 2
cm long each. The model assumed equal retenti@s @nto each segment. Previous
measurements showed that the column retained appatety 86 — 87% of Cs, or, in

other words, that the total recovery of Cs was %43.2%Vith these data, the model
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predicted 12.5% retention in each segment. A schafntleis can be seen in Figure
78. This model would allow to understand the disttion of the retained Cs along
the column.

100% 3.5%
——v125 125 |125 (125 | 125 | 125|125 |125 | 125 | 125|125 | 125 | 125 (125 125——!»

875 766 669 586 0513 449 39.3 344 301 263 230 201 176 154

Figure 78. Modelling approach for Cs migration thraugh sand column in the presence of silica

colloids.

Figure 78 shows the breakthrough of Cs passingugiiraghe column in the case of
equal retention in each segment of the column. A%Z2retention in each segment
was assumed for the modelling so that the totakre€svered coincided with the
experimental observation (approximately 13.5%). Tinenbers in italics show the
percentage of Cs going through each segment. A gfldhe expected retention
predicted by the model and the measured retergishaown in Figure 79. The simple

model failed to reproduce the experimental findings

o

Length of column (cm)

‘ ¢ Experimental — Simple model‘

Figure 79. Modelling of Cs through sand column whemassociated with silica colloids.
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4.4. Conclusions

The aims of this study were to synthesise stableldped silica colloids, and use

these as a tool to investigate the migration aéasitolloids through a sand column.

The Eu-doped silica colloids were succesfully sgstbed by modification of a
known method. Stability experiments were perforraad indicated that the colloids
were sufficiently stable to use them for migratexperiments. Also, the stability of
the radiolabel was such that the radiolabelledoatd| could be detected and

guantified by radiometric measurements.

The transport of Eu-doped silica colloids was tetuglied radiometrically, showing
near-complete recovery of silica colloids when pdsthrough a sand column. The
study also revealed low retention and little t@lof the silica colloids; results which
were expected due to the similar nature of botkasitolloids and sand, where the
major interaction would be electrostatic repulsigenerating a rapid migration of

the colloids through the column.

Using the same radiometric techniques, the mignadioCs ions when associated to
Eu doped silica colloids was investigated. Thiseskpent proved an enhancement
of the transport of Cs by silica colloids, as apprately a 13% recovery was
observed. The interaction of Ciens with the silica colloids and the surface foé t
sand in the column slightly retarded the transmdrisilica colloids through the

column.
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Chapter 5. CONCLUSIONS AND FURTHER WORK

The work presented in this thesis is divided i@ parts: (i) the sorption of metals
onto colloidal particles; (i) the effect that orga colloids, HA, have on such

sorption; and (iii) the effect that colloids maywkaon the migration of radionuclides.

The stability of colloidal particles is one of thecessary conditions for migration of
colloids to occur, as non-stable colloids floccelat coagulate leading to retention
of the particles. The main parameters influencitadpity are pH and ionic strength.
Findings reported in this work have shown that itabof boehmite and
montmorillonite colloids is achieved at low congatibns of ionic strength. The
dependence of the stability of these colloids with was opposite for each of the
colloids, due to the difference in overall positistearge for boehmite and negative
charge for montmorillonite, which caused boehmi#oids to achieve stability at
low to neutral pHs, whereas montmorillonite collMould gain stability at neutral
to high pHs. The stability of boehmite colloids wisund to depend on the
concentration of HA present; low and high concdirns promoted the stability of

colloids whereas intermediate concentrations cafiseculation and coagulation.

Given stable colloidal suspensions in motion witbupdwater flow, radionuclides
found in the subsurface may interact with thesg@ensions, thereby enhancing the
transport of contaminants. Chapter 2 focused onstivption of metals onto two
different colloidal minerals. Results showed thatah sorption onto the colloidal
suspensions occurred and this sorption was queschtiiy the distribution ratio, 4R
which is the ratio between the surface-bound metahcentration and the
concentration of dissolved metal in solution. Desgoehmite having an overall
positive charge, the metals showed affinity for byelroxyl groups on the surface

and bound effectively to the colloids.

The sorption of metals was also measured on the gbhses of the same minerals.
The general trend observed was that sorption wgisehion the colloidal phase. A
guantitative approach introduced ary Relationship between colloids and solid
surfaces by a proportionality factor, which for boete used the ratios between the

cation exchange capacities of the colloid and tiel snultiplied by the charge of the
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metal. This approach however, was only examinedtlier experimental values
obtained for boehmite. Further research includesafplication of this mathematical
approach to different colloidal systemg, montmorillonite, bentonite, goethite. The
success of such mathematical approach would bedawiag in the calculation of

distribution ratios for binary systems with metafsl colloids.

Knowledge of desorption processes is relevant @eroto assess the transport of
radionuclides through the Geosphere because thaneeiment of the transport of
contaminants is achieved if the association isvargible. Results reported herein
indicated that Ni desorbed by 50% from colloidalntmorillonite, whereas Eu only
desorbed by 3%. The findings suggest that Eu coodéd transported by
montmorillonite longer distances than Ni, due te fow desorption percentage

exhibited by the former.

Both ion exchange and surface complexation weral useexplain the partial

reversibility observed in the sorption of the madsr lon exchange would account
for the desorption of the metal by replacement llyeo metal ions present in
solution; whereas surface complexation would explae irreversible fraction of the
sorption, i.e. chemical bonding of the metals @udace sites led to their fixation to
the surface. The mechanisms of sorption, howevergwualitative and based on

findings reported in the literature.

The specific surface area of colloids was measimgdhe BET method, which

involved the solidification of the colloidal susgon. During this process, the
surface of the colloids was altered by the formmatid aggregates. The sorption of
dyes has been used to measure the specific sudaea of colloids like

montmorillonite. However, on an attempt to use fzene method on boehmite
colloids, the use of four different dyes yieldedsuccesful results. Further work in
this field is strongly suggested, as measuremetttisfproperty by drying processes

have shown to affect negatively the results obthine

Humic acids are ubiquitous in all natural soilserdby affecting the stability of
colloids as well as the sorption of metals ontarth&he findings reported herein

were consistent with those found in the literatanel suggested a decrease in the
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sorption of metals onto boehmite colloids in thegence of HA, when compared to
that observed in the absence of humics. Thus,goahsf radionuclides by inorganic

colloids would probably be hindered in the presesfddA.

An attempt to model the influence of HA, using th&M was applied to the ternary
system. The application of the LAM was success$suaning that the fraction of HA

bound to the colloids was close to unity.

The stability of boehmite colloids was clearly irdhced by HA concentration. The
repulsive interactions introduced by HA at intermaéel concentrations favoured
flocculation and coagulation of the particles. Age tboehmite concentration of
colloids increased, HA concentration necessarpdoge flocculation also increased.
Hence, at higher colloidal concentrations, batchptsan experiments should be
carried out to investigate whether the LAM could d@plied. Due to comparison

with the results carried out in Chapter 2, thegeeerents were not analysed.

As stated in the introductory chapter, for colloidse of relevance in the migration
of radionuclides, two of the factors to be met wgke sorption of metals onto the
colloids, which Chapter 2 investigated for two oalbl minerals; (2) and the
mobility of colloids with groundwater flow. Chaptdrinvestigated the mobility of

silica colloids and also investigated the facildatof Cs transport by silica colloids.

