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Abstract

Thorium is known to sorb strongly on environmental particles, however, its sorption coefficient need to be formally quantified to
justify its use as a tracer or to study his behaviour on environmental particles. A surface complexation model was developed to
simulate metal sorption on colloids and precipitation by polymerization at their surface. Correlations between hydrolysis and surface
complexation are systematically used to estimate all surface complexation constants on the basis of the corresponding hydrolysis
constant. Themodel is based on the metal adsorption on free sites as well as on already contaminated sites. The distribution coefficient
(Kd) is calculated for the Th(IV) sorption and polymerization onto Al2O3, TiO2, FeOOH, and SiO2 colloids. The calculations were
performed for the effect of various polymer chain lengths, pH, the radius of the colloids, and the concentration of both the metal and
colloid. It was verified that the highest sorption occurs at approximately neutral pH values. It is shown that at low metal
concentrations, polymerization does not significantly affect the distribution coefficient, but as the metal concentrations reaches the
concentration of the surface sites, the distribution coefficients could increase before tapering off at saturation for limited polymer
sizes. As the size of the colloid particles decreases the distribution coefficients increase as expected for a given mass concentration.
When comparing the effect of colloid material, TiO2 displays the highest Kd values followed by Al2O3, FeOOH, and finally SiO2.
Since the polymerization is an effect of the metal and not of the type of colloid, once the polymerization begins affecting the Kd, the
values for all four types of the colloids would become similar. However, thorium saturation in the solution apparently occurs prior to
polymerization. The Kd values gained from the literature are comparable with those calculated using the presented model.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since more than 50 yr (e.g. Holland & Kulp, 1954),
thorium isotopes occupy a special place in the environ-
ment scientist toolbox as tracers for studying the
behaviour of particles and their fluxes in shallow waters
(Aellen et al., 1993), rivers (El-Gamal et al., 2007;
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Dosseto et al., 2006; Corbett et al., 2004; Martínez-
Aguirre et al., 1995), lakes (Dominik et al., 1989),
estuaries (Lei Zhang et al., 2004; Feng et al., 1999), seas
(Santschi et al., 2006; Roy-Barman et al., 2002) or oceans
(Coppola et al., 2006; Trimble et al., 2004). Due to their
constant production rates from soluble parent nuclides of
uranium and radium, their disequilibrium can be used to
calculate rates and time scales of sinking particles. In
addition, by ratioing particulate 234Th as well, in principle,
other Th-nuclides in the water column, it is possible to
calculate fluxes elements associated to the particles. Most
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of these applications are possible with little knowledge of
the chemical properties of thorium, other than its oxidation
state (IV) and tendency to strongly sorb to surfaces.
However the sorption process has to be quantified.

Among the thorium natural radioisotope, 232Th which
is present at higher concentration than its tracer isotopes is
also studied (e.g. El-Gamal et al., 2007). In the
environmental systems the behaviour of 232Th in water
is affected by colloidal particles, which form as a result of
water–rock interaction, input of erosion from rivers or/
and local biogenic activity (e.g. McCarthy & Degueldre,
1993). In subsurface systems, the Th (or other tetravalent
actinides) contaminated colloids may migrate through the
aquifer and travel further distances than expected using a
2 phase model such as described earlier (Nagasaki et al.,
1997; Smith & Degueldre, 1993).

For thorium in aqueous phases, pH plays an important
role due to the hydrolyzation of the species that each have
different sorption tendencies (Baes & Mesmer, 1976;
Johnson & Toth, 1978). There has also been evidence that
thorium may form polymer chains attaching on the
colloid particle instead of only sorbing at the host rock
surface site e.g. (Lieser, 1995). These polymer chains may
increase the amount of metal that may be associated to the
colloid, therefore transporting higher quantities outside of
the source by increasing its sorption coefficient Kd.

