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Abstract

The formation of hetero-epitaxial deposits of Ba, Pb and
mixed Ba/Pb and Ba/Ra sulfates on quartz and mica surfaces
has been demonstrated. The kinetics of their growth and
dissolution has been established. The importance of the
formation and dissolution of these deposits is found in the
observation that they are all host solids for the formation of
solid solutions of 228-radium (and by extension 226-radium).

Desorption studies caried out on Ba2+, Ca2+ and S042-
from quartz and mica surfaces into water indicate that these
ions are strongly retained by mica surfaces, with retention
times which are of sufficient duration to permit the formation
of the potential host solids required by the National Uranium
Mine Tailings model.

The equilibrium solubility of PbSO4 in NapSO4 solutions

and in HpSO4 solutions from 0 to 6m has been measured

experimentally at 600C with subsequent modelling by means of
the Pitzer formulation for ion activities at high ionic strength.
The equilibrium solubility of BaSO4 in HaSO4 solutions from 0

to 6m has been measured experimentally at both 250C and

600C with subsequent modelling. Such data are a necessary
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requirement for the modelling of the evolution of uranium mill
wastes by the National Uranium Mine Tailings model and for
understanding the fate of radium during the milling and

leaching processes.
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CHAPTER 1 INTRODUCTION

1.1 Outline of the milling and processing of uranium
ore.

Uranium-238 and its decay daughter radium-226 occur
together in uranium ores. Examples of typical ores found in
Ontaric uranium ore bodies include brannerite (uranium
titanium dioxide) and uraninite (uranium thorium oxide). The

minerals are dispersed in a quartz pebble conglomerate matrix
| at Efliot Lake, while at Cluff Lake the host matrix is sandstone
and clay‘.\l“ Pyrite is also found in the ores. Details of the
milling processes for Quirke, Cluff Lake and Key Lake-mills are
given in (1). A simplified process flowchart (1) for a typical
sulfuric acid leach mill is given in Figure 1. Commonly, the
ores are crushed to some small size (e. g. 50% minus 200 mesh
for the ore from Quirke Lake) and then leached using hot (600C)
sulfuric acid of 1 to 6M concentration to win the uranium. The

leaching conditions are determined by the mineralogy of the
3
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ore, with refractory minerals such as brannerite and monazite
requiring stronger oxidizing conditions, higher temperature
and longer leaching time than ‘minerals such as uraninite and
pitchblende. Unlike the sulphate compounds of uranium, radium
sulphate is essentially insoluble; thus it deposits on the finely
ground Qangue solids (e.g. quartz or mica fragments).
Essentially the entire radium content of the uranium ore ends
up in the solid mill wastes (the mill tailings). The presence of
radium-226 in these materials and the amount of mill waste
produced makes mine backfilling or deep burial in geologically
stable vaults impractical. Current practice is to piace the
solid and liguid mill wastes, after final neutralization, in a
contained area known as the taiings pond. Radium contained
in the tailings is slowly leached from these solids and enters
the biosphere.

The leaching of radium-226 (half-life=1620a) from the
uranium mill waste (tailings) is of prime concern to
environmental managers. This source is the major influence
upon the radiological dose to human beings resuiting from
uranium mill tailings (2). Despite many laboratory and field
studies, the geochemical mechanism which controls the
leaching (dissolution) behaviour of radium-226 has remained
unclear. It is essential that the mechanism which controls the

leaching behaviour be understood in order that the



environmental and engineering management of uranium tailings

be accomplished.

1.2 Fate of radium during Ore processing

Previous research by Skeaff (3) has established that Ra-
226 essentially remains with the solid phase in the leaching
tanks of the mill, whereas other radionuclides of the U-238
chain (i. e, U-238, Th-230, Pb-210) are dissolved by sulfuric
- acid leaching. Using the chemical concept that sulfuric acid
attack upon the uranium minerals should break uranium and all
of its daughters out ,,’._of'"/ the crystal structures, it would be
expected that Ra-22¢. should enter the solution in proportion
to that in the uraniu\ﬁ} mineral; for radionuclides in secular
equilibrium, an activity equivalent to that of the parent is
expected. The work of Skeaff (3) showed that much of the Ra-
226 is dissolved from coarser material and redistributed to
the finer material, indicating that it must enter solution.

The most plausible explanations for this behaviour are
that the radium is either on the surface of the leached solids
in a reversibly adsorbed state, or that it is present as a
coprecipitate with a metal sulfate precipitate. Previous work
(4, 5) that included an analysis of solids from different parts
of the mill chain (leaching tanks, neutralization tanks) using
scanning electron microscopic-X-ray emission techniques

(SEM-XRE) demonstrated that a small quantity of surface
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precipitates is found on solids from the leaching tanks and
that a substantial quantity of precipitates is found after the

neutralization tanks. These precipitates could contain Ra-226

~ as a coprecipitate. The SEM-XRE analysis suggested that such

a surface precipitate must be quite smalsli (<« 1um on the
surface of Q.Smm solids).

Previous laboratory work (6-13) using chemical
techniques has demonstrated a confusing picture of
geochemical controls upon Ra-226 behaviour during dissolution
and precipitation. Variables examined include liquid to solid
ratio, concentration of cations and anions and leaching agents,
ionic size and charge, and surface area. More recent work (14,
15 ) has systematically examined these mechanisms but does
not permit general conclusions to be drawn concerning which
mechanism is dominant. Another recent literature review (16)
suggests that dissolution of a (radium/barium) sulfate
copr:ecipitate may control much of the Ra-226 found in
tailings. The adsorption of Ra-226 onto quarnz and kaolinite
and its coprecipitation have been investigated expeﬂrimentally
and theoretically by Langmuir and Reise (17, 18). Théir results
suggest a hypothesis that radium sorption behaviour can be
explained by coprecipitation at low pH (<4 ) and by reversible
adsorption behaviour in the neutral pH range. This would imply
that a coprecipitate would be ‘Ylausible for explaining Ra-226

behaviour in the leaching tanks.



1.3 Laboratory work on radium precipitatiqn in the
leach tanks.

Previous work by Snodgrass and Constable (4, 5) has
suggested that Ra-226 coprecipitation with barium sulfate is
the controlling mechanism for radium precipitation in the
leach tanks. The work of Steger and Legeyt (19) on sulfuric
acid leached uranium ore led to the suggestion that radium-
226 is in the form of a mixed crystal with lead sulfate, with
subsequent attainment of equilibrium conditions in the pore
water of the leached ore allowing -a re-proportioning of the
radium between solid lead and barium sulfates. In a nuclear
emulsion study on leaching tank solids, locations of high alpha
activity were examined using SEM; small microcrystalline
barium sulfate crystals which had precipitated on the surface
of a silicate mineral were identified (20). The barite crystals
were the likely source of the radium radiation and contained
small quantities of lead. No lead sulfate particles were
identified. Consequéntly for the National Uranium Tailings
Program (NUTP) source term model, it is suggested that Ra-
226 dissolution be modelled as controlled by barium sulfate

and by lead sulfate host crystals.
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1.4 The Snodgrass and Hileman model of leach tank
processes.
Snodgrass et al {21) have hypothesised that the

following steps are involved in the leach tank processes.
"“Proton attack on the uranium and thorium minerals liberates
the parent and daughter radionuclides into solution. Proton
attack also liberates stable lead from the uranium-238
mineral along with barium, strontium and calcium from other
minerals containing them in trace amounts. |f conditions are
appropriate, the metal ions and/or sulfate ion will adsorb onto
a surface such as silica. If the local geometry (of the order of
a few square Angstroms) is suitable, crystal growth will be
initiated". Consequently, systems of potential intérest in the
development of an overall predictive mode! for the purpose of
describing solution and mineral equilibria in uranium mill
leaching tanks include BaSO4-H2804-H20, PbS04-H2S04-H2 0

and solid solutions involvingﬂ these sulfates in addition to
RaS04.

1.5 The Snodgrass and Hileman model of uranium mill
waste tailings.

A conceptual model of the evolution of urainium mill
waste tailings as a function of time has been pfoposed by

Snodgrass et al. (21) and is quoted here, in part, from their

Report:



"When milled solids leave the mill they are
coated with three different forms of precipiiates
(or layers). These precipitates are formed in the
leaching tanks, the partial neutralization tank and
the final neutralization tank. In the leaching tanks,
uranium, thorium, Ra-226 and Pb-210 are leached
along with various metal sulphides. The reduced
metals are oxidized and metal  sulphates
~ precipitate. The (Ba/Ra} S04 precipitate is
believed to occur as part of the first (inner-most)
layer. Ra2+ forms RaS040 complexes and is rapidly

incorporated into a BaSO4 (s) structure. Because

the sizes of Ra2+ and Ba2+ are quite similar,
significant effects upon crystal growth would
occur only when the molar ratioc of Ra-226/Ba2+ is
large.

Thorium species released in the leaching
tanks are expected to be carried through the mill
until the final neutralization tank. Thus, they are
expected to be in the outer layer, Pb-210.will form
sulphate complexes and may coprecipitate with
PbSO4 (s) in the leaching tanks. A (Ca/Pb)SO4
coprecipitate may also form. Some thorium is
expected to precipitate or adsorb in the partial

neutralization tank because of the increase in pH.



Most of the thorium species are postulated to
precipitate in the final neutralization tanks as
hydroxides, or to become enmesned in the gypsum-
ettringite (6Ca0.Al203.3503.33H20) precipitates.

| On placement in the tailings pile, available
data suggests that the leaching waters remain
basic for a period of‘ time. The main constituent of

dissolved solids during this period is gypsum.

_Dissolution of gypsum should give a pH of about 7.

Because the observed pH is often higher, residual
buffering from mill-added lime influences the pH.
During the time period of gypsum dissolution, Ra-
226 enmeshed with the CaSO4 precipitates is the
plausible source for Ra-226 in the leachates.