The migration of colloids was assessed by studyiregmobility of silica colloids
through a sand column. Rather than traditional tspgcopic techniques, a
radiolabelling technique was used for radiometlycdktecting the colloidal phase
along the length of the column. For this experimestéble silica colloids were
labelled from early stages of the synthesis sottiatradiolabel would be embedded
in the structure of the silica at the end of thecpss. Migration experiments showed
that silica colloids migrated through the sand ooiuwith little retention. Moreover,

the mobility of Cs was enhanced by the presenceltdids.

Overall, the investigations carried out hereinitjathe interactions of multi-valent
metals with colloidal particles, the influence oAtbn these and the influence

colloids may have on the mobility of radionuclid€ansidering the results observed,
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it is suggested that colloidal phases present enethivironment may significantly
alter the retention of contaminants, particularyionuclides by enhancing their

transport, to a higher or lower extent, dependimghe reversibility.
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PERSONAL DEVELOPMENT TRAINING

Date & Location Title Training Type Duration
6" — 7" November
Long Term Nuclear Wastg Conference
2006, Loughborough 2 Day
. . Management: Next Steps| attendance
University
15" November 20086, _ _
. Orientational
Loughborough Induction Day 1 Day
. . course
University
29" November 20086, _
_ _ RSC Annual Meeting 1 Day
University of Leeds
11™ December 2006, - ,
Designing and Producing o
Louhborough Training course| % Day
_ _ Conference Posters
University
6" February 2007, A report of the
1 Day
London Loughborough Workshop
Underpinning Assessmen|
8" — d" February _ pining Tour and open
_ Sciences Programme 2 %2 Day
2007, Sellafield _ day
Symposia
8™ March 2007, ,
Talks on Analytical _
Loughborough ) Lecture series Y% Day
_ _ Chemistry
University
28" March 2007,
Loughborough Report Writing Training course Y2 Day
University
Conference
17" — 19" April 2007,
attendance and
Loughborough COGER . 3 Day
. . presentation of
University _
first year work
Latest Developments in
ho Particle & Material '
25" April 2007, Leeds o Lecture series 1 % Day
Characterisation
Complimentary Seminars
30" May 2007, AQUANET Colloids Conference 2 Day
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University of Workshop 2007 attendance
Birmingham
25" — 30" August
_ o _ Conference
2007, Munich, Migration Munich 7 Day
attendance
Germany
January — September| Malvern Instruments Online lecture 1D
a
2007, Loughborough | Webinars series Y
23% January 2008, | Talk by Dr. Patrick Lecture -
. 2 bay
BGS, Keyworth Landais attendance
30" January 2008, | Teaching Skills
Loughborough Professional Development Training course| 1 Day
University Course
" Environmental Process
7" February 2008, . . Conference
] Symposia (Nexia 1 Day
Sheffield _ attendance
Solutions)
7" — 9" April 2008, Presentation of
University of COGER second year 3 Day
Nottingham work
16" April 2008, Young Researchers _
_ Presentation 1 Day
London Meeting
dn PhD Research Training o
23 April 2008 o Training course| Y2 Day
Programme: Plagiarism
Physical Chemistry
_ _ Laboratory + 50
2007 — 2008 Foundation Year & First _
Demonstrating | Hours
Year
6" — 7" October 2008,| 3 FUNMIG Training Workshop -
ay
Barcelona Course attendance
Poster
39— 6" August 2009, presentation and
IUPAC Congress 4 Day
Glasgow conference
attendance
21— 24" September | Poster
. Migration Seattle . 4 Day
2009, Kennewick, presentation and
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Seattle conference
attendance
2006 — 2009, . ' Group meetings
Radiochemistry Group
Loughborough . and Weekly
_ _ Meetings _
University presentations




References Page 198 of 214

REFERENCES

! International Atomic Energy Agency. Use of Naturahalogues to Support
Radionuclide transport Models for Deep Geologicabésitories for Long Lived
Radioactive Wastes. Vienna : IAEA, 1999. Techni@atument. IAEA-TECHDOC-
1109.

2 NDA Radioactive Waste Management Directorate. &efd research and
development strategy. Nuclear Decomissioning Auty@008.

3 E. Tipping, J.J.W. Higgo. The role of colloidsthe release and transport of
radionuclides in the near and far field. Britishalagical Survey 1991. Fluid
Processes Research Group Technical Report WE/91/16.

“* D.J. Shaw. Introduction to colloid and surfacemtstry. Butterworth-Heinemann.
Fourth Edition

> M. Manciu, E. Ruckenstein. Role of the hydrationcé in the stability of colloids
at high ionic strengths. Langmuiv (2001) 7061 — 7070.

® B. Sudhir, S. Kumar. Existence of a new forceatiaidal systems — Hydrophobic
attraction between macroscopic surfaces. Resorrgmae2002 67 — 81.

" R. J. HunterFoundations of Colloid SciencE€larendon Press, Oxford, 2001.

8 B.P. Singh, R. Menchavez, C. Takai, M. Fuji, M.k@hashi. Stability of
dispersions of colloidal alumina particles in aquesuspensions. Journal of Colloid
and Interface Scien@91(2005) 181 — 186.

®J. Sun, B.V. Velamakanni, W.W. Gerberich, L.F.rfaia. Aqueous latex/ceramic
nanoparticle dispersions: colloidal stability améiing properties. Journal of Colloid
and Interface Scien@80(2004) 387 — 399.

19°p. Zhao, S.A. Steward. Literature review of irgitnactinide colloids related to
spent fuel waste package release rates. 1997. hawrdivermore National
Laboratory, Contract W-7405-Eng-48.

1 H.M. Beckhit, M.A. El-Kordy, A.E. Hassan. Contaraitt transport in
groundwater in the presence of colloids and baxtdodel development and
verification. Journal of Contaminant Hydrolo$98 (2009) 152 — 167.

2T llina, M. Panfilov, M. Bués, I. Panfilova. A @sdo two-phase model of colloid
transport in porous media. Transport of Porous Blédi(2008) 311 — 329.

13 J.F. McCarthy, L.D. McKay. Colloid Transport inetiSubsurface: Past, Present,
and Future Challenges. Vadose Zone JoB12004) 326 — 337.



References Page 199 of 214

14 E. Wieland, J. Tits, M.H. Bradbury. The potengéflect of cementitious colloids
on radionuclide mobilisation in a repository fadioactive waste. Applied
Geochemistryl9 (2004) 119 — 135.

15 A. Javaid, R. Bajwa, U. Shafique, J. Anwar. Remafdeavy metals by
adsorption orPleurotus ostreatudBBiomass and Bioener@b (2011) 1675 — 1682.

16 3. Maresova, M. Pipiska, M. Rozloznik, M. Horn@obalt and strontium sorption
by moss biosorbent: Modeling of single and binagtahsystems. Desalinati@66
(2011) 134 - 141.

173. Simunek, C. He, L. Pang, S.A. Bradford. Colfzdilitated solute transport in
variably saturated porous media: numerical modélexperimental verification.
Vadose Zone Journ&l(2006) 1035 — 1047.