The purpose of this study is to examine the association
of a metal ion such as thorium and the construction of its
polymers on colloids and apply the calculations. The
model was developed to calculate the distribution
coefficient for different polymer chain lengths. In this
work, the effects of pH, colloid radius, type of colloid,
and Th concentration and colloid particles are investigat-
ed and compared with the Kd data found in the literature.

2. Theoretical background

The association of the metal (Me) on the colloid is
treated as a reversible sorption of the metal on a single
active group (NSOH) with a surface complexation
mechanism. In these conditions a distribution coefficient
(Kd) defines the amount of metal ion that sorbs onto the
colloid particles. At equilibrium, the distribution coeffi-
cient is defined by:

Kd ¼ Me½ �sorb
Me½ �soln coll½ � ð1Þ

where [Me] is the concentration of the metal either on the
colloid (sorb) or in solution (soln). Its use limitation for
retardation studies must be clearly restricted to equilib-
rium (McKinley & Alexander, 1993).
Due to the aqueous solution and the metal being a
cation, hydrolysis must be taken into account. The
stepwise hydrolysis reaction is described by:

Me OHð Þi
� � n�ið Þþ

þ H2O ()
K iþ1ð Þ

i¼0YI
Me OHð Þiþ1

� � n�i�1ð Þþ þ Hþ ð2Þ

where n is the charge of the non-hydrolyzed metal ion
and K(i+1) is:

K iþ1ð Þ ¼
Me OHð Þiþ1

� � n�i�1ð Þþh i
Hþ½ �

Me OHð Þi
� � n�ið Þþh i ð3Þ

The metal in solution is supposed to form mononuclear
complexes only (without soluble polymers), and the
solution is treated as under- or over-saturated (without
precipitation).

Protonation or deprotonation may also occur on the
surface sites NSOH of the colloid particles with S is the
cation of the substract.

The following equation generalizes sorption on a site
NXOH, where X is either S (substrate cation) or Me
(sorbed metal), according to the reaction:

NXOHþ Me OHð Þi
� � n�ið Þþ ()Kx

NXOMe OHð Þi �
n�i�1ð Þþ

þ Hþ

ð4Þ
where the surface complexation constant, Kx, is equal to:

Kx ¼
NXOMe OHð Þi

� � n�i�1ð Þþ� Hþ½ �
NXOH½ � Me OHð Þi

� � n�ið Þþh i ð5Þ

Sorption of the site NSOH is defined by a surface
complexation constant, Ks, on the naked site, and Kp on
the already contaminated site. Correlations between Kx

and Ki such as those reported for the respective
cumulative constants (Stumm, 1987) can be used to
calculate the Ks values (Degueldre et al., 1994;
Degueldre, 1995; Alonso & Degueldre, 2003).

In sorption there are 4 cases than can occur. In the first
case there is no polymerization occurring and therefore
Kp is essentially 0. In the second case Ks is larger than Kp

and the colloid's surface will become covered before
polymerization begins. In the third case Kp and Ks are
equivalent, in which there is an equal affinity for both
initial attachment and polymerization. The fourth case is
when Kp is larger than Ks, in this situation once a metal
has attached to the colloid there is a higher affinity for a
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second metal ion to form the polymer chain than to fill a
vacant surface site.

In the case of Kp⋘Ks without polymerization, the
reaction of the metal with the surface site occurs on a
NSOH site. Ks(0,i+1) represents that the metal is attaching
to the naked surface site.