During this dissolution process, it is
postulated that the Th(OH)4 solids originally
enmeshed within the gypsum in the final
neutralization tank remain on the particles until
the pH decreases sufficiently to initiate their
dissolution,

When sufficient gypsum has dissolved, pyrite
grains ére exposed to oxygen and to the organisms
in the film of water covering the solids. Also,
some pyrite grains may be bare because final

neutralization precipitates did not cover their
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surface. Atmospheric oxygen penetrating to
various depths of the unsaturated zone between
rainfall events is the main source for oxygen in the

tailings waters. Biofilms containing Thicobacillus

ferrooxidans develop. - The actual origins of such

bacteria éli'e not clear but microbiological work (e.
g. 4) demonstrate that pyrite oxidizers develop
both in tailings fresh from the mil and in oid
tailings which are dried and then leached.

As pyrite oxidation develops, the pH starts to
decrease. It is suggested that pH is maintained in
the 5-7 range as the pyrite-oxidizer community

develops and as residual buffering minerals are

attacked. As the pH decreases, the concentration

of sulphate increases and minimizes  the

dissolution of gypsum. This sequence maintains

~ the presence of gypsum in the solid phase of the

unsaturated zone until the completion of pyrite

~ oxidation.

When pyrite oxidation is nearly complete, the
pore water sulphate concentration will decrease
because the rate of sulphate production decreases.
This allows the host crystal containing Ra-226 on
the mineral particles to begin to dissolve due to

the low sulphate concentration in the pore water."

N

At
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1.6 Components of the precipitation/dissolution
model

The source model for the control of Ra-226 release
proposed for the National Uranium Tailings Project inciudes

the following hypotheses:

T~

T

(i) Radium-226 dissolution behaviour\"\\i\\n uranium
tailings formed from sulfuric acid leaching is cﬁ\ﬁtrolled by -
the dissoluticn of a parent crystal with wl’nch it is
coprecipitated. _ =~

(i) That this coprecipitate - is formed in _'ihe first
several leaching tanks. -

(iii) That a coprecipitation mechanism rather than a
reversible adsorption in the leaching tanks controls the
partitioning of Ra-226 onto the solid phase after dissolution
of the parent U-238 mineral.

(iv) That the host crystalc may be compoSed of sulfates
of Ca, Ba, Sr, Fe andfor Pb. ‘\

(v) That this coprecipitate remain; chemically stable in
tailings piles until the porewater concentrations of sulfate
are low enough to allow the dissoiution of the mixed crystals
containing Ra-226.

in order to evaluate this model, several pieces ~of

information have been identified by Snodgrass and Hileman
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(21) as being required. These include (among others) the
following:

(i The identification of the surface precipitate (host
crystal) containing Ra-226 and - Ra-228 with  direct
observational techniques and the identification of the
crystallization site.

(i) The evaluation and quantification of the kinetics of
dissolution of mono-minerals containing Ra-226, Ra-228, Ba,
Pb, Ca, Fe and Sr. -

(iii) The validation of the hypothesis that the same host
solid controllihg Ra-226 in the Ileaching tank solids also
controls its dissolution behaviour in old tailings.

A major obstacle to the evaluation of this model is the
existence of significant data gaps in the current literature.
These missing data include:

() The somblhty of potential host solids such as BaSQO4q
and PbSO4 in H2804 solutlons from 0 to 6M in concentratlon

and at 600C, required in order to trace the fate of each of the
solids and soluble spe%ies in the mill processing streams from
the leaching tanks until placement in the tailings ponds and
subsequent evolution has occurred.

(i) Appropriate thermodynamic parameters for the
modelling of such data in sulfuric acid according to one of the

modern activity coefficient models.



12

(iii) Positive identification of potehtiai host crystaié on
the surface of substrates similar to those found in the process
stream. | |

(ivy A knowledge of the kinetics of the exchange and
adsorption of cations implicated in the model.

(v) Data to validate the assumption that adsorption onto
the surface of substrates likely to be found in the process
stream';-:gcioes occur for the appropriate anions and cations, with
a time scale for retention sufficiently long to allow growth of
surface deposits.

(vi) Kinetic data for the dissolution of some, at least, of
the potential host solids into dilute sulfuric acid.

(vii) Data to demonstrate that the dissolution of
potential host solids controls the release of Ra-226 from a
solid solution.

=
1.7 Purpose of this research

Consideration of the gaps in the data required to evaluate
the Snodgrass and Hileman mode! led to the definition of the
goals for this research. These goals are:

() To determine the solubility of potential host solids

such as BaSO4 and PbSO4 in HpS04-H20 solutions from 0 to 6M

in concentration and at 250C and QOOC.

N

() To model such data fofﬂ solubility in sulfuric acid

using the Pitzer activity coefficient model. Where parameters
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required for the model are not available in the literature,
these parameters will be estimated using appropriate
numericél techniques.

(i) Data will be obtained for the rate of desorption of
anions and cations implicated in the model, from mode!
surfaces.

vy The kinetics of the exchange and adsorption of
cations implicated in the model will be investigated and
modelled.

(v) Attempts will be made to grow potential host solids

on model surfaces.

(vi) The kinetics of the growth of these potential host f

solids on the model surfaces will be examined as a function of
sojution concentrations.

(vii) The dissolution kinetics of these surface deposits

will be determined using radio-tracer techniques. Surface .

deposits will then be grown which incorporate radium in the
host matrix. The dissolution kinetics of the radium micro-
component, followed by counting, will subsequently be related
to the rate of diqgolution of the host matrix.

Each of thése components of the research is treated in

detail in the following chapters of this work.
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Chapter 2 Background Intormation

‘The .aim of this survey is to provide an overview of the
background information required in order to design the
experiments needed to meet the objectives of the study and to
evaluate and interpret the data obtained. This will include
alkaline earth sulfate  solubility measurements in sulfuric
acid solutions (0 to 6M), requiring the modelling of activity
coefficients using the Pitzer formalism; crystal growth
investigations which require an understanding of models for
nucleation and crystal growth from solutions and onto pre-
formed surfaces; and dissolution of crystals and of crystals
deposited on substrates, which requires a knowledge of models
of dissolution processes.

2.1 Review of Activity Coefficient Modelling using
the Pitzer Equations.

Advances in thermodynamic models of  activity
coefficients - for example.‘the work of Pitzer and his school -
have proven invaluable to researchers dealing with species in
aqueous systems. The application of these models to systems
of geochemical interest has largely been due to the efforts of
researchers such as Harvie and Weare (22) and Harvie et al.
(23). The use of the Pitzer equations to describe solution
equilibria in mixed-salt systems of high ionic strength
demands data for the interaction parameters of ions.  While an

c 15 ) )/////’H—
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extensive database of ion interaction parameters currently is

in existence (see, for example, 24), in many cases, such as the
PbSO4-HoS04-H2O and BaS04-H2S04-Ho0O systems, the

required ion interaction parameters of interest are
unavailable. These data must be obtained through the
regression analysis of published data based on mineral
solubility, isopiestic, activity, osmotic and E.M.F.

measurements in single and mixed salt systems.
The Pitzer expressions, as formulated by Harvie et al.
(23), are given by: |

Na
| nyM=zM F+ 2 m (2B pya+ZCpna
a=1
Ne Na

+ 2 m 2Py, + 21m W mca
= a=

Ne1 Na
DD mamawaamleIE Emcma ca+2mn(2x,,M) (1)
a=1a'=a+1 c=1a=1
Ne !
Inyx_sz-:- zmc(2ch+ZCc,a
c=1 -
No N Ne=1  Nc. =
+2ma(2d)x3+ chxpx.‘u) 2 2 m mc‘l’cc "
c=1 ¢' = ¢+1
Nc Nl
NEAR S LEX gmn(zxnx) (2)

c=1a=1
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in.tne expression for individual ion activity coefficients,
me and zg are the molality and charge of cation c, respectively.
Ng is the total number of cations. Similar symbolism is used
for anions, a, and neutrals, n. The parameter A accounts for the
interactions between neutral species and ionic species in the
solution. The subscripts M, X, and n refer to cations, anions,
and neutral species respectively. The remaining terms are
defined as follows:

2 N= N.
$ | 2 w2 .
=. 1 1+1.21 + B
Fe-4 G1+1.21m+ 12 )) 2 2 McMaBea

e=la=l

Ng-1 Ne . Na-1 Na .
ot 2 E Me Me ¢cc‘ + 2 2 My Ma ¢ll’ (3)
c=1 ¢'=c+1 a=1 a'=a+1

where the variation in A¢® with temperature was computed
from the equation :

AP = 0377 + 4.684x10-% x (T-273.15) + 3.74x10°6 x (T-
273.15)2

obtained by fitting to the data of Bradley and Pitzer (25).

F=-A' 1" 2 jn(1+121) S S mm B
E 3 + n +1. + m_.m
1+41.21v 1.2 22 craTea

c=la=1

-
1

&
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Ne-1 Ne ) Ne-1 Na _ -
+ 2 Emcme(p“-i-z Zm.m. e (3)
c=1 c'=c+1 a=1 a'=a+1 :
& 1/2
Cwx= Cwmx/ | ZnZx| | (4)
/2
where:
Z= 2|zi|mi ()
i

The second term, B, in equations (3) and (4) is given the
following ionic strength dependence:

( (1)
Bux=Bupst Bug 0y V1 )+ B 8(12¢1) (6)

vand its first derivative with respect to I, used in equation (5),
is:

[} 1 2) ) [
Bux = Bud (/1) + B @ (1217 )/ @)

The pmx and Cyx are adjustable parameters specific to
each solute.