18 R.A.A. Muzzarelli. Potential of chitin/chitosandming materials for uranium
recovery: An interdisciplinary review. Carbohydr&elymersd4 (2011) 54 — 63.

9W.W. Wan Ngah, L.C. Teong, M.A.K.M. Hanafiah. Adstion of dyes and heavy
metal ions by chitosan composites: A review. Cayoloite Polymer83 (2011)
1446 — 1456.

20X, Yang, R. Flynn, F. von der Kammer, T. Hofma@uantifying the influence of
humic acid adsorption on colloidal microsphere é#pm onto iron-oxide-coated
sand. Environmental Pollutiatb8 (2010) 3498 — 3506.

21 A.B.M. Giasuddin, S.R. Kanel, H. Choi. AdsorptiohHA onto nanoscale
zerovalent iron and its effect on arsenic remokakironmental Science and
Technology41 (2007) 2022 — 2027.

22 A, Liu, R.D. Gonzalez. Adsorption/desorption isystem consisting of humic
acid, heavy metals and clay minerals. Journal dioiclband Interface Scien@18
(1999) 225 — 232.

2 T. Yoshida, M. Suzuki. Effects of humic acid ongraition of montmorillonite and
alumina colloid in a quartz sand column. Colloiddl &urfaces A: Physicochemical
and Engineering Aspec825(2008) 115 — 1109.

24 N. Evans, P. Warwick, T. Lewis, N. Bryan. Influenaf humic acid on the
sorption of U(IV) to kaolin. Environmental Chemigtretters9 (2011) 25 — 30.

% pP.W. Warwick, A. Hall, V. Pashley, N.D. Bryan, Briffin. Modelling the effect
of humic substances on the transport of europiuoutfh porous media: a
comparison of equilibrium and equilibrium/kinetiodels. Journal of Contaminant
Hydrology42 (2000) 19 — 34.

6 T.S. Anirudhan, P.S. Suchithra. Heavy metals upfakm aqueous solutions and
industrial wastewaters by humic acid-immobilizedypmer/bentonite composite:



References Page 200 of 214

Kinetics and equilibrium modeling. Chemical Engineg Journafl56 (2010) 146 —
156.

27 J.F. Boily, J.B. Fein. Proton binding to humicdscand sorption of P(ll) and
humic acid to the corundum surface. Chemical Geoldi (2000) 239 — 253.

28D, Grolimund, M. Borkovec. Colloid-facilitated traport of strongly sorbing
contaminants in natural porous media: mathematincaleling and laboratory
column experiments. Environmental Science and Taolgy 39 (2005) 6378 —
6386.

2T Kanti Sen, K.C. Khilar. Review on subsurfac#iaids and colloid-associated
contaminant transport in saturated porous medigaAcks in Colloid and Interface
Sciencel19(2006) 71 — 96.

30 J.N. Ryan, M. ElimeleclColloid mobilization and transport in groundwater.
Colloids and Surfaces A: Physicochemical and Ereging Aspect407(1996) 1 —
56.

3T, llina, M. Panfilov, M. Bués, I. Panfilova. A @sdo two-phase model of colloid
transport in porous media. Transport of Porous &é#li(2008) 311 — 329.

32 J.W. Bridge, S.A. Banwart, A.L. Heathwaite. Norasive quantitative
measurement of colloid transport in mesoscale monoedia using time lapse
fluorescence imaging. Environmental Science andhii@ogy40 (2006) 5930 —
5936.

$30. Spalla, S. Desset. Direct evidence of lateiigtation of mineral colloids
adsorbed at a water-solid interface. LangnGif2000) 2133 — 2140.

34 C. Hinz. Description of sorption data with isotimeequations. Geodern®®
(2001) 225 — 243,

% A. Delos, C. Walther, T. Schéfer, S. Biichner. Siispersion and colloid mediated
radionuclide transport in a synthetic porous medtiarnal of Colloid and Interface
Science324(2008) 212 — 215.

% 3. Kurosawa, S.C. James, M. Yui, M. Ibaraki. Maaielysis of the colloid and
radionuclide retardation experiment at the Grinfssdt Site. Journal of Colloid and
Interface Scienc298(2006) 467 — 475.

37N. Albarran, T. Missana, M. Garcia-Gutiérrez, Uo#so, M. Mingarro. Strontium
migration in a crystalline medium: effects of thregence of bentonite colloids.
Hournal of Contaminant Hydrologh22 (2011) 76 — 85.

3 D. Grolimund, M. Borkovec. Colloid-facilitated traport of strongly sorbing
contaminants in natural porous media: mathematncaleling and laboratory
column experiments. Environmental Science and Taolgy 39 (2005) 6378 —
6386.



References Page 201 of 214

393, Nagasaki, S. Tanaka, A. Suzuki. Interfacialavédr of actinides with colloids
in the geosphere. Journal of Nuclear Mater24I8 (1997) 323 — 327.

40'S. Kurosawa, M. Ibaraki, M. Yui, S. Ueta, H. Ydshiva. Experimental and
numerical studies on colloid-enhanced radionudiidesport - The effect of kinetic
radionuclide sorption onto colloidal particles. Maals Research Society
Symposium Proceedin@24 (2004) CC8.40.1 — 6.

“1 A.L. Noell, J.L. Thompson, M.Y. Corapcioglu, I. Riay. The role of silica
colloids on facilitated cesium transport througasgl bead columns and modeling.
Journal of Contaminant Hydrologi (1998) 23 — 56.

“2p_ Vilks, M.H. Baik. Laboratory migration experints with radionuclides and
natural colloids in a granite fracture. JournaCointaminant Hydrology7
(2001)197 - 210.

43 G. Limousin, J.P. Gaudet, L. Charlet, S. SzenknécBarthés, M. Krimissa.
Sorption isotherms: A review on physical bases, elind and measurement.
Applied Geochemistr2?2 (2007) 249 — 275.

4 3. Goldberg, L.J. Criscenti, D.R. Turner, J.A, BaK.J. Cantrell. Adsorption-
desorption processes in subsurface reactive transpaleling. Vadose Zone Journal
6 (2007) 407 — 435.

45T, Missana, M. Garcia-Gutiérrez, C. Maffiotte. Exmental and modelling study
of the uranium (VI) sorption on goethite. JournBColloid and Interface Science
260(2003) 291 — 301.

6 A.M.L. Kraepiel, K. Keller, F.M.M. Morel. A modébr metal adsorption on
montmorillonite. Journal of Colloid and Interfacei&ce210(1999) 43 — 54.

47J.M.A. Caiut, S.J.L. Ribeiro, Y. Messadeq, J. DEtyGhys, M. Varelst, H.
Dexpert. Synthesis and luminescence propertiesatévdispersible Eirdoped
boehmite nanopatrticles. Nanotechnold®y(2007) 455606 (8pp).

“8 3. Theo Kloprogge, L.V. Duong, B.J. Wood, R.L. $troXPS study of the major
minerals in bauxite: gibbsite, bayerite and (pse)mehmite. Journal of Colloid and
Interface Scienc296 (2006) 572 — 576.

“9R. Frost, H. Ruan, T. Kloprogge. Comparison of a@nan spectra of bayerite,
boehmite, diaspore and gibbsite. Journal of RanpecttBoscopyd2 (2001) 745 —
750.