For the case with polyvalent metals the metal con-
centration in solution is:

Me½ �soln ¼ Menþ½ � 1
nsoln

ð6Þ

where the distribution function, ξsoln, is defined as:

1
nsoln

¼ 1þ
XI

i¼1

j
I

i¼1
Ki

Hþ½ �i

0
BB@

1
CCA ð7Þ

The metal in solution is supposed to form mononuclear
complexes only, and the solution is under- or over-
saturated. The concentration of the metal that is sorbed is:

Me½ �sorb ¼
Menþ½ � NSOH½ �

Hþ½ �
1

nsorb

� �
ð8Þ

where ξsorb is equal to:

1
nsorb

¼ Ks 0;1ð Þ þ
XI

i¼1

Ks 0;iþ1ð Þ j
I

i¼1
Ki

Hþ½ �i

0
BB@

1
CCA ð9Þ

Since neither [Men+] or [NSOH] are known, Eqs. (6) and
(10) are set up for to solve for them as a system of 2
equations and 2 unknowns. The total site concentration is
then:

NSOH½ �tot ¼ NSOH½ � 1
nNSOH

þ Menþ½ �
Hþ½ �

1
nsorb

� �� �
ð10Þ

where ξNSOH is given by:

1
nNSOH

¼ 1þ Ka1 H
þ½ � þ 1

Ka2 Hþ½ � ð11Þ

and Eq.(6) can be obtained by substitution for the total
metal concentration. Substituting these equations into
Eq. (1) gives the final distribution coefficient:

Kd ¼ NSOH½ �
Hþ½ � coll½ �

nsoln
nsorb

� �
ð12Þ

In the cases of KpNKs, Kp=Ks, KpbKs, with sig-
nificant polymerization, the sorption of the next free
metal ion has an affinity to bind with the metal ion
that is already attached to the colloid, a polymer chain
will form:

NSOMe OHð Þi� n�i�1ð Þþ þ Me OHð Þj
h i n�jð Þþ

()
Kp 1; jþ1ð Þ

j¼0; N

NSOMe OHð Þi�1OMe OHð Þj� n�j�1ð Þþ þ Hþ ð13Þ

where Kp(1, j+1), on which 1 denotes the sorption on
the first metal loaded site, and j represents the
hydroxyl complex forming, is equal to:

Kp 1; jþ1ð Þ ¼
NSOMe OHð Þi�1OMe OHð Þj

h i n�j�1ð Þþ� Hþ½ �

½NSOMe OHð Þi� n�i�1ð Þþ� Me OHð Þj
h i n�jð Þþ� 	

ð14Þ

The next attachment of a free metal ion would be:

NSOMe OHð Þi�1OMe OHð Þj� n�j�1ð Þþ

þ Me OHð Þk
� � n�kð Þþ ()

Kp 2;kþ1ð Þ

k¼0YK

NSOMe OHð Þi�1OMe OHð Þj�1OMe OHð Þk � n�k�1ð ÞþþHþ

ð15Þ

where Kp(2,k+1) is equal to:

Kp 2;kþ1ð Þ ¼
NSOMe OHð Þi�1OMe OHð Þj�1OMe OHð Þk

h i n�k�1ð Þþ� Hþ½ �

NSOMe OHð Þi�1OMe OHð Þj
h i n�j�1ð Þþ� Me OHð Þk

� � n�kð Þþh i

ð16Þ

and this will continue as long as the polymer chain
lengthens. In this model it is assumed that a single free
metal ion has a higher affinity to sorb onto an already
sorbed metal ion at the end of the polymer chain, than
it would to sorb onto a metal ion in the middle of the
polymer chain. In the tetravalent metal ion case, mul-
tiple branches could form off of the NMe(OH)2

(n−2)+,
NMe(OH)3

(n−3)+, and NMe(OH)4
(n−4)+ that were in the

middle of the polymer chain due to the multiple OH
groups. It may be demonstrated by correlation that
this reaction is less favorable for branching than for
linear polymer formation from a free energy point of
view.