The functions g and g' are defined by the equations:

g(x) = 2(1-(1+x)e~X)/x2 (8)

g' (x) = -2(1-(1+x+x2/2 )} eX }/x2 (9)
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with x = apyxvl or 12Vl.  When either cation M or anion- X is
univalent apyy = 2.0. For 2-2 or higher valence pairs ayx= 1.4.
In most cases B(2) equals zero for univalent _pairs. - For 2-2
electrolytes a non-zero 8(2) is more common.

it was decided to omit the term for neutral species and
the ® and 1 components. Given the extremely low
concentration of the metal cations it seems likely that the
contribution made by these terms would be very small. As
noted by Pitzer (26) it is the B and C% terms that have the
greatest effect on activity coefficient calculations, so that
the @® and y terms may contribute little or nothing to the
calculations. The electrostatic terms implicit in the &
coefficient, which are dependent only on the ion charges and
the total ionic strength, account for the electrostatic effects
of unsymmetrical mixing and are equal to zero when the ions
are of the same charge. Details of the computational
techniques adopted and the results of the modelling will be
given in a subsequent section of this text.

2.2 Supersaturation and activity
Supersaturation within a system may be generated in a

- number of different ways. The most common methods are:

(i) cooling or heating the solution, according to whether
solubility increases or decreases with increasing temperature.

(i) solvent removal.

(i) mixing solutions containing soluble species giving
rise to the precipitation of sparingly soluble ones.

(iv) changing the pH.

(v) dialyzing the solution.

(vi) precipitation from homogeneous solution.

There are many variants of these methods.
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The driving force for nucleation and growth is the
difference between the chemical potential of a molecule in the
supersaturated and saturated solution, respectively. If C is the
actual concentration before any crystallization and Cg the
concentration at equilibrium, i.e. the solubility, the driving
force per molecule can be written as (27):

Ap = kgT In (C/Cg) (10)

where kg is the Boltzmann constant and T the kelvin
temperature.

Several quantities are used for defining the
supersaturation. The most common ones are:

(i)  the ratios 8 = C/Cg and o = (C-Cg)/Cg

(ii) the difference C - Cg.

The two former quantities are dimensionless since they
are normalized with respect to solubility. However, their
values depend on the units chosen for the concentrations. On
the other hand, C-Cg, which represents the amount of solute
which may precipitate, is much more dependent on the
concentration units (molar fractions, molarities, gram per
litre, etc.). In most cases, it is preferable to use B or o, the
subsequent comparison between supersaturations in different
-systems being simpler. It is noteworthy that the same values
of B can be obtained for different values of C-Cg. This occurs,
for example, when different temperature or pH ranges are
available for crystallization. In some cases, it is Au/kgT =
InB which is taken as the definition of supersaturation. Since
in many solutions the supersaturation is small, it is also
possible to approximate In B by o. However, the discrepancy
becomes important as soon as the supersaturation exceeds
15%. T
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in electrolytic sclutions where the solute is more or less
dissociated, activities are preferred to concentrations for
calculating the supersaturation. In order to illustrate this
point, consider an imaginary substance RX in an aqueous
soiution. When dissolution takes place : '

CRX > R2+ 4 X2 (11)

When equilibrium is achieved, the thermodynamic solubility
constant Kg of the substance is:

Ks = 1IR2*]gq ¥ [X2-1eq - (12)
where the symbo! y refers to the activities of the free divalent
jons R2+ and X2~

Then, the supersaturation must be defined as:

8 =[R2+ Y DR-1/Ks (18}

The ionic product in the numerator relates the "actual
activities of the ions in solution. For any chemical spemes i

~ activity and concentratlon are related by:

Al

8.=YiG, (1‘4)

£y ‘is": the ~activity coefficient, which may defined by an
appropriate activity coefficient model (e. g. the Pitzer model;
the Davies equation; the Debye-Huckel equatioh , etc). For
example the Debye-Huckel model may be used at low |on|c

__strengths:
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-log yj = Az;2 |1!2_/ (1+Br; 11/2) : (15)

"I" is defined by equation (186).
I=1/2 2 Gz " (18)

In the Debye-Hiickel equation ( equation 15), the
constants_A and B are 05317 and 0.3334 at 250C when r is
expressed in A; Cj, zj and r; are the concentrations, charges
and radii in solution of the species i under consideration.
Values of rj have been tabulated (28) for many different
substances. All uncharged species have z=0 and r=0, so that
they do not contribute in increasing the ionic strength, I, of
the solution, "their activity coefficient y; being equal to 1 as
can be seen in eq. (16). When there are several, or many,
dissolved species in solution, the caicuiation of the activities
must be made by an iterative procedure. In the simple example,
there is no particular reason why the substance RX must be
fully dissociated in solution and why R2+ and X2- do not form
any complexes with H* or OH-. To simplify the problem, only
one soluble complex RX ‘and only one "complex with the solvent
HX" has been allowed. In that case, the following equilibria
- and mass balances must be taken into account:

[OH JH#] = Ky , (17a)

VAR = K (70)
RXVIRRHIDE] = Ko - ot

Mass balances: 7
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Cx = X2-] + [RX] + [HX"] (18)
Cy= [H*] + [HX"] - [OH"] (18¢)

When the set of egs. (18) is solved for the
concentrations, the resulting expressions are inserted in the

set of egs. {(17) which is solved by iteration, taking as initial
values the dissociation constants Kg and the thermodynamic

stability constants K Once the concentrations of the
different species are known, it is possibie to calculate
activities and supersaturation.

In real systems, the solution is rarely pure as in the
example given .above and consideration must be given to
whether the supersaturation changes in the presence of
impurities. Two main cases are possible: the impurity only
increases the ionic strength, |, of the solution without forming
complexes with the solute or it increases | and simultaneously
forms soluble complexes with the solute (by trapping R2+ or
X2- in the example descrived above). Since the concentrations
and consequently the activities of the free ions decrease, the
supersaturation {eq. (13)) must decrease proportionally.

Instead of calculating the variation in supersaturation of
a given substance, the variation of the concentrations in a
solution containing only two salts will be shown here. The pH
will be assumed to be adjusted by the addition of ammonia.
When 50 mmol/lL of (NH4)2S04 and NaHaPO4 are dissolved in
water, the pH of the solution is about 4.50. Several ions and..
complexes form. The dissociation constants of the chemical
species involved can be found from (29). Figure 2 shows the
concentration curves of the ions and complexes as a function
of pH. Some concentrations change by several orders of
magnitude. Others, like that of S042-, not given in Figure 2,

change by only a small amount: 4.7x10°2 to 6.1x10°3 for
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pH=4.5 and 10, respectively. The total ammonia concentration
[N} which includes all species containing NHz or NHat,
changes slowly between pH=4.5 and 8, but the amount required
to raise the pH to 10 increases drastically above this value.
Despite this fact, the ionic strength of the solution varies
significantly only between pH=6 and 8. Indeed, above the latter
value, there is no contribution of [NH3] to I, since NH3 is an
uncharged species. Now, if any solute is added to the solution
and if it dissociates and associates with the components of
the solution, all equilibria are shifted and the concentrations
modified.

This example, which describes a very simple system,
perfectly illustrates how difficult it is to adjust the ionic
strength and the other paramters such as supersaturation
without knowing precisely what happens in the solution.

2.3 Nucleation

When a sufficient degree of supersaturation is attained,
nuclei form according to two principal mechanisms. When the
nuclei occur in the bulk of the solution, nucleation is termed
homogeneous. On the other hand, when nuclei form onto solid
substrates, nucleation is called heterogeneous. The nucleation
theories for vapor or solution are presented elsewhere in
detail (27, 30). For this reason, only some essential points
will be emphasized here.

In a solution where the mean energy provided by the
supersaturation is constant, there must be some energy
fluctuations in order to obtain embryos which then transform
into nuclei and crystals. In the first step of the process, the
molecules, which randomly diffuse through the solution, meet
and coalesce in the form of small aggregates. Hence, the
formation of embryos is most often the result of the addition

€
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2.3.2 Structural Assignments; Adducts of 1 with DMAD

Huisman er. al. assigned the siructures of X and II based on the 'H N.M.R.

spectra of the adducts and by chermical degradation techniques.

i, Proton N.M.R. Spectra; Adducts X and II

Figure 2.2, Structures of adducts XandIL

Huisman found that the low field regions of the proton spectra of each adduct
show two vinyl proton signals between 5 and 6 ppm. These vinyl resonances consist of
a sirglet and a doublet. This precludes the possibility that they are Diels-Alder
products which would give a characteristic doublet of doublets in the viny! region.

Catalytic hydrogenation of the ester activated double bond resulted in loss of
the vinyl singlet, indicating that only one vinyl proton existed on the steroidal
skeletons. This is consistent with ene addition at Cg or C;. However, addition at Cg
can be excluded because the resulting adducts would contain 3 vinyl protons. This
indicates that X and II are the result of ene addition at Cs.

Huisman also reported 'H N.M.R. evidence for the assignments of the sites

of unsaturation within the rings. Adduct X has distinct singlet resonances for methyl
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The corresponding critical activation free energy for
nucleation is given by equations 22 and 23.

AG" = (16nQ2T'3) / 3(kgT InB) (22)

AG* = 1/3 (4nr*2T) (23)

The latter equations show that the energy required to
produce a nucleus, stable at the supersaturation B, is one third
the energy required to create its surface. At the critical value,
r*, the nucleus is stable (Figure 3). if one molecule is
withdrawn from it (r < r*), it dissolves spontaneously. On the
other hand, if one molecule is added to it (r > r*), it grows
spontaneously, both processes taking place with an energy
gain.