*0 J. He, C.B. Ponton. Hydrothermal synthesis ancpinpgy control of boehmite.
High Pressure Resear2 (2001) 241 — 254.



References Page 202 of 214

°ly. Watanabe, H. Yamada, T. Kasama, J. Tanaka,0orhatsu, Y. Moriyoshi.
Adsorption behaviour of phosphorus on synthetichbtiees. Proceedings of the 19th
International Japan — Korea Seminar on Ceramid3?,26p 80 — 84.

2B.S. Gevert, Z-S. Ying. Formation of fibrillar Huaite. Journal of Porous
Materials6 (1999) 63 — 67.

®3]J. Zhang, S. Liu, J. Lin, H. Song, J. Luo, E.Msdthh, E. Ammar, Y. Huang, X.
Ding, J. Gao, S. Qi, C. Tang. Self-assembly of édike AIOOH (boehmite) 3D
nanoarchitectures. Journal of Physical Chemsitiyl 8(2006) 14249 — 14252.

> Q. Liu, A. Wang, X. Wang, P. Gao, X. Wang, T. ZhaBynthesis,
characterisation and catalitic applications of npesousy-alumina from boehmite
sol. Microporous and Mesoporous Materiald (2008) 323 — 333.

%> 3. Music, D. Dragcevic, S. Popovic, N. Vdovic. Mistructural properties of
boehmite formed under hydrothermal conditions. Make Science and Engineering
B52(1998) 145 — 153.

0 p. Zhang, J.L. Krumhansl, P.V. Brady. Boehmitésgrerrhenate and
pertechnetate. Radiochimica A&& (2000) 369 — 373.

>7J. He, C.B. Ponton. Hydrothermal synthesis ancpimpgy control of boehmite.
High Pressure Resear2 (2001) 241 — 254.

%8 J. Subrt, V. Stengl, S. Bakardjieva, L. Szatm&ynthesis of spherical metal oxide
particles using homogeneous precipitation of agsesolutions of metal sulfates
with urea. Powder Technolod¥9 (2006) 33 — 40.

*9 F. Granados-Correa, J. Jiménez-Becerril. ChronfMinadsorption on boehmite.
Journal of Hazardous Materials 162 (2009) 11788411

® p. De Souza Santos, A.C. Vieira Coelho, H. De SdBantos, P.K. Kiyohara.
Hydrothermal synthesis of well-characterised boédrorystals of various shapes.
Materials Research? (2009) 437 — 445.

®1R. Dahn, A.M. Scheidegger, A. Manceau, M.L. ScaleB. Baeyens, M.H.
Bradbury, D. Chateigner. Structural evidence fergbrption of Ni(ll) atoms on the
edges of montmorillonite clay minerals: A polarizéday absorption fine structure
study. Geochimica et Cosmochimica A6f&a(2003) 1 — 15.

%2.C. Volzone, J.0. Rinaldi, J. Ortiga, Bnd CQ adsorption by TMA- and HDP-
montmorillonites. Materials Researbl{f2002) 475 — 479.

®3B. Baeyens, M.H. Bradbury. A mechanistic desaniptf Ni and Zn sorption on
Na-montmorillonite. Part I: Titration and sorptioreasurements. Journal of
Contaminant Hydrolog®7 (1997) 199 — 222.



References Page 203 of 214

% J.L. Krumhansl, P.V. Brady, H.L. Anderson. Reaetbarriers fof*’Cs retention.
Journal of Contaminant Hydrologyr (2001) 233 — 240.

® T. Boonfueng, L. Axe, Y. Xu, T.A. Tyson. Nickel dfead sequestration in
manganese oxide-coated montmorillonite. Journ@adfoid and Interface Science
303(2006) 87 — 98.

® D. Xu, X. Zhou, X. Wang. Adsorption and desorptim Ni** on Na-
montmorillonite: effect of pH, ionic strength, fidvacid, humic acid and addition
sequences. Applied Clay Scier@®(2008) 133 — 141.

®7S. Kraemer, J. Xu, K.N. Raymond, G. Sposito. Agson of Pb(Il) and Eu(lll) by
oxide minerals in the presence of natural and ®fittihydroxamate siderophores.
Environmental Science and Technol@$/(2002) 1287 — 1291.

®8 3. Goldberg, L.J. Criscenti, D.R. Turner, J.A. BaK.J. Cantrell. Adsorption-
desorption processes in subsurface reactive transpalelling. Vadose Zone
Journal6 (2007) 407 — 435.

%9 N. Filipovic-Vincekovic, L. Brecevic, D. Krali. keractions in clay/electrolyte
systems. Journal of Radioanalytical and Nucleam@stey 130(1989) 155 — 167.

O A. Agrawal, K. K. Sahu, B. D. Pandey. A comparatadsorption study of copper
on various industrial solid wastes. American lngétof Chemical Engineef
(2004) 2430 — 2438.

'3, J. Allinson. Investigation of Inorganic Collsith the Near-Field of a Waste
Repository. PhD Thesis. Loughborough UniversitQ04£

2P, Klobes. Precision Measurement of the Speciifida8e Area of Solids by Gas
Adsorption. Federal Institute for Materials Resbaand Testing. BAM Reference
Procedure, Chapter 4, 2011.

33.J. Freeman, A.l. McLeod. Nitrogen BET surfacaaneasurement as a
fingerprint method for the estimation of pore vokim active carbons*. Fuép
(1983) 1090 — 1091.

*3.J. Kemp, G. Turner, D. Wagner. Initial testimgl@ laboratory manual for the
Micromeritics Gemini VI physisorption system. Bsiti Geological Survey,
Laboratory Operations Programme, Internal Repaf@8R86, 2009.

> M. Mazloumi, M. Attarchi, A. Lak, M.S. Mohajeram. Kajbafvala, S. Zanganeh,
S.K. Sadrnezhaad. Boehmite nanopetals self assérnabferm rosette-like
nanostructures. Materials Lett&2 (2008) 4184 — 4186.

%S, Music,0. Dragcevic, S. Popovic. Hydrothermal crystallizatbf boehmite
from freshly precipitated aluminium hydroxide. Madds Letters40 (1999) 269 —
274.



References Page 204 of 214

V. Pierre, D. Pierre, A.C. Pierre. Copper-alumimaterials made by infiltration in
boehmite. Journal of Materials Scierid®(1995) 2271 — 2276

8 A.E. Blum and D.D. Eberl. Measurement of surfa@aa by polyvinylpyrrolidine
sorption, GO1N 30/96, U.S.A, 2003.

M.J. Avena, L.E. Valenti, V. Pfaffen, C.P. De Halethylene blue dimerization
does not interfere in surface-area measurememisodihite and soils. Clays and
Clay Minerals49 (2001) 168 — 173.

80B. A. Keiser and J. E. Whitten, Colloids Comprisitmorphous Borosilicate,
C01B 35/00 (20060101); C01B 35/10 (20060101); D21H 0 (20060101); D21H
17/00 (20060101); D21H 17/68 (20060101); CO1B 08%)2C01B 035/00 (), U.S.,
2002.