As a simplification, it was assumed that the Ks(i,j)

values for each i greater than zero were approximately the
same. The total concentration of the metal in solution will
be the same as in Eq. (6), unless it is taken into account



Table 1
Hydrolysis constants (I=0) for thorium (Neck et al., 2002)

Species i log(Ki)

Th4+ 1 −2.2
Th(OH)3+ 2 −3.8
Th(OH)2

2+ 3 −5.0
Th(OH)3

+ 4 −6.5
Th(OH)4 5 −15 a

a Best estimation of value required for calculations.
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that polymers may form in solution without the colloid
particle. The concentration of the metal on the colloid will
be different however as shown in the equation:

Me½ �sorb ¼
NSOH½ � Menþ½ �

Hþ½ �
1

nsorb

� �

þ NSOH½ � 1

nsorb
� Ks 0;1ð Þ

� �
1

npoly

� �

� Menþ½ �
Hþ½ �

� �2

2þ 3Rþ 4R2 þ N kð ÞRk�2

 �

ð17Þ

where p is the number of links in the polymer chain, ξpoly
is:

1
npoly

¼ Kp 0;1ð Þ þ
XI

i¼1

Kp 0;iþ1ð Þ j
I

i¼1
Ki

Hþ½ �i

0
BB@

1
CCA ð18Þ

R is:

R ¼ 1
npoly

� Kp 0;1ð Þ

� �
Menþ½ �
Hþ½ � ð19Þ

and Kp(i,j) is the polymerization coefficient. In Eqs. (17)
and (19) the subtraction of the Ks(0,1) and Kp(0,1) values
correct for the inability of the naked ion to give up a
proton and therefore allow further attachments. The total
metal concentration can then be solved for using Eq. (6).
The total site concentration is:

NSOH½ �tot ¼ NSOH½ � 1
nNSOH

þ
XJ
j¼1

XI

i¼0

NS OMe OHð Þi�1


 �
j

h i n�j�1ð Þþ�
ð20Þ

This equation and Eq. (17), substituted into Eq. (6),
are used to solve for the [NSOH] and [Men+] as be-
fore in Section 2. Finally, the distribution coefficient is
calculated:

Kd ¼ nsoln NSOH½ �
Hþ½ � coll½ � ð 1

nsorb
þ 1

npoly

� � 1
nsorb

� Ks 0;1ð Þ
� 

Menþ½ �
Hþ½ �

� 2þ 3Rþ 4R2 þ N þ kð ÞRk�2
� �Þ ð21Þ

where again π is the length of the polymer chain. For all
of the cases in which the polymerization coefficient does
not equal zero, this same set of equations is used. The
differences will emerge when the Kp values are inserted
into the equations.

3. Results

Calculations for the surface complexation without
polymerization calculations were performed using
EXCEL while Mathematica was used for polymerization
(to solve the higher order polynomial equations) and
EXCEL for the other compilations.

The distribution of hydrolyzed thorium can be
calculated using the intrinsic thermodynamic data
presented in Table 1 (correction could be done for high
ionic strengths I). Around a neutral pH tri- and tetra-
hydroxyl complexes may be formed in significant
quantities. In this study, thorium is considered to be
under- and over-saturated and without soluble thorium
polymer, however polymer formation and solubility data
are known (Neck et al., 2002) and compared to the
sorption/surface precipitation results. The data in Table 2
shows the correlations used for the surface complexation
constants, Kx evaluation, and the pKa values used for the
colloid surface sites. The calculation of distribution of
the ternary surface complexes onto the Al2O3 colloid
surface for a dilute thorium solution shows that at
approximately neutral solutions the major species are:
NAlOTh(OH)i]

(n− i−1)+ when i is equal to 2 or 3.
In order to estimate the polymerization constants for

the free ion attaching to the polymer chain it was desired
that the attachment of these ions have a slightly higher
affinity than for that of the surface site. Using the relation
of KXi to Ki given in Table 2, it was reasoned that the
relation of the surface complexation constants for TiO2

would be used as an estimation for an analogue of ThO2,
since they were stronger than that of Al2O3. When
polymerization was taken into account as shown in Fig. 1,
there was no effect on the distribution coefficient at low
concentrations of thorium. However, as concentration
was increased there was a rise in the distribution
coefficient in the region where the site concentration
was equal to the thorium concentration.