-Equation (22) shows that the activation energy for
nucleation decreases with increasing supersaturation and
temperature, and with decreasing interfacial free energy. In
other words, it may be expected that a larger nucleation rate
will occur at larger B and T, and smaller I' values. Finally, in
~eq. {22) the dimensionless quantity 16x/3 is the so-calied
"shape factor" of the nucleus. For a cubic-shaped nucleus, the
shape factor is 32 with V=8r3 and $=24r2 in eq. (19).

Homogeneous nucleation arises mainly in clean solutions
when the supersaturation is rather high. In contrast,
heterogeneous nucleation occurs most frequently when the
supersaturation is low and when the solute molecules have
some affinity for solid substrates, which may be a
deliberately introduced solid or the walls of the
crystallization vessel, the surface of the stirrer or any other
solid e."g. dust’ and particles. With such a nucleation
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mechanism, the nucleus develops onto the substrate with
which it makes a contact angle a. Figure 4 shows this spe'cial
situation for a cap-shaped nucleus, a situation which involves
three areas and surface free energies (substrate/nucleus,
substrate/solution and nucleus/solution). Solution of the
equations for the nucleus size and activation energy for
nucleation implies that the critical radius for heterogeneous
nucleation is the same as that for homogeneous nucleation (eq.
(21)). However, since the nucleus develops onto the substrate,
the sphere is incomplete and less molecules are required to
form it (Figure 4). Onthe other hand, the critical activation
energy for heterogeneous nucleation is now the roduct of the
activation energy for homogeneous nucleation and a term
depending on the value of a. This is shown in equation 24,

AG* ot = AG* (1/2 - 3/4cosa + 1/4cosda) (24)

The influence of a is easy tc demonstrate, using three
particular values. For «=1800, the term in parentheses is
unity, and AG"pq = AG". The nucleus has no affinity for the
substrate. For o= 909, AG* o = AG*/2 and for a =0, AG” g =0.
The smaller o, the smaller the energy required for forming the
nucleus. Thus, the substrate catalyzes the nucleation and the
nucleus may form at very low supersaturation. In some cases,
‘the nuclei never form in the bulk of the solution but always on
a surface (e.g. the walls of a crystalizer or on a piece of a
crushed solid), especially when the surface exhibits a certain
surface texture or is activated, perhaps by grinding as in a
mill. |

There are also some special cases of heterogeneous
nucieation where the nuclei which transform later into
crystals are more or less oriented on the substrate. There may
be a textural orientation: the nuclei all have the same contact
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plane with respect to the substrate but are not oriented with
respect to each other. In other cases there is also an azimuthal
orientation which generates a perfect orientation of all nuclei:
i. e. there is an epitaxial relationship between deposit and
substrate.

2.4 Crystal Growth.

When a nucleus develops and transforms into a crystal, it
exhibits different faces, the growth mechanisrﬁ_s and growth
rates of which depend not only on external factors (such as
supersaturation, impurities, etc.), but also on internal factors
(such as structure, bonds and defects). Therefore, before
discussing the growth of crystals, it is important to first
consider the influence of the crystal structure on the growth
mechanisms.

In order to carry out this task the Periodic Bond Chain
theory (PBC) (31) is summarized here. This theory is based on
the assumption that growth is the result of the consecutive
formation of strong bonds between growth units. A PBC is an
uninterrupted chain of strong bonds which repeat periodically
through the crystal. For complicated structures there are
three types of PBC, the complete PBC being the one that has
the same composition as the crystal and no electrostatic
dipcle moment perpendicular to the direction along which it
runs. According to this concept, three types of faces may be
found in a crystal (Figure 5):

-F faces (flat): They have PBCs in at least two different
directions in a slice of thickness dy (interplanar distance).

-S faces (stepped): They contain only one PBC in the
slice dyy .

-K faces (kinked): They contain no PBC in the slice d .

Since K faces contain only kinks, i. e., growth sites, they
grow by direct incorporation of atoms or molecules. -Since F
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faces are flat, the number of kinks is very small in contrast
with the K faces. Such F faces grow either by a two-
dimensional nucleation mechanism or by a spiral-growth
mechanism. The layers spread parallel to the crystal face.
Finally, the S faces grow by a one-dimensional nucleation
mechanism. Accordingly, one may predict that the growth rate
of the F faces should be much smaller than the growth rate of
the K faces. The § faces are intermediate between these two
limiting cases.

Since it is only necessary to know the relative values of
the bond energies for finding the PBCs and classifying the
faces, it should be possible to determine the relative growth
rates of the faces. This was shown (32) by introducing the
concept of reduced growth rate. This is an expression of the
growth rate where all factors which are independent of the
crystal face are not considered. In short, the growth rate of
any face is supposed to be proportional to the attachment
energy of a growth unit deposited on a terrace of the face
under consideration. Implicitly, it is understood that the
higher this energy , the greater the relaxation time for
desorption of the growth unit, and consequently the larger the
rate of growth of the face.

2.4 (i) Growth by two-dimensional nucleation.

In the case of perfect crystals, or when there are no
defects in a crystal face, growth takes place by two-
dimensional nucleation (33). In order to create a two-
dimensional nucleus, the adsorbed molecules, or more
generally: the growth units, must diffuse to the face and
cluster. Once the nucleus has exceeded a critical size it
becomes stable and exhibits some kink positions where the
growth units can then be more readily incorporated. Such a
situation is depicted in the upper part of Figure 5. In further
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steps, the two-dimensional nucleus spreads across the
surface. When a complete layer has formed, the crystal has
grown by one monomolecular layer. Two models are likely for -
such a mechanism. In the mononuclear model there is only one _
nucleus which spreads across the surface at the same time. it
is supposed that the whole crystal face is covered before the
next nucleus forms. In such a case, the growth rate, R, of the
face is given by equation (25).

R = JodS (25)

Jo is the two dimensional nucleation rate, d the height of the
layer, and S the area of the face.

In the polynuclear mechanism (illustrated in Figure 6)
several nuclei spread on the face at the same time. Each
nucleus expands until it encounters another nucleus or the
edges of the faces.

Equations (25-27), describing the growth models by two
dimensional nucleation, are somewhat different according to
the theory from which they are derived. For the mononuclear
mechanism, for instance, the rate of growth is given by
equation 26.

R =kB1/2 exp(-AG/kgT) (26)

In the case of the polynuclear mechanism, the rate of growth
is given by either equation 27 or 28.

R = kB1/6[exp(B)-1]2/3 exp(-AG/3kgT) (27)
R =kB1/3(8-1)2/3 InB81/2 exp(-AG/kgT) (28)

where k is a kinetic constant depending on temperature and AG
is the activation free energy for creating the two dimensional

)

=
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nucleus. If the nucleus is a square, then the activation free
energy is given by equation 23.

AG = 4A2/kgT InB (29)

where Ais the edge free energy (per molecule} of the nucleus.
Growth by a two-dimensional nucleation mechanism is
rather rare. Moreover, when it occurs, it is often difficult to
control and adjust the growth rate at a given value. As in the
case of three-dimensiona! nucleation, there is a critical value
of the supersaturation, typically 30% to 50% below which

there is no growth at all and above which growth becomes very
rapid.

2.4 (ii) Growth by a spiral growth mechanism

When a screw dislocation emerges on a crystal face, it
provides a step or a sequence of steps which can spread over
the surface. Since the steps are aiways present, adsorbed
solute molecules are more easily trapped than in the previous
case. Growth is much more regular. The steps expand by
rotating around the emergence point of the dislocation and
when a step reaches the face edges, the crystal thickness has
increased by one monolayer. Actually, the height of the step is
often greater than d, the thickness of a monolayer, especially
in impure solutions where step bunching is often observed.

The spiral growth mechanism was first developed in the
so-callea Burton, Cabrera and Frank (BCF) theory (34) and later
generalized and adapted to solution growth (35-37). Some
relevant equations have been presented in a review of crystal
growth from non-aqueous solutions (38), the theories being
fully described in (39), with special attention to diffusion



32

problems (40). Here only some important points will be
described. )

Because the steps of the growth spirals are equidistant
and move with a lateral velocity v (Figure 7), the growth rate
of the face is given by equation 30.

R = vdfy (30)

The distance, y, between the steps is strongly dependent
on supersaturation. This dependence is shown by equation 31.

y = fAa/kgT InB (31)

where a is the length of a growth unit and f the dimensionless
shape factor of the spiral (=9 for a circular spiral). .The
expression of v is much more cumbersome than that of y.

The most general equation for- R is of the form shown in
equation 32.

R=NgADyo X {A + 8 + AAg Y/xg2
+ Aly/2xg coth(y/2xg) -1]}-1 (32)

where Dy is the coefficient for volume diffusion, A the length
for entering the crystal surface from the solution, and Ag the
length for exchanging growth units between step and surface.
Accordingly, the four terms in the denominator are lengths.
They represent a kind of impedance for the adsorption
reaction, the impedance in the unstirred layer of thickness 3§,
the impedance for entering the steps, and finally the
impedance for surface diffusion (xg being the mean free path
of the adsorbed molecules). It is impossible to solve such an
equation and only the limiting cases can.be censidered.
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As an example, consider the normal cases A» Xg, since
the mean free path of surface diffusion is probably small in
solution. We may also imagine that A»d since the thickness of

the boundary layer in supersaturated solutions is rather
limited. Finally, if Ag « Xg, then eq. (32} reduces to relatively
simple expressions. if the supersaturation is small, y » Xg,

and the rate of growth is given by equation 33.

2
21 ,,D, Q
R= 2" S°X: f faBT ° (33)

Ngo is the number of adsorbed growth units, per unit area, at

crystai-solution equilibrium, and Dg is the surface coefficient. .