81 .M. He, B.M. Tebo. Surface Charge Propertiesraf €u(ll) Adsorption by
Spores of the MarinBacillussp. Strain SG-1. Applied Environmental Microbiojog
64 (1998) 1123 — 1129.

82 R. Dohrmann. Cation exchange capacity methodologg efficient model for the
detection of incorrect cation exchange capacityexahangeable cation results.
Applied Clay Scienc&4 (2006) 31 — 37.

8 K. Takazi. Transformations of Al-interlayered mmarillonite upon aging.
Canadian Mineralogis25 (1987) 347 — 352.

84 H. Ciesielski, T. Sterckeman. A comparison betwibeee methods for the
determination of cation exchange capacity and exgbable cations in soails.
Agronomiel7 (1997) 9 — 16.

8 D. Aran, A. Maul, J.F. Masfaraud. A spectrophottiicemeasurement of soil
cation exchange capacity based on cobaltihexanhileeide absorbance. Comptes
Rendus Geoscien@#0(2008) 865 — 871.

8 R. Wood, D. Fornasiero, J. Ralston. Electrochamistthe boehmite — water
interface. Colloids and Surfacg% (1990) 389 — 403.

87 M. Del Nero, C. Galindo, R. Barillon, E. Halter, Badé. Surface reactivity of
Al, O3 and mechanisms of phosphate sorption: In situ ATRR spectroscopy angl
potential studies. Journal of Colloid and Interf&oence342(2010) 437 — 444.

8 A.J. Fairhust, P. Warwick. The influence of huragid on europium-mineral
interactions. Colloids and Surfaces A: Physicocltahand Engineering Aspectd5
(1998) 229 — 234.

89 A. Kaya, Y. Yukselen. Zeta potential of soils withirfactants and its relevance to
electrokinetic remediation. Journal of HazardougevlalsB120 (2005) 119 — 126.



References Page 205 of 214

% A.M.L. Kraepiel, K. Keller, F.M.M. Morel. A moddbr metal adsorption on
montmorillonite. Journal of Colloid and Interfaceiéhce210(1999) 43 — 54.

%15 A. Adeleye, P.G. Clay, M.O.A. Oladipo. Sorptigfrcaesium, strontium and
europium ions on clay minerals. Journal of Materfatienc®9 (1994) 954 — 958.

92p. Zhang, J.L. Krumhansl, P.V. Brady. Boehmitésgrerrhenate and
pertechnetate. Radiochimica A&& (2000) 369 — 373.

93Y.Z. Wei, P. Chiang, S. Sridhar. lon size effemtsthe dynamic and static
dielectric properties of aqueous alkali solutiafmurnal of Chemical Physi€&6
(1992) 4569 — 4573.

%T. Akyliz, S. Akyliz, A. Bassari. The sorption oficen and strontium ions onto
red-clay from Sivrihisar-Eskisehir (Turkey). Jouro&Inclusion Phenomena and
Macrocyclic Chemistr38 (2000) 337 — 344.

% G. Atun, B. Bilgin, A. Mardinli. Sorption of cegin on montmorillonite and effects
of salt concentration. Journal of Radioanalyticad &luclear Chemistry 211 (1996)
435 — 442,

% A.R. West. Solid state chemistry and its applaasj Chapter 5. John Wiley &
Sons 1985.

9 M.B. McBride. Influence of glycine on Gladsorption by microcrystalline
gibbsite and boehmite. Clays and Clay MineB3¢1985) 397 — 402.

% B.T. Beaulieu, K.S. Savage. Arsenate adsorptiarcsires on aluminum oxide
and phyllosilicate mineral surfaces in smelter-igtpd soils. Environmental Science
and Technolog®9 (2005) 3571 — 3579.

% T. Hiemstra, W.H. van Riemsijk. Adsorption andfaae oxidation of Fe(Il) on
metal (hydr)oxides. Geochimica et Cosmochimica Adté2007) 5913 — 5933.

10y s. Meng, D.J. Wang, J. Wu, H.J. Liu, S.H. Judréscence studies of Eu ions
adsorption on pseudo-boehmite colloidal particidesme. Guang Pu Xue Yu Guan
Pu Fen Xi [Abstractp9 (2009) 180 — 183.

101 R.W. Taylor, W.F. Bleam, S.I. Tu. On the Langnpfiosphate adsorption
maximum. Communications in Soil Science and Plamlysis27 (1996) [Abstract].

192G, Liu, P. Wang, Q. Liu, W. Han. Removal of Cd@}j nanometer AIO(OH)
loaded on fiberglass with activated carbon fibéirde carrier. Chinese Journal of
Chemical Engineerin6 (2008) 805 — 811.

193y, Kim, R.J. Kirkpatrick 2Na and***Cs NMR study of cation adsorption on
mineral surfaces: local environments, dynamicseffetts of mixed cations.
Geochimica et Cosmochimica Ada (1997) 5199 — 5208.



References Page 206 of 214

104E Tertre, G. Berger, S. Castet, M. Loubet, Efdsif Experimental sorption of
Ni2+, Cs+ and Ln3+ onto a montmorillonite up to 4G0Geochimica et
Cosmochimica Act&9 (2005) 4937 — 4948.

195G, Villasefior-Nano, T.J. Strathmann. Ferrous sorption by hydrous metal
oxides. Journal of Colloidal and Interface ScieB8& (2006) 443 — 454.

198 B Piriou, M. Fedoroff, J. Jeanjean, L. Bercisa@itterization of the sorption of
europium(lll ) on calcite by site-selective andéhresolved luminescence
spectroscopy. Journal of Colloid and Interface w4 94 (1997) 440 — 447.

197 A, Naveau, F. Monteil-Rivera, J. Dumonceau, S.dmocque. Sorption of
europium on a goethite surface: influence of baalgd electrolyte. Journal of
Contaminant Hydrology7 (2005) 1 — 16.

198 R.W. Puls, H.L. Bohn. Sorption of cadmium, nickel zinc by kaolinite and
montmorillonite suspensions. Soil Science Sociét#rerica Journab2 (1988)
1289 — 1292.

199 A Alfarra, E. Frackowiak, F. Bégouin. The HSABncept as a means to interpret
the adsorption of metal ions onto activated carbApglied Surface Scien@28
(2004) 84 — 92,

110 A Beerbower, W.B. Jensen. The HSAB principle arténded solubility theory.
Inorganica Chimica Actd5 (1983) 193 — 197.

11 R, Jayakrapash, J. Shanker. Correlation betwestrehegativity and high
temperature superconductivity. Journal of Physics @hemistry of Solid54 (1993)
365 — 369.

Y123 Trazzi Breviglieri, E.T. Gomes Cavalheiro, Gv@ldo Chierice. Correlation
between ionic radius and thermal decompositionegfl}; Co(ll), Ni(ll), Cu(ll) and
Zn(Il) diethanoldithiocarbamates. Thermochimicaa@%6 (2000) 79 — 84.

13D, Phanon, A. Mosset, I. Gautier-Luneau. New iedaaterials as potential laser
matrices. Preparation and characterisation-Bi(103); (M =Y, Dy) andp-M(I03)3

(M =Y, Ce, Pr, Nd, Eu, Gd, Tb, Dy, Ho, Er). Stuel evolution as a function of
the Lr™* cationic radius. Solid State Scien€@007) 496 — 505.