Table 2
Surface complexation correlations by decreasing energy for TiO2 (James and Healy, 1972), for Al2O3 (Hachiya et al., 1984), for FeOOH (Balistieri
et al., 1981) and for SiO2 (Righetto et al., 1991) and site pKa e.g. (Stumm, 1987)

TiO2 Al2O3 FeOOH SiO2

Log(KXi) 6.57+1.04 log(Ki) 6.02+0.98 log(Ki) 3.75+0.75 log(Ki) 2.00+0.65 log(Ki)
pKa1 2.7 5 4 –
pKa2 9.1 10 9–10 7

Correlation for TiO2 as an analogue of ThO2 when not stated.
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Fig. 1 shows the distribution coefficient with the effect
of the polymerization at varying pH values. The
maximum sorption obtained at low thorium concentra-
tions was around a pH of 8, which was slightly higher
than that of pH 7. An interesting feature though was that
at higher thorium concentration the solution with a pH of
6 was slightly higher than that of pH 8. The results from
this graph are reasonable, because if the distribution
coefficient is standardized to a value of 1 then as the
polymer chain is increased by a factor of 10, the log(Kd)
value increased by 1.

The concentration of the colloid in solution also
contributed to the distribution coefficient. Calculations
show that there was not much of a difference between a
0.1 and a 1 ppm solution. But, as the concentration was
increased above 1 ppm there was a significant increase in
the distribution coefficient at the larger thorium concen-
trations. However, a polymer chain of 5 was used as an
Fig. 1. Distribution coefficient as a function of total thorium concentration fo
radius 100 nm with [coll]=10−6 g mL−1 and [NSOH]tot=7.48×10

−8 M at a p
thorium polymer e.g. Bitea et al. (2003).
example, and the other polymer chain lengths displayed
similar results.

The effect of the size of the colloids on sorption was
also investigated for a given mass concentration. The radii
of the Al2O3 particles for 10,100 and 1000 nm showed
decreased of Kd proportional to the colloid size as
expected. This trend is similar to the effect reported by Lu
et al. (2003), this is due to the actinide sorbed per unit
mass of colloid being higher at lower concentrations.

In the situation where affinities were equal for initial
surface site attachment and actinide polymerization on the
colloid, the distribution coefficient was still similar to the
case where the polymerization had the higher affinity
dictated by the TiO2 correlation. As seen in Fig. 2a, the
distribution coefficient was only slightly lower for this
case than for the higher affinity (TiO2) polymerization
case. This was expected because in both cases the same
amount of colloid was sorbed, but in the case of equal
r different pH values Conditions: Polymer chain=π, Al2O3 colloid of
H 7. Note: With thorium under- and over-saturated and without soluble



Fig. 2. Distribution coefficient as a function of thorium concentration for various polymer chain=π. a. KsNKp with correlations NAlOH and NTiOH
b. KsNKp. with correlations NAlOH and NSiOH respectively. Conditions: Al2O3 colloids of radius 100 nm with [coll]=10−6 g mL−1 and
[NSOH]tot=7.48×10

−8 M at a pH 7 and where polymer chain=π. Note: With thorium under- and over-saturated and without soluble thorium
polymer.
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affinities the polymerization affinity was less than that in
the other case, resulting in the metal to be sorbed with less
strength.

For the remaining case it was investigated when Kp is
smaller thanKs. In this case the metal will coat the colloid
first and may subsequently begin to form polymer chains
after the initial layer is completely formed. The correla-
tions shown in Table 2 were used to construct Fig. 2b. For
the correlation of the polymerization the data from SiO2

was used, because it was lower than that of Al2O3. As
seen in Fig. 2b, the distribution coefficient is equal to that
of the single layer until high enough concentrations of
metal are obtained that the polymers are able to form, and
at this concentration and over the distribution coefficients
significantly increase.