At high supersaturation, y«xg and the rate of growth is now
given by equation 34. '

R=“soD59°
2

X

(34)

These two equations are . often oversimplified and

reduced to R=b o2orR=bo. The kinetic coefficients b depend

on temperature. From a plot of In b versus 1/T it°is possible to
estimate the growth enthalpy. It is sometimes possibie to
rule out some growth mechanisms by comparison of the
experimental values with those associated with the different
mechanisms, when it is possible to estimate the latter
enthalpies with the required accuracy.

=

%)
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Finally, it is noteworthy that eq. (32) contains N;, the
solubility, a parameter included in ngg in egs. (33) and (34).
Here, it is also found that, all other things being equal (driving
force included), the growth rate of a crystal is much larger in
solutions where the solubility is high. For example,
octacosane, which is about 80 times more soluble than
hexatriacontane, grows about 80 times faster (41).

2.4 (iii) Growth in the presence of impurities
When growth takes place in the presence of impurities,

- the growth rates of the crystal can be greatly affected. More

precisely, each face is affected in a specific way according to
the affinity of the impurity for the face. Several parameters in
the growth rate equaii'ons are modified by impurity adsorption
(39) according to whether adsorption takes place in the kinks,
the steps or on the flat surfaces between the steps. The
corresponding ~ adsorption models have been reviewed and
discussed several times (42, 43). Here only the general trends
are described.

At least theoretically, impurity adsorption =should
increase the growth rate of a face since adsorption decreases
the edge free energy, A (eq. (31)). But, as in the case of three-
dimensionat :nucleation, the kinetic factor is affected by the

impurity to a'greater degree than the thermodynamic factor. It
'is sufficient to block a few kinks in order to siow down the

growth rate by several orders of magnitude. Impurities or
additives may be active at very low concentration and the
general trend is that their efficiency increases with
increasing concentration. In general, when adsorption is
reversible and desorption rapid, the shape of the growth rate
curve is not appreciably modified from that obtained in a pure

" solution. The curves are shifted toward higher
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supersaturations,'but remain linear, quadratic or exponential
as a function of supersaturation.

2.5 Perfection of Crystals.

In most systems, eléspecially in closed systems, there is a
continuous decrease  of the supersaturation when
crystallization occurs. Tha term phase is used to designate
several types of solids. When the phases have exactly the same
chemical composition but different crystal structures they are;"‘}
called polymorphs. From mineralogical and crystallographic )
points of view the term polymorph or . polymorphic
modification should be employed only in this case. Graphite and
diamonds are probably the most {amous polymorphs since both
are buit up by carbon atoms and only carbon atoms. In some
cases, the crystal composition differs only by the number of
solvent molecules present. Solvates are phases where the ratio
of solute over solvent molecules is a constant. Hydrates are
the most common solvates. In some cases, especially when an

amorphous phase precipitates, the number of solvent

molecuies in the precipitate is not clearly defined and changes
when the crystallinity increases with time.

In solution, when several phases coexist, the only stable
phase is the one which has the lowest solubility. However,
according to Ostwald's rule of stages (44), it is rarely the
most stable phase which nucleates first. On the contrary, if a

solution is supersaturated with respect to two phases at the

same time, it is often the phase of highest solubility, i.e the
less supersaturated one, which crystallizes first. When growth
proceeds, the solute concentration decreases until it reaches
the solubility curve of the crystallized phase. At this point the
solution is supersaturated only with respect to the phase of
lowest solubility. If no crystals of this latter phase form, then
the first precipitated phase remains in a metastable state. On
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the other hand, when a crystal of the new phase forms, the
solute concentration decreases once more and the first phase
becomes unstable. It dissolves more or less rapidly, then
generates solute molecules contributing to the growth of the
stable phase. The transformation kinetics of these so-called
solution-mediated phase transformations have been discussed
in a recent paper ({45). In some special cases, there are
epitactic relationships between the new stable phase and the
old metastable phase onto which it grows (46). '

Another consequence of the decrease of supersaturation
in a closed system is Ostwald ripening. In contrast with phase
transitions, it occurs between crystals of the same
composition and structure, i.e. crystals of the same phase. As
was pointed out in the section devoted to nucleation, a
nucleus-a crystal here-is stabie only if it has a critical size
which depends on the supersaturation of the solution. In a
system where there are several or many crystals, these
crystals have different sizes according to the time at which
they formed and the velocity at which they grew. Consequently,
only one class of crystals obeys eq. (12), ‘with r=r* for the
mean residual supersaturation 8. Replacing the volume Q by
the ratic m/p (molecular weight over density), equation (12)
may be rewritten to give equation 35.

In(C;/Cs) = 2mI/kgTpr (35)

i

This is the Gibbs-Thomson-Freundlich equation-where
the subscript r indicates that the equality is fulfilled only for

crystals of radius r. Cg is therefore the solubility of a large

crystal of “infinite" size: a few tens of micrometers_ on the
laboratory scale. K the crystal is not too small, then the
solubility is given by equation 36. .

oy
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Cr = Cg(1+2my/kgTpr) (36)

This is another way to show that the solubility of a

~ small crystal is larger than the solubility of a large one. If the

crystal which has the critical radius r* is now considered ,
the difference in solubility between this crystal and any other
is given by equation 37.

2m, Cs 1 1
Ci- Coo=——(=- ) (B7)
KBTP r r

A crystal of size r < r* must dissolve whereas a crystal ~

of size r > r* must grow, since neither of them is in
equilibrium with the solution. According to the theocries (47-
49), the rate-determining step of Ostwald ripening is often
{but not only) volume diffusion, assuming that dissolution and

growth kinetics are greater than diffusion kinetics.
Let us consider two crystals of radii rq and r in a

solution at constant temperature T and bulk concentration Cs.
Since they are not of infinite size and since equilibrium must
be achieved, the crystals must (slightly) dissolve in order to

restore the proper concentrations.. At the end of this process
they are surrounded by spherical zones of concentration Cpry

and C, respectively (Figure 8 ). When the distance X between
the crystals is not too large, the two concentration spheres
intersect with a cross section of area A. Since there is a
concentration difference around the crystals, there is also a
concentration gradient. According to Fick's law the mass q of
solution transferred per unit time from the smallest to the

largest crystal is described by equations 38 and 39.

dg/dt = Dy (AX) (Cr1-Cr), ~ (38) ®

SO
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' 2m,C
49/ =D, (arx)——r2( L. L, (39)
t i KT p 1 r

where Dy is the coefficient for volume diffusion. Since the

crystal of radius r has a surface area 4nr2, upon replacing q by
r-we finally obtain equation 40.

Dv Cs' |
= — Ay L (40)

r r
23tp KBT r ’

This equation givés the rate of growth of the crystal of
size r. :

Actually, in a real system, where there are many
crystals, several diffusion lengths and crystal radii must be
taken into account and eq. (40) is difficult to solve explicitly.
With some important simplications ( 47,48) and assuming that
the critical size r* corresponds to the average size r- of the
crystals in the system, then the highest possible growth rate
of the crystals which ripen is:

‘ D, m,C
dr = v b4 5

(47/) max - | (41)
2KgTp r

Integration of eq. (41) yields equation 42.

3D,m,C ' L
= M *2"(t-\,:°) oF (42)

4 Kg Tp

1.
3

1
3
T l'o
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Since ry, the crystal radius at time zero, is often
negligible, it may be said as an approximation that the crystal
radius increases proportional to the cube root of time.

It is noteworthy that, in general, Ostwald ripening is
very fast for crystals of radius less than 1 um, fast for
crystals around 1 um, but very slow as soon as the crystal
reach about 100 um. Here, however, oniy the case of a true
isothermal ripening has been discussed. When temperature
fluctuations (49) are applied to the system the ripeningi

~kinetics increase drastically, since dissolution and growth

rates are accelerated.

The main consequence of Ostwald ripening is the
disappearance of most crystals, especially the smallest ones.
The number of crystals decreases while the mean size
increases. With increasing time, only one crystal should
remain in the system. Another consequence of this process is
habit modification. During growth, supersaturation is generally
large as compared to that which exists when ripening takes
place. The growth shape slowly transforms into an equilibrium
shape which may be completely different.
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Figu‘re 2 Variation of the ionic strength | and-the ion and

complex concentrations in a solution containing S50mmol/L
(NH4)2S04 and NaHoPO4. The pH is adjusted by ammonia, [N}t

being the total ammonia (NH3 + NH4*) in the system;
calculations based on data from (21) and (22).
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. Figure 3  Activation free energy for nucleation as a
function of the nucleus size. The critical value AG* must be
reached for creating a nucleus of critical radius r*.
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Figure 4 Cap shaped nucleus of radius r forming on a solid
substrate, with which it forms the contact angle «.
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Figure 5 Schematic representation of a crystal exhibiting
flat (F), stepped (S) and kinked (K) faces. Front face exhibits a

polygonized growth spiral,

two-dimensional nucleus.

whereas the top face exhibits a
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Figure 6 = Birth and spread model; several two-dimensional
nuclei spread across the crys{&al face (taken from 39).
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Figuré 7 Profile of a face growing by a spiral growth
mechanism. ©
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Figure 8 Schematic representation of the solute transfer
from the smallest to the largest crystal during Ostwald
ripening. The crystals are separated by the distance X and
their concentration spheres interact through the cross-section
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Chapter 3.
Solubility of sparingly soluble sulfates in HoSO4

As indicated in Chapter 1 of this thesis, systems of
interest in the development of an overall predictive model for
the purpose of describing solution and mineral equilibria in
uranium mill leaching tanks and mill waste drainage waters
include PbS04-HoS04-H20 and BaS04-HoSO4-HoQ. A review
of the literature of aqueous based electrolyte systems at high
ionic - strength led to the conclusion that the best method to
employ for the purpose of predicting or modelling electrolyte

solubilities would include the Pitzer model for calcuiating the

activity coefficients of ions. The use of this method requires
values for the interaction parameters for lead and barium with
sulfate ions, and for lead .and barium with hydrogen sulfate
ions. Such information is not available in the current
literature. Thus, a major objective of this portion of the
investigation was_{t> estimate these parameters and their

variation with temperature, over the range from 09C to 60°C.