14M. Cruz-Guzman, R. Celis, M.C. Hermosin, W.C. Kiask, E.A. Nater, J.
Cornejo. Heavy metal adsorption by montmorillonitesdified with natural organic
cations. Soil Society of America Jourridl (2006) 215 — 221.

15 E . Morillo, C. Maqueda. Simultaneous adsorptiochdbrdimeform and zinc on
montmorillonite. The Science of the Total Enviromn&23/124(1992) 133 — 143.

1180, inel, F. Albayrak, A. Askin. Cu and Ph adsasptbn some bentonitic clays.
Turkish Journal of Chemisti32 (1998) 243 — 252.



References Page 207 of 214

17M.M. Wahba, A.M. Zaghloul. Adsorption charactedstof some heavy metals by
some soil minerals. Journal of Applied ScienceseReh3 (2007) 421 — 426.

118 M. Bouby, H. Geckeis, J. Lutzenkirchen, S. MifaiSchéfer. Interaction of
bentonite colloids with Cs, Eu, Th and U in preseathumica acid: A flow field-
flow fractionation study. Geochimica et Cosmochiacta75 (2011) 3866 — 3880.

19 A Czimerova, L. Jankovic, J. Bujdak. Spectralpemies of rhodamine 6G in
smectite dispersions: Effect of the monovalentoreti Journal of Colloid and
Interface Sciencd57(2011) 322 — 330.

120N, Lu, C.F.V. Mason. Sorption-desorption behaviotistrontium-85 onto
montmorillonite and silica colloids. Applied Geochistry 16 (2001) 1653 — 1662.

121 M-H. Baik, W-J. Cho. An experimental study on gweption of Uranium (V1)
onto a bentonite colloid. Journal of the Korean iBactive Waste Societ (2006)
235 — 243.

122 Karamanis, P.A. Assimakopoulos. Efficiency hfrainum-pillared
montmorillonite on the removal of cesium and codpam aqueous solutions. Water
Researcl1 (2007) 1897 — 1906.

123 3.p. Bellenger, S. Staunton. Adsorption and déisorpf ®Sr and**’'Cs on
reference minerals, with and without inorganic anganic surface coatings. Journal
of Environmental Radioactivitg9 (2008) 831 — 840.

124 A Dyer, J.K.K. Chow, I.M. Umar. The uptake of saen and strontium
radioisotopes onto clays. Journal of Materials Clsamn10 (2000) 2734 — 2740.

125B.C. Bostick, M.A. Vairavamurthy, K.G. Karthikeyah Chorover. Cesium
Adsorption on Clay Minerals: An EXAFS Spectroscolpigestigation.
Environmental Science Technolog8§ (2002) 2670 — 2676.

126G, Lujaniené, S. Motiejiinas, J. Sapolaité. SomptibCs, Pu and Am on clay
minerals. Journal of Radioanalytical and Nucleae@istry274 (2007) 345 — 353.

127B. Lotenbach, G. Furrer, R. Schulin. Immobilizatiof heavy metals by
polynuclear aluminium and montmorillonite compoundsvironmental Science and
Technology31 (1997) 1452 — 1462.

1285 Wold. Sorption of prioritized elements on moatitionite colloids and their
potential to transport radionuclides. Technical &efR-10-20. Swedish Nuclear
Fuel and Waste Management Co, April 2010.

129 M.H. Bradbury, B. Baeyens. Sorption of Eu on Nad £a-montmorillonites:
Experimental investigations and modelling with catexchange and surface
complexation. Geochimica et Cosmochimica A&842002) 2325 — 2334.



References Page 208 of 214

130Th. Rabung, M.C. Pierret, A. Bauer, H. GeckeisHMBradbury, B. Baeyens.
Sorption of Eu(l11)/Cm(lll) on Ca-montmorillonitenal Na-illite. Part 1: Batch
sorption and time-resolved laser fluorescence spemipy experiments. Geochimica
et Cosmochimica Act@9 (2005) 5393 — 5402.

1313, Liu, H. Lippold, J. Wang, J. Lippmann-Pipke,Ghen. Sorption of thallium(l)
onto geological materials: Influence of pH and heimitter. Chemosphe&2
(2011) 866 — 871.

1327 Tao, W. Li, F. Zhang, Y. Ding, Z. Yu. Am(lIl)dsorption on oxides of
aluminium and silicon: effects of humic substang#$and ionic strength. Journal of
Colloid and Interfac65(2003) 221 — 226.

133C. Chen, X. Wang. Sorption of Th (IV) on silicaaunction of pH, humic/fulvic
acid, ionic strength, electrolyte type. Applied Rdidn and Isotope85 (2007) 155 —
163.

134C. Chen, X. Wang. Influence of pH, soil humic/fiehacid, ionic strength and
foreign ions on sorption of Th (IV) onteAl,Os. Applied Geochemistr@2 (2007)
436 — 445.

135 N. Zhiwei, F. Qiaohui, W. Wenhua, X. JunzhengL€i, W. Wangsuo. Effect of
pH, ionic strength and humic acid on the sorptibaranium(VI) to attapulgite.
Applied Radiation and Isotop&3 (2009) 1582 — 1590.

136 M. Cruz-Guzman, R. Celis, M.C. Hermosin, P. LedvieNégre, J. Cornejo.
Sorption-desorption of lead (II) and Mercury @ model associations of soll
colloids. Soil Science Society of America Jour®a(2003) 1378 — 1387.

137 A, Soumitra Kar, S. Kumar, B.S. Tomar, V.K. Mangta. Sorption of curium by
silica colloids: Effect of humic acid. Journal oakardous Materials 186 (2011) 1961
—1965.

138 B K. Singh, A. Jain, S. Kumar, B.S. Tomar, R. TomaK. Manchanda, S.
Ramanathan. Role of magnetite and humic acid imnadlide migration in the
environment. Journal of Contaminant Hydrolddy6 (2009) 144 — 149.

139 A, Jain, N. Rawat, S. Kumar, B.S. Tomar, V.K. Mactla, S. Ramanathan.
Sorption of neptunium by hematite colloids. BARCwWéetter297 (2008) 297 —
301.

140M. Samadfam, S. Sato, H. Ohashi. Effects of huamnid on the sorption of Eu(lll)
onto kaolinite. Radiochimica Ac&R (1998) 361 — 365.

1414, Lippold, N. Muller, H. Kupsch. Effect of humazid on the pH-dependent
adsorption of terbium (111) onto geological matésiaApplied geochemistr0
(2005) 1209 — 1217.



References Page 209 of 214

142 Christl, R. Kretzschmar. Interaction of copped fulvic acid at the hematite-
water interface. Geochimica et Cosmochimica A&&#2001) 3435 — 3442.

43T, Sakuragi, S. Sato, T. Kozaki, T. MitsugashiiaHara, Y. Suzuki. Am(lIl)
and Eu(lll) uptake on hematite in the presenceunhik acid. Radiochimica Act@2
(2004) 697 — 702.

144 M. Samadfam, T. Jintoku, S. Sato, H. Ohashi, Tisjashira, M. Hara, Y.
Suzuki. Effects of humic acid on the sorption of @ith and Cm(lll) on kaolinite.
Radiochimica Act&8 (2000) 717 — 721.