The type of colloid was the final parameter investi-
gated for the sorption of thorium. The correlations in
Table 2 were used to determine the surface complexation
constants of TiO2, FeOOH, and SiO2 colloid particles.
The polymerization constant remained the same as
before, because it was assumed that once the initial
surface attachment of the metal took place the affinity for
the polymer chain was not dependent upon the colloid
particle. As shown in Fig. 3, out of the 4 colloid types
evaluated TiO2 had the highest distribution coefficient
followed by Al2O3 then FeOOH and finally SiO2. In this
figure after a certain thorium concentration the polymer
chains of similar lengths had comparable distribution
coefficient, as expected. This trend is a result of the same
Fig. 3. Distribution coefficient for thorium onto TiO2, Al2O3, FeOOH, and SiO
[coll]=10−6 g mL−1 and [NSOH]tot=7.48×10

−8 M at a pH 7. Note: With th
polymerization constants being used for each type of
colloid particle; therefore even though SiO2 has a lower
distribution coefficient at lower concentrations of the
metal, due to the polymerization it will have the same
distribution coefficient at higher concentrations of metal.
In all of these cases the developed model in this study
supposes that the thorium remains soluble as hydroxo
mononuclear complexes in solution without formation of
soluble polymer while the solution being under- or over-
saturated.

4. Discussion

There have been numerous sorption studies of thorium
on colloid. This reflects the importance of thorium
isotopes used as natural radiotracers to study the natural
environment e.g. Chase et al. (2002) or as analogue
nuclide of other tetravalent actinides for simulating the
environment of a radioactive waste repository as reported
by Reiller et al. (2002).

Chase et al. (2002), studied the influence of particle
composition and particle flux on scavenging of Th in the
ocean. For opal (may be covered by NFeOH), the
partition coefficient for Th was found to be 3.9×105 g
mL−1. Partition coefficients decrease with increasing
particle flux in open-ocean settings, but not in an ocean-
margin region.

Niven and Moore (1993), studied the thorium sorption
in seawater suspensions of aluminium oxide particles in
2 where polymer chain=π. Conditions: Colloid of radius 100 nm with
orium under- and over-saturated and without soluble thorium polymer.
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controlled laboratory experiments to determine whether
partitioning is consistent with current models of trace-
metal adsorption (surface complexation models). Exper-
imental conditions (i.e., thorium and particle concentra-
tions, pH, temperature, salinity) were chosen to be for
coastal seawater while minimizing non-adsorptive pro-
cesses; 234Th was used as a tracer of thorium. The com-
parison of these experimental results with the predictions
by surface complexation models shows that thorium
sorption in the alumina suspensions is consistent with our
model (Table 3). Kd values were independent of particle
concentration and salinity.

Several studies present the fraction of thorium
absorbed on the colloids, they can, however, not be
used in this study to tests the model because the data in
the graphs are difficult to be used (% sorption and not Kd

values) e.g. Östhols (1995), or, Murphy et al. (1999). The
most useful data are those reported by Hongxia et al.
(2006) for Al2O3, Chen and Wang (2007a,b) for SiO2,
and, by Tan et al. (2007) and Jakobsson (1999) for TiO2.
The data presented by these authors are compared in
Table 3 with the data calculated from this study. The
comparison of the experimental and modeling data
requires knowledge of the colloid material, colloid size,
solution pH and Th concentration. For low Th concentra-
tions and for the pH ranging from 4–5 to 10, log Kd is
rather constant. If the polymerization of Th takes place,
Kd values should increase with the Th concentration. For
chain including 10 Th, Kd increases by 1 order of mag-
nitude. This effect is however not observed since
precipitation takes place in water prior to polymerization
onto the colloids. Generally, the batch tests are carried out
in a titration mode, starting with rather low pH where Th
is soluble and weakly sorbing. When the pH increases,
thorium sorption becomes stronger reducing the Th
concentration in water. The loading on the colloid phase
increases gradually avoiding precipitation in the aqueous
phase.