~Where the experimental data required for the parameter

f

estimation were judged to be inadequate, the necessary
information” was generated in the laboratory.

W
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3.1 Solubility of PbSO4 in HpSO4 and NazS0O4 from
0 to 6m at 600C by ICP/MS analytical methods.

The solubility of PbSO4 in HpSO4 has been determined
from 09 C to 550 C by Crockford and Brawley (50, 51) and by
Crockiord and Addlestone (52). Comparison of the values
obtained by these workers at 259C with the values obtained by
Craig and Vinal (53) or Danel and Plichon (54) leads to the
conclusion that there are difficulties with the data of
Crockford and coworkers. This is illustrated in Figure 8.
Reliable data for the PbS04-HoS04-HoO solubility reduces to
that of Craig and Vinal at 250C and Danel and Plichon at 200C.
The acceptable data for the solubility of PbSO4 in solutions of
HpSO4 and NapSO4 are summarized in Table 1. In the
modelling it is essential to have data available to 60° C, the
temperature at which leaching of the uranium ore is carried
out. Consequently, it was decided to accept the literature data
at 200C and 250C and to measure the solubility of PbSO4 in

both NapSOy4 - HoO and HaSO4 - HoO mixturss at 600C.

3.1.1 Experimental procedure wused for the
‘determination of the equilibrium solubility ot PbSOg4

in both NasSO4 - H20 and H28Q4 - H20 mixtures.
Individual masses of lead sulfate {'Baker Analyzed'
Reagent) greater than the expected total solubility were
placed in clean, dry, screw-cap polycarbonate centrifuge tubes
(previously washed in10% viv HNOj; for 24h) and 15mL of
sulfuric acid or sodium sulfate of the selected concentration
were added. The tubes were capped, with the threads of the
tubes being wrapped with Teflon tape, then placed in a
thermostat at 700 C. The temperature was measured by a
mercury-in-glass thermometer to the nearest 0.10C. Gentle
shaking was provided by means of a stirring motor running at
low speed. The temperature was lowered over a period of two
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days to 600C. After one week of shaking, a 3-mL aliquot of
each solution was decanted into a pre-heated plastic syringe
then quickly filtered through a 0.2um PT.F.E. filter membrane.
The first 10 drops of the filtrate were rejected; then it was
delivered into a plastic scintillation vial. Using an Eppendorf
pipette, a 100-pL aliquot was removed and delivered into a
centrifuge tube. The tube contained a known mass of 1%
sulfuric acid or sodium sulfate sufficient to bring the
concentrations of Pb into the 0-200ppb range along with
500ppb rhodium as an internal standard. Available data for the
solubility of PbSQg4 in HoSO4 at 200C (54) enabled calculations
to be performed which confirmed that the solutions of PbSOg4
in 1% sulfuric acid were undersaturated. The tubes were
sealed and the total mass was determined. Standards were
prepared from an AAS lead standard made up in 1% sulfuric
acid or sodium sulfate with 500ppb rhodium as internal
standard. The samples and standards were then subjected to
Inductively coupled plasma mass spectrometry analysis using
an Elan Instruments ICP/MS system. \

3.1.2 Modeliing of Solubility equilibria using the
Pitzer equations for Activity Coefficients.

Advances in models of activity coefficients - for
example, the work of Pitzer and his school - have proven

invaluable to researchers dealing with species in aqueous
systems. The application of these modeis to systems of
geochemical interest has largely been due to the efforts of
researchers such as Harvie and Weare (22) and Harvie et al.
(23).  As previously mentioned, the use of the Pitzer equations
to describe solution equilibria in mixed-salt systems of high
ionic strength demands data for the interaction parameters of
ions. While an extensive database of ion interaction
parameters currently is in existence (see for example,
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Zemaitis et al. 24 ), in many cases, such as the PbSO4-H2S04-
HoO system, the required ion interaction parameters of
interest are unavailable. These data must be obtained through
the regression analysis of published data based on mineral
solubility, isopiestic, activity, osmotic and E.M.F
measurements in single and mixed salt systems.

The binary interaction parameters BOsos . Blmsos .
BZusos and CP can, in principle, be determined from the
properties of a binary solution of MSO4 measured as a function
of the concentration of the MSO4 (see Section 2.1 Chapter 2).
For sparingly soluble compounds, such a measurement is

clearly very difficult. There is, however, a small database of
common ion solubility measurements in NasSO4 available for

PbSO4. From this database it is possible to estimate the
interaction parameters of Pb2+ and SO42-. In addition to the
ﬁresent study, there is a collection of solubility data available
for PbS0O4-H2S04-H20O from which Pb2+- HSQ4" interaction
parameters may be estimated to a degree capabie of providing
an adequate predictive model of the solubilty of PbSO4 in
suffuric acid up to 6m-the highest sulfuric acid concentration
recommended by Pitzer et al. (58) for the application of their
reported parameters for the sulfuric acid-water system.

The regression model used for the analysis of the
solubility data had the form shown in equation 43.

InKC-Inm Pb-Inm SOy = In ypp +IN 504 (43)

The KO was treated as a parameter of the model in the
regression analysis which was performed. The Pitzer
expressions, as formutated by Harvie et al. (23) and as
presented in chapter 2 of this document, were substituted for

the individual ion activity terms in equation (43). Following
the analysis of the data for BaSO4 in NapSO4 presented by
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Monnin et al.(59), it was decided to omit any consideration of
the mixing parameters P and ¢. It was felt that these would

contribute very little to the calculations.

The temperature dependent expressions for the  Pitzer
parameters, p(0), p(1}and C9, for the NapSO4 system given by De
Lima and Pitzer (60) and Rogers and Pitzer (61) were used. In
addition, the parameterization of the sulfuric acid system as
presented by Reardon and Beckie {62) was accepted, including
their temperature dependent expressions for the values of g0,
S04 BOnsos . Blumsos and CPyypusos -

The regression analyses were performed using the non-
linear least squares subroutine "GAUSHAUS" (63), adapted for
use on an |. B. M. microcomputer. The parameter values for
each system were determined by minimizing a weighted least

squares fit to the experimental solubility data. Initially, the
PbSO4 - NapSO4 solubility data were analysed in order to
estimate the Pb2+-S042- interaction parameters. The

resulting values of the Pb2+-S042- parameters were then used
as an initial estimate to carry out the evaluation of the Pb2+-
HSO4- parameters. The HSO4- equilibrium was allowed for in
the computations by estimating the concentrations of HSO4-
and S042-, computing the activity coefficients, then
performing the- -egression analysis in order to estimate the
unknown parametérs. The values so obtained were then used to
refine the estimates of the concentrations of HSO4- and SO42-
and the process repeated untii convergence was attained.
Generally, for the sparingly soluble sulfates, four such
iterations were required for convergence to the third
significant figure in the parameters. In every case the
solubility data for PbSQ4 in water were included in the

regression analysis.
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3.1.3 Modelling of the available literature data for
the solubility of PbSO4 in HSO4 and NapSO4 along
with the experimental data obtained in this research.

The results of the determination of the solubility of
PbSQ4 in sodium sulfate and sulfuric acid are presented in
Tables 2 and 3, together with appropriate statistical indices
of precision. Plots of these experimental solubility data are
shown in Figures 10 and 11 respectively.

The results of the modelling of the experimental data
cbtained in this study are also presented in Figures 10 and
11. The results of the modelling of the remaining literature
data for PbSQ4 in suifuric acid are shown in Figures 12 to

14. The results of the modelling of the literature data for the
solubility of PbSO4 in NapS0O4 at various temperatures is to be
found in Appendix 1 in the form of plots of the solubility.
Values for the ion interaction parameters of Pb2+-S042-
and Pb2+-HSO4- at the different temperatures are presented
in Tables 4 and 5 respectively, along with estimated 95%
confidence intervals (on the basis of a linear approximation to

the model in the neighbourhood of the estimate) for each
parameter.

3.2 Solubility of BaSQ04 in H2SO04 and NazS04 from
0 to 6m at 250C and 600C.

There are two sets of solubility measurements reported
in the literature for BaSQ4 in NagSO4 solutions (63, 64). Both
are in the form of a graph. These data were digitized using a
McMaster developed FORTH program and a Hewlett-Packard
plotter (65). The digitized- data are presented in Table 6. There
is a very small collection of solubility data available in the
literature for BaS04-HoS04-Ho0 (von Weimarn, 66 ; Trenner

and Taylor, 67); the concentration of sulfuric acid used in all
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of these studies, however, far exceeded 6m. There appears to
be no literature data available for the solubility of BaSO4 in

HoSO4 at elevated temperatures.

It became evident from a consideration of Iliterature
values for the solubility of sparingly soluble sulfates in
sulfuric acid that the only analytical methods likely to
succeed in providing reliable data for the solubility of barium
sulfate in sulfuric acid solutions to 6m in concentration would
be either the radio-tracer method or ICP/MS. After careful
consideration of the properties of readily available radio-
isotopes it was decided to use barium-133 as a radio-tracer
for the determination of the solubility of BaSQ4 in HoSO4. The
properties and production of this isotope are described in
Brown and Firestone (68).