1455, Kumar, B.S. Tomar, S. Ramanathan, V.K. Manchakffect of humic acid on
cesium sorption on silica colloids. Radiochimicaa@4 (2006) 369 — 373.

1465 Kumar, N. Rawat, A.S. Kar, B.S. Tomar, V.K. Maanda. Effect of humic
acid on sorption of technetium on alumina. Articlgress Journal of Hazardous
Materials (2011) doi:10.1016/j.jhazmat.2011.06.007

147 AS. Kar. S. Kumar, B.S. Tomar, V.K. Manchandarpfion of curium by silica
colloids: Effect of humic acid. Journal of Hazarddvaterials186 (2011) 1961 —
1965.

148 K L. Titley. Fundamental studies on metal — huati interactions. Thesis
(PhD.) Loughborough University 2009.

149 A Pitois, L. Abrahamsen, P. lvanov, N.D. Bryamrhic acid adsorption onto a
guartz sand surface: A kinetic study and insigha fractionation. Journal of Colloid
and Interface Scien@25(2008) 93 — 100.

1501 J. Strathmann, S.C.B. Myneni. Effect of soli/fa acid on Nickel(Il) sorption
and bonding at the aqueous-boehmit&lOOH) interface. Environmental Science
and Technolog®9 (2005) 4027 — 4034.

151 3.C. Miller, J.N. Miller. Statistics for Analytit&€hemistry. New York : Ellis
Horwood PTR Prentice Hall, 1993 Edition.

152E. Tombacz, A. Dobos, M. Szekeres, H.D. Narres,unpp, |. Dékany. Effect of
pH and ionic strength on the interaction of hunaavith aluminium oxide. Colloid
Polymer Scienc278(2000) 337 — 345.

153T. Hyun Yoon, S. B. Johnson, G.E. Brown Jr. Adsiorpof organic matter at
mineral/water interfaces. IV. Adsorption of humidstances at boehmite/water
interfaces and impact on boehmite dissolution. baumg21 (2005) 5002 — 5012.

154 . Varadachari, T, Chattopadhyay, K. Ghosh. Tlystaio-chemistry of oxide-
humus complexes. Australian Journal of Soil Re$ea8¢2000) 789 — 806.



References Page 210 of 214

155H, Lippold, N. Miiller, H. Kupsch. Effect of humazid on the pH-dependent
adsorption of terbium (111) onto geological matésiaApplied geochemistr0
(2005) 1209 — 1217.

156 carlsen, P. Lassen, P. Warwick, A. Randalleta¢tion between europium ions
and selected size fractions of humic acids. Chehmrg33 (1996) 659 — 670.

157 C. Dumat, H. Quiquampoix, S. Staunton. Adsorptibnesium by synthetic clay
— organic matter complexes : Effect of the naturerganic polymers.
Environmental Science and Technol@yly(2000) 2985 — 2989.

158 A Rigol, M. Vidal, G. Rauret. An overview of thedfect of organic matter on
soil-radiocaesium interaction: implications in roptake. Journal of Environmental
Radioactivity58 (2002) 191 — 216.

1593, Staunton, C. Dumat, A. Zsolnay. Possible rolerganic matter in
radiocaesium adosption in soils. Journal of Envinental Radioactivityp8 (2002)
163 - 173.

180 Wang, Th. Rabung, H. Geckeis. Effect of pH &ndhic acid on the adsorption
of cesium ontg-Al,0s. Journal of Radioanalytical and Nuclear Chemi268§
(2003) 83 — 87.

181D, Wenming, W. Xiangke, B. Xiaoyan, W. Aixia, Ondzhou, T. Zuyi.
Comparative study on sorption/desorption of radiopiwm on alumina, bentonite
and red earth: effects of pH, ionic strength, fulacid and iron oxides in red earth.
Applied Radiation and Isotopé&g (2001) 603 — 610.

182%. Wang, Y. Chen, Y. Wu. Diffusion of Eu(lll) inompacted bentonite — effect of
pH, solution concentration and humic acid. ApplRatliation and Isotope&d
(2004) 963 — 969.

183 T Lewis. Sorption of metals to clay mineralstie presence of organic
complexing ligands. Thesis (PhD), Loughborough @rsity, 2008.

184 0. Gezici, H. Kara, M. Ersdz, Y. Abali- The somtibehaviour of a nickel-
insolubilized humic acid system in a column arranget. Journal of Colloid and
Interface Scienc292(2005) 381 — 391.

165 3.3.W. Higgo, G.M. Williams, I. Harrison, P. Waokj M.P. Gardiner, G.
Longworth. Colloid transport in a glacial sand dguiLaboratory and field studies.
Colloids and Surfaces A: Physicochemical and Ereging Aspect¥3(1993) 179 —
200.

166 . shani, N. Weisbrod, A. Yakirevich. Colloid tegort through saturated sand
columns: Influence of physical and chemical surfagperties on deposition.
Colloids and surfaces A: Physicochem. Eng. Asp@t€g2008) 142 — 150.



References Page 211 of 214

1873, A. Bradford, M. Bettahar, J. Simunek, M. Thny@enuchten. Straining and
attachment of colloids in physically heterogenepoous media. Vadose Zone
Journal3 (2004) 384 — 394.

168 K. Shiratori, Y. Yamashita, Y. Adachi. Depositiand subsequent release of Na-
kaolinite particles by adjusting pH in the columacked with Toyoura sand. Colloids
and surfaces A: Physicochem. Eng. Asp86&(2007) 137 — 141.

19T Yoshida, M. Suzuki. Effects of humic acid orgnaition of montmorillonite
and alumina colloid in a quartz sand column. CdBaand Surfaces A:
Physicochemical and Engineering Aspe325 (2008) 115 — 119.

170 3. Zhuang, Y. Jin, M. Flury. Comparison of Hanfodfloids and kaolinite
transport in porous media. Vadose Zone Jour{aD04) 395 — 402.

1 £ Kuhnen, K. Barmettler, S. Bhattacharjee, Mnteliech, R. Kretzschmar.
Transport of iron oxide colloids in packed quadnd@ media: monolayer and
multilayer deposition. Journal of Colloid and Irftere Scienc@31(2000) 32 — 41.

1723, B. Roy, D. A. Dzombak. Colloid release and $port processes in natural and
model porous media. Colloids and Surfaces A: Plogéiemical and Engineering
Aspectsl07 (1996) 246 — 262.

13U, Alonso, T. Missana, A. Patelli, V. Rigato. Benite colloid diffusion through
the host rock of a deep geological repository. Risyand Chemistry of the Earg2
(2007) 469 — 476.

174 A L. Noell, J.L. Thompson, M.Y. Corapcioglu, I. Reiay. The role of silica
colloids on facilitated cesium transport througasgl bead columns and modeling.
Journal of Contaminant Hydrologi (1998) 23 — 56.

> p_ Grindrod, M. S. Edwards, J. J. W. Higgo, G.WIlliams. Analysis of colloid
and tracer breakthrough curves. Journal of ContamtiHydrology21 (1996) 243 —
253.