Östhols 1995, presents the Th sorption edge around
pH 3–4 on 25 nm SiO2 colloids and shows that the
sorption follows a Langmuirian isotherm at pH 3
excepted at high loading. The author notes: ‘this could
Table 3
Comparison of Kd (mL g−1) data from the literature with those calculated us

Colloid
material

Colloid size pH CTh

(nm) (M)

Al2O3 200 6–7 5.8×10−5

SiO2 25 3 2.6×10−6

SiO2 20? 4–10 3.2×10−5

TiO2 30 5–11 7.2×10−6

TiO2 44 4–10 1–50×10−9
be formation of large Th cluster/polymers in solution
analogous to those found for U(IV) (Hietan, 1956)’.

The nature of the colloids, or more precisely their
coverage, should be a relevant parameter since the
sorption affinity is a function of the element forming
the active sites. Model calculations show that the sorption
is stronger through the series: SiO2, Fe2O3, Al2O3 and
TiO2. This effect is also shown in the experimental data
presented Table 3. Another important parameter is the
size of the colloids, or, the specific surface (BET). For a
given colloid concentration, the sorption coefficient is
proportional to the inverse of the colloid diameter or size.
The model of polymer build-up shows that precipitation
or polymerization may first take place in solution prior to
polymerization on the colloids. These phases may then
attach to the studied colloid but this mechanism is behind
that studied in this study.

As noted by Li Yuan-Hui (1981), ‘The adsorption of
elements on the hydrous oxide surface of iron oxide,
manganese oxide and clay minerals is the most important
ultimate removal mechanism of most of the elements
from the ocean’. Among the elements investigated Th is
one of the most sorbing. The experimental sorption ratio's
(around pH 8 for Atlantic ocean and Amazonia river
water) are plotted as a function of first hydrolysis constant
as calculated formally with our surface complexation
model (Degueldre et al., 1994). Clearly the model
developed in this work yields for Th comparable results
for Amazonia river water particles e.g. log Kd of 5.2. For
ocean water particles the values are two orders of
magnitude larger due to the effect of the scavenging
and colloid aggregation coupling in sea water.

5. Conclusion

Using the modeling approach developed in this study,
the thorium sorption coefficient was calculated as a
function of the total metal concentration on the colloid
surface and the potential of Th polymer at the colloid
surface was estimated. These estimations are important
since polymerization may have an increasing effect on
the distribution coefficient. The highest distribution
ing the model developed in this study

Log Kd

(Exp)
Log Kd

(Mod)
Reference

4.5 4.5–5.0 Hongxia et al. (2006)
1.6 1.8 Östhols (1995)
2.75 2.8 Chen and Wang (2007)
5.0 5.0–5.5 Tan et al. (2007)
5.0–5.5 5.0–5.5 Jakobsson (1999)
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coefficients were achieved in the pH range of 7 to 8. At
low metal concentrations the polymerization can not be
observed but it could build-up at the colloid surface for
higher Th concentration compared to the site concentra-
tion depending on the sorption affinity on the polymers.

The size and to a lower extend the colloid concentra-
tion play a role in the value of the distribution coefficient.
It was calculated that when the colloid particles have
smaller sizes the sorption coefficient increases. As the
concentration of the colloid particles was increased there
was little difference between the distribution coefficients
of 0.1 and 1 ppm. But, as the concentration was increased
further significant effects were calculated.

In the comparison of the different colloid types TiO2

and Al2O3 displayed the highest distribution coefficients.
These were followed by FeOOH and finally SiO2. Since
the polymerization effect would increase the sorption
coefficients while substituting the nature of the colloid
surface, the distribution coefficients at higher Th con-
centrations become similar due to the polymer chains.
However, thorium saturation in the solution apparently
occurs prior to polymerization. The Kd values gained
from the literature are comparable with those calculated
using the applied model.
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