3.2.1 Experimental procedure.

- 3.2.1.0 Preparation of mixed BaS04/133-BaS04

crystals

Barium sulfate was labelled with 133-Ba radiotracer by
adding 18.537MBq of 133-Ba (NEN Products/DuPont) to
220.5mg=0.1mg of barium nitrate (Baker Analyzed Reagent)
dissoived in 100mL of distilled, demineralized water filtered
through 0.45um membrane fiters. The BaS04 was then
prepared by the method of precipitation from homogeneous
solution -using the slow hydrolysis of sulfamic acid as the
source. of sulfate-ions { Gordon et al.,, 69). The precipitate was
allowed to ripen for 18h in the mother liquor and was then

_washed by decantation. Non-radioactive specimens of the

fresh and aged precipitate prepared at the same time using
this technique were examined using a scanning electron
microscope in order to ensure that no very small particles
remained in solution. The electron microphotographs are
presented in Figure 15.
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3.2.1.1i Solubility measurements

Aliquots of the labelled BaSO4 in the form of a slurry
were pipetted into clean polypropylene snap-top tubes. The
tubes and contents were centrifuged, the excess supernatant
solution decanted and pairs of the tubes were then placed in
the clips of a Labguake shaker. Finally 3-mL of the appropriate
solvent were pipetted into the tube. The distilled,
demineralized water used for the solubility determination in
the absence of sulfuric acid was deaerated by passing nitrogen
_through it from a cylinder. The solutions were allowed to
shake gently for 5 months at 250C =10C before separation and
counting was performed. The solution was separated from the
precipitate before counting by centrifugation in an Eppendorf
high-speed centrifuge, followed by filtration through 0.2um
Teflon filter media prewetted with methanol. The first 10
drops of the filtrate being rejected. Counting was carried out
using a well-type Na(l)/Tl scintillation counter with a Baird-
Atomic amplifier-analyzer and a Baird-Atomic Scaler type
955-150. The system was tuned to the 133-Ba photo-peak at
355.9keV using an Advance Instruments 08250 dual-trace
oscilloscope to monitor both the photo-peak and the
instrument window. As the half-life of 133-Ba is 10.543a
(68) a careful counting programme was designed and foliowed,
with counting periods of 2 hours for each of the samples.
Blank counts were performed on 2-mL samples of the solvents.
These bianks were counted between samples. The total counts
collected in all cases was greater than 100 000. The long-
term stability of the system was monitored by the counting of
a sealed tube containing a 2-mL sample of 133-Ba of: fixed
concentration. No significant drift in the performance of the
system was detected.

Once the solutions at 250C had been fitered the soivent
was replenished and the tubes placed in a thermostat at 700C
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= 0.20C. The temperature was then reduced to 609C = 0.20C
over a period of 2 days and the solutions were allowed to reach
equilibrium "from above ". During the separation procedure at
600C the syringe and filter holder, wrapped in aluminium foil,
were allowed to attain the temperature of the thermostat
before the filtration was carried out. The centifugation step
was omitted. This cycle of operations was repeated 3 times in
all, with pairs of replicate experiments being performed at
both temperatures.

The sulfate concentration of the dilute solutions of
sulfuric acid was verified by use of high-performance ion
chromatography (H. P I. C. ) using sodium sulfate standard
solutions for calibration.

The specific ‘ activity of the labelled solid was
determined by filtering off the BaSO4 from a sample using a

pre-washed Teflon filter weighed on a Mettler M55
Microgramatic balance. The BaSO4 was dissolved from the

filter into alkaline E. D. T A. with the use of an ultrasonic
cleaner. The mass of the BaSO4 was determined by difference.
A series of quantitative dilutions were made in a 5-mL
volumetric flask, using alkaline E. D. T. A., until the count rate
of a 2-mL aliquot was measurable with acceptable precision.
A 2-mL blank of alkaline E. D. T. A. was also counted. This

determination was performed in triplicate. The results of the
experimental determination of the solubility of BaSO4 in

H2804-Ho0 solutions at 298K are presented in Table 7 and

those at 333K are found in Table 8. In each case 95% B

confidence intervals about the mean results are presented
where replicate measurements are available. These data and °

the resuits of modelling these data are presented in the form

- of graphs in Figures 16 and 17. The Pitzer parameters
-estimated: for the Ba2+-S042- interactions are tabulated in
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Table 9 for the two temperatures, while the parameters for
Ba2+-HSQ4- are summarized in Table 10.

3.2.2 Discussion arising from the experimental
procedures used for determining the solubility of
PbSO4 and BaSO4 in sulfate media.

The procedures followed for determining the solubility
of PbSO4 and BaSOy4 in sulfuric acid and sodium sulfate raise a
number of questions which need to be discussed before leaving
this phase of the research. These will be considered under the
following headings: 3.2.2.i, the effect of labelling on the
solubility of the barium sulfate; 3.2.2.ii, the effect of particle
size on the solubility of substances; 3.2.2.ii, the nature of the
filters used for the radio-labelled material.

3.2.2.i The effect of labelling on the solubility of
the barium sulfate.

A series of papers (70) has been published in which it is
contended that radioactive isotopes, incorporated at normal
tracer levels into various systems involving measurement of
rates of solution, exchange rates, solubilily and sublimation
cause changes in the behaviour being studied. A review of this
work has been published (71). 'In contrast, eviderce on the
solubility of CaSO4 labelled with 45Ca and BaSO4 labeiled
with 35S contradicts the findings in (70). The work of
Bovington (72) on 35S labelled PbSO4 and BaSO4 suggested
- that in the case of BaSO4 a 10% increase of solubility over
accepted values for inactive material occurred. The effect
was found to be independent of the specific activity. The
enhancement of the 'solubility was attributed to radiation
damage. In a careful investigation, Berdonosov (73) found that
in the case of cerium oxalate-if allowance for adsorption and
colloid formation was made-the radiochemical method of

(
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determining solubility gave results which agreed with those
obtained using other methods. He found that the specific
aciivity of the samples used did not have an effect on the
solubility values determined. In the paper due to Bovington
(72), the enhanced solubility of radicactive BaSQ4 is ascribed
to the production of minute surface crystallites which
probably arise as a result of self-irradiation damage in the
crystals. This damage is produced by the B- particles of 395§,
a proportion of which have energy in excess of the 0.1MeV
required to directly transfer sufficient energy to an atomic
nucleus to result in an atomic displacement (74). The
situation with respect to enhancement of solubility due to
radio-labelling would thus appear to be open to debate. If such
an effect occurs it appears to be: (i) mainly exhibited by very
sparingly soluble substances, and (jii) due to radiation damage
which is probably caused by displacement of atoms. The most
effective particles in bringing about such displacements are
"heavy particles" (e. g. protons, a-particles or fast neutrons).
Direct displacement is much less likely in the case of
irradiation by X-rays (74).

In conclusion, the study carried out in this research
using radio-tracer labelling utilized a relatively low level of
specific activity (approximately 2.39 mCi/g BaSO4 as
compared to the 30mCi/g used by Bovington) with a much
higher level of efficiency for the detector system. And an X-
ray emitter (133-Ba) which appears unlikely to cause atomic
displacements was used. The inclusion of pure water as a
solvent was intended to act as a ‘"quality control® on the
determination of the solubility. The mean value of the
solubility of BaSO4 in pure water at 250C determined in this

study, 9.88x10-6:0.9x10-6 mol/kg, compares favourably with
that given by Nancollas and Purdie, 1.040x10-5M (75).

I\
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3.2.2.1i The effect of particle size on the solubility
of substances.

Many reported data for the solubility of sparingly soluble
substances exhibit a wide variability in results at any
particular temperature. For example the solubility of
celestite in both water and solutions of NaCl-HoO (76)
exhibits such variation. The variability has been attributed to
two major factors. The first is the well-documented effect of
particle size on solubility. This has been extensively studied
by Enustun and Turkevich (77) for the case of celestite. These
researchers found, in a series of experiments using material of
varying particle size distributions, that the smallest-sized
particles present appeared to control the solubility. They
reported the following expression relating the observed
solubility enhancement to the minimum particle size present.

loga/a, = 1.6/x (44)

where a is the observed activity of the solid phase; a,is the
activity of the pure solid in macrocrystalline form; and x is
the minimum particle size in nanometers. Use of this
equation, in conjunction with a knowledge of the analytical
uncertainty associated with the technique being used for the
measurement of the solubility, enables an estimate to be made
of the detectable enhancement in the solubility which would
occur if a material were present of a given particle size.
Typical particle sizes likely to give rise to significant
enhancement of solubility would be approximately 0.4um or
less in diameter. The scanning electron microphotographs
which are presented in Figure 15 give no indication of the
presence of individual particles of this magnitude for the
barium sulfate grown using the technique of precipitation from

homogeneous solution (69). In addition, the mixing process for
BaSO4 with the sulfuric acid solutions was deliberately
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carried out in such 2 manner as to avoid crushing or breaking
the crystals - processes which appear likely to produce
fragments of a very small size.

The second factor which has been postulated to account
for the variability in the published data for celestite relates
to the susceptibility of this material to surface poisoning. A
detailed study of this phenomenon was carried out by Campbell
and Nancollas (78). They identified the source of this surface
poisoning effect as the de-ionized water used in the
experiments. When double-distiled water was used, all
inhibitory effects on dissolution and precipitation were
removed. For this reason, all water used in the experiments
carried out in this research, including that used to prepare the
solutions of NapoS04 or HoSO4 was distilled, demineralized,
filtered water of the highest obtainable quality with a
measured conductance of less than 1.8 uS/cm. In the case of
the solubility measurements in pure water, the water was de-
aerated by use of dry nitrogen from a cylinder in order to avoid
the presence of any carbonate formation due to dissolved COg.
The polypropylene tubes used for the solubility determinations
were all washed with H.PL.C. grade methanol before use in
order to remove any manufacturing residues likely to be
present.

3.2.2.iii The nature of the tilters used for the radio-
labelled materiat.