78R, Artinger, B. Kienzler, W. Scifiler, J. I. Kim. Effects of humic substances on
the®*'Am migration on a sandy aquifer: column experimavite Gorleben
groundwater/sediment systems.

"H. Geckeis, T. Schéfer, W. Hauser, Th. Rabun@/i§sana, C. Degueldre, A.
Mori, J. Eikenberg, Th. Fierz, W.R. Alexander. Resof the colloid and
radionuclide retention experiment (CRR) at the GehTest Site (GTS), Switzerland
— impact of reaction kinetics and speciation onaadclide migration. Radiochimica
Acta92 (2004) 765 — 774.

78T K. Sen, S.P. Mahajan, K.C. Khilar. Colloid-asated contaminant transport in
porous media: 1. Experimental studies. AIChe Jdut8#2002) 2366 — 2374.



References Page 212 of 214

D, Read, D. Ross, R.J. Sims. The migration of iurarthrough Clashach
Sandstone: the role of low molecular weight orgsumcenhancing radionuclide
transport. Journal of Contaminant Hydrold2fy(1998) 235 — 248.

180%.y. Tang, N. Weisbrod. Colloid-facilitated trar@mpof lead in natural discrete
fractures. Environmental Pollutidb7 (2009) 2266 — 2274.

181 5. Brandriss, G. Borchardt, J. Kreuter, S. MarBeldiolabeled°Se-silica
nanoparticles: synthesis, characterization andropatith o-functionalized
alkylsilane compounds. Reactive Polym2sg1995) 111 — 125.

182y Lin, X. Zhang, J. Li, D. Yin, Y. Wang. Prepaiat and radiolabelling of
antimony sulfide nanocolloids with two differentrpele sizes. Applied Radiation
and Isotopes8 (2003) 347 — 352.

183 C. Tsopelas. Understanding the radiolabelling rarism of’°™Tc-antimony
sulphide colloid. Applied Radiation and Isotof®5(2003) 321 — 328.

184\W. Stober, A. Fink, E. Bohn. Controlled growthménodisperse silica spheres in
the micron range. Journal of Colloid and Interf&céence26 (1968) 62 — 69.

185p Warwick, A. Hall, V. Pashley, J. Van der Lee Maes. Zinc and cadmium
mobility in Podzol soils. ChemospheB8 (1999) 2357 — 2368.

186 G, Bavestrello, A. Arillo, B. Calcinai, C. Cerrar®. Lanza, M. Sara, R. Cattaneo-
Vietti, E. Gaino. Siliceous patrticles incorporatiorChondrosia reniformes
(Porifera, Demospongiae). Italian Journal of Zogldgp (1998) 343 — 348.

187 penna, M. Magnani, I. Fenoglio, B. Fubini, C. @ew, M. Giovine, G.
Bavestrello. Marine diatom growth on different farif particulate silica: evidence
of cell/particle interaction. Aquatic Microbial Elogy, 32 (2003) 299 — 306.

188 3.A. Barclay, B. Perczuk. Nuclear structure arehiiperfine interaction of
oriented™>*Eu, *>*Eu and*>3Gd in gold. Hyperfine Interactioris(1975) 15 — 24.

189 . Peng, W. Qisui, L. Xi, Z. Chaocan. Zeta-potalstiand enthalpy changes in the
process of electrostatic self-assembly of cationsilica surface. Powder
Technologyl93(2009) 46 — 49.

199 M.S. Tsai, W-C. Wu. Aluminum modified colloidalisia via sodium silicate.
Materials Letter$8 (2004) 1881 — 1884.

191 C.E. McNamee, M. Matsumoto, P.G. Hartley, M. Nakah Adsorption of
guaternised polyvinylpyridine and subsequent cauoriebinding of perfluorinated
anionic surfactants on silica as a function of emration and pH: a zeta potential
study. Colloids and Surfaces A: Physicochemical Bngineering Aspects93
(2001) 175 — 185.



References Page 213 of 214

192G, Xu, J. Zhang, G. Song. Effect of complexatiortiie zeta potential of silica
powder. Powder Technolodgys4 (2003) 218 — 222.

193 G.W. Sears. Determination of specific surface afemlloidal silica by titration
with sodium hydroxide. Analytical Chemist?8(12) (1956) 1981 — 1983.

194 A A. Christy. Quantitative determination of surésarea of silica gel particles by
near infrared spectroscopy and chemometrics. Gislland Surfaces A:
Physicochemical and Engineering Aspe322 (2008) 248 — 252.

195 A, Karami. Study on modification of colloidal sifi surface with magnesium
ions. Journal of Colloid and Interface Scie®&4 (2009) 379 — 383.

19D A. Vasconcelos, W.R. Campos, V. Vasconcelos,.Wasconcelos. Influence
of process parameters on the morphological evelid fractal dimension of sol-
gel colloidal silica particles. Materials Sciencwld&ngineeringh\334 (2002) 53 —
58.

197E. Tipping, J.J.W. Higgo. The role of colloidsthe release and transport of
radionuclides in the near and far field. Britishatgical Survey 1991. Fluid
Processes Research Group Technical Report WE/91/16.

198 A Fairhust. The Role of Inorganic Colloids in theansport of Toxic Metals
Through the Environment. Thesis (PhD). Loughborougiversity, 1996.

19 R.P. Schwarzenbach, P.M. Gschwend, D. M. ImboBHawrironmental Organic
Chemistry — lllustrative examples, problems aneccdadies. John Wiley and Sons
1995.

200¢ Curry, R, Bennet, M. Hulbert, K. Curry, R. Fa@smparative study of sand
porosity and a technique for determining porosftyrdisturbed marine sediment.
Marine Geosources and Geotechnoldi4) (2004) 231 — 252.

201 3 Mibus, S. Sachs, W. Pfingsten, C. Nebelundg@ésnhardt. Migration of
U(IV)/(VI) in the presence of humic acids in quastnd: A laboratory column study.
Journal of Contaminant Hydrolo@® (2007) 199 — 217.

202 R A. Akbour, J. Douch, M. Hamdani, P. Schmitz.f&ort of kaolinite colloids
through quartz sand: Influence of humic acid>’Gad trace metals. Journal of
Colloid and Interface Scien@53(2002) 1 — 8.

203 M. Flury, S. Czigany, G. Chen, J.B. Harsh. Cesinigration in saturated silica
sand and Hanford sediments as impacted by ioreagitn. Journal of Contaminant
Hydrology71 (2004) 111 — 126.

204E  Bascetin, H. Haznedaroglu, A. Y. Erkol. Theagtion behavior of cesium on
silica gel. Applied Radiation and Isotof&%(2003) 5 — 9.



References Page 214 of 214

203E Bascetin, H. Haznedaroglu, A. Y. Erkol. Theagtion behavior of cesium on
silica gel. Applied Radiation and Isotof&%(2003) 5 — 9.

206 p N. Pathak, G.R. Choppin. Kinetic and thermodyioastudies of cesium (1)
sorption on hydrous silica. Journal of Radioanagitand Nuclear Chemist870(2)
(2006) 299 — 305.

207 3 E. Saiers, G.M. Hornberger. Migration'®{Cs through quartz sand:
experimental results and modeling approaches. dbafrContaminant Hydrology
22 (1996) 255 — 270.