The effect of adsorption and colloid formation on the
measured values of the solubility of sparingly soluble
substances has been discussed in the literature (79). In the
case of the determination of the sciubility of RaSO4 , for
example, ignoring the adsorptive losses to the filter led to
very low results {80, 81). It was found during the research
described in this thesis that losses of activity of radio-
labelled solutions to filters can be substantial. For example,
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adsorption on cellulose acetate filters caused the loss of
virtuaily all the activity of even highly active solutions of
133-Ba in water. Teflon filter media have been found to cause
no loss of activity due to adsorption. Data to support these
statements are available and are given in Appendix |.
Consequently, during the course of this research all filtration
was carried out using 0.2um Teflon fiiter media pre-wetted
with H.PL.C. grade methanol.

The possible presence of extremely small particles was
investigated by filtering duplicate specimens of unlabelled
BaSQ4, gently shaken for 2 weeks in 0.1M and 1.0M HoSOa
solutions at 250C, through 0.1um polycarbonate and 0.2pm
Teflon membrane filter media, then subjecting these to
analysis by ICP/MS in order to investigate the possibility of
very small particles of BaSO,4 passing through the pores of the
tilters. No statistically significant difference in the
concentration of the solutions filtered through these different
media was found. it was concluded that no very small
particles were present in the filtered solutions that could lead
to artificially high values for the solubility. This confirms the
information with respect to the particle sizes given by the
electron microphotographs in Figure 15.

3.3 Results of modelling the available literature
data for the solubility of RaSO4 in HoSO4 at 298K and

the prediction of the solubility at 333K.

There is a single set of data available on the solubility
of RaS04 in sulfuric acid (Lind et al. 80). The studies of

Nikitin and Tolmatscheff (81) provided data on the solubility
of RaSO4 in aqueous solutions at 200C. They measured the

solubility at 200C in water (5 determinations) and in Nao S04

solutions (3 determinations). As noted in Seidel (59) the
solubility data for water given by Lind et al. is 1870 times too
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low compared to that given by Nikitin. In their paper, Lind et
al. state that the filters used in their investigations were 1
inch of closely packed cotton, or asbestos fibre for solutions
containing more than 45% sulfuric acid. It would appear likely
that the data obtained from the studies in water-and perhaps
in low concentrations of sulfuric acid as solvent-are too low.
This is almost certainly due to adsorption losses to the
filters. It should also be noted here that the solubility data for
RaSO4 in HoSO4 given in Seidel is quoted as "g/25cc” but in
the original paper of Lind et al. the data are in "g/cc”. It would
appear that there is an error in the data reported by Seidel.
The experimental data selected from those reported by
Nikitin and Lind and the results of our modeling of them are
shown in Figure 18. The parameters which appear to give a
reasonable fit to the data are presented in Tables 11 andi2.
Based on these parameters and the estimated temperature

dependence of Pitzer parameters for 2:2 sulfates tabulated in
(24) we estimated values for the parameters for RaSO4 at

350C, 450C and 600C. The log Kgp in each case was calculated

from the equation given by Langmuir and Reise (17). The
values of these estimates are also presented in Tables 11 and
12, without confidence intervals, while Figures 19, 20 and
21 show the predicted solubility of RaSOg4 in HoSO4 at 350C,
450C and 600C. The paper of Lind et al contains two
measurements of the solubility of RaSO4 in sulfuric acid at
350C and one measurement of the solubility at 450C. These
data permit a limited comparison to be made of the predicted
solubility at 350C, 450C and 600C with experimental data. As
shown in Figure 19 the agreement between observed and
pradicted solubility appears reasonable for the higher
concentration of sulfuric acid at 350C. The datum at low
concentration of sulfuric acid is significantly different from
the predicted value. As the experimental value appears to be
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low with respect to the predicted value, a plausible
explanation of the difference would be adsorption losses to the
filters. Of course with such a limited database, this
explanation is purely speculative. At 450C the single datum
agrees well with the predicted value, as seen in Figure 20.
The agreement obtained at 350C and 450C suggests that the
predicted solubility at 600C, shown in Figure 21, is probably
reasonable.

Conclusion
The objectives originally defined for this phase of the

" research would appear to have been achieved: the solubility of

PbSO4 in NapSO4 and HoSO4 at 600C has been determined; the
solubility of BaSO4 in HoSO4 at 250C and 600C has been
determined. These data have been modelled using the Pitzer
formalism and parameters derived from them. Parameters for
Ra2+-5042- and Ra?+-HSOg4- interactions have been
estimated.

For the PbSO4 solubility the derived Pitzer parameters
appear to give a good fit to the solubility of PbSO4 in both
Nao2SO4 and H2S04. Confirmatory tests carried out using the
modelling program PHRQPITZ give good agreement with the
experimental data for NapSO4 at 250C using our derived
parameters, even though, as pointed out by Prof. Reardon
(private  communication) the value for B2 is greater in
magnitude than those found for other 2:2 sulfates. The
position for the BaSO4 is not quite so clear. The data provided
by Leiser (63) and by Felmy et al. (64) require that the
interaction parameters estimated for the Ba2+-S042-
mteraotlons be large and negative. Such parameters have, in

N
@t//ggen reported by Monnin et al. (59) as a result of the

regression analysis of the BaS04-NasS04 data of Leiser and of
the SrS04-NasSO04 data of the same author. However a
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comparison of these Ba2+-S042- parameters with those

available in the literature for other 2:2 sulfates indicates that
such values are clearly anomalous. This is demonstrated in
Table 13, kindly provided by Professor Reardon (private
communication). Regression analysis of the data obtained in
sulfuric acid at 250C in this research appears to yield
parameters similar to those of other 2:2 sulfates, if regressed
without use of the Ba2+-S042- parameters derived from
solubility data in NapSO4. This, of course, creates the

difficulty of a lack of data, generated external to the present
investigation, for purposes of comparison,. It has been pointed
out (Monnin, 58) that the binary parameters for slightly
soluble salts are of limited influence. He points out that
setting the Bpaso4 parameters to zero is a very satisfactory
approximation. ,

iy

)



TABLE 1 Data available for the solubility of PbSOg4 in

solutions of HoSO4 and NaoS0O41

SYSTEM

HoSO4 -HaO
HpSO4 -HsO
HoS04 -HoO
HoS04 -HoO
Ho804 -HoO
NagS04 -HoO
NasSQ4 -HoO
NapS04 -HoO
NapS0O4 -HoO

Tin addition, Seidel (57) lists a number of other sources containing a small

TEMPERATURE (K)

273
293
298
298
333
288
303
298
333

REFERENCE

Craig & Vinal (53)
Danel & Plichon (54)
Craig & Vinal (53)
Kolthoff et al (55)
This study
Huybrechts et al (56)
Huybrechts et al (56)
Kolthoff et al (55}
This study |

(7

amount of data of variable quality. These were not used in this study.

O
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Table 2 Measured solubilities of lead sulfate in sodium
sulfate solutions at 600C

[NanS0O4] mol/kg [Pb] mol/kg 95% Confidence

Interval
(3 replicates)

1.00 x 104 1.06 x 104 +1.2 x 10-9
1.00 x 10-3 2.72x 10-5 | =27 x 10-6
1.00 x 10-2 282 x 10-5 = 96 x 10°7
2,00 x 10-2 3.02 x 105
400 x 10-2 3.05 x 10-9
8.00 x 10-2 3.06 x 10°5
1.00 x 10-1 3.12 x 103 = 28 x 10-6
2.00 x 10-1 3.32 x 10°5
3.50 x 10-1 447 x 105
5.00 x 10°1 554 x 10°5
1.00 9.05 x 105 =12 x 10°9
1.50 1.14 x 104

Note: Replicate experiments were only carfed out at the solution
concentrations shown . The values in Table2 represent mean values for these
cases.
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Table 3 Measured solubilities of lead sulfate in sulfuric acid
solutions at 600C

[HoSO4]1 mol/kg [Pb] mol/kg 95% Confidence

Interval
(3 replicates)

0 (water) 1.42 X 10-4

1.00 x10-4 1.23 x 104 +5x 106
1.00 x 10-3 3.10x 105 =7 x10-6
1.00 x 10-2 241 x 10-5 + 4x10°7
2.00 x 10°2 227 x 10°5 o

400 x 10-2 276 x 10-5

5.00 x 10-2 274 x 10-5

7.90 x 10-2 293 x 10°5

447 x 10-1 3.64 x 10°9

8.90 x 10-1 386 x 10-9

1.84 400 x 10°S

2.89 310 x 10-S

3.95 222 x 10°9

6.19 8.25 x 10°6

Note: Replicate exherirnents were only carried out at the solution
concentrations shown. The values in Table 3 represent mean values for these
cases. Flg. 10(a) shows all the experimental points.

[}
i
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Table 4 lon interaction parameters for Pb2+-SQ,2-

TOK po p1 B2 95% Confidence
Interval on:

BO B‘I ‘32

273 0.0377 3..806 -97 +0.088 055 7
293 0.3424 1.608 -122 +0.346 2,26 24
298 0.1118 4.477 -119 +0.145 £0.84 7

333 2.009 51E-05 -170 +2.00 +16 156

Note: The fitting of the B0 and 8! parameters led to
considerable apparent temperature variation. Following a
review of the initial parameter set by Prof. C. Monnin, and
discussion with Prof. E. J. Reardon the decision was made to
constrain these parameters. This practice is common, as
experience has shown that the values of these parameters do
not exhibit a large temperature dependency over such small
temperature intervals. This was also done for the Pb2+-HSO4-
parameters. The values selected were those found from the_ ...
regression analysis of the 250C data of Craig and Vinal.
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Table 5 lon interaction parameters for Pb2+-HSO,-

TOK po p1 Value of pKgp

273 0.1886 = 0.05 1.721 £ 0.5 7.975 £ 0.02
293 0.1805 + 0.09 2.105 +1 7.734  0.04
298 0.2568 + 0.03 1.617 £0.3 7.754 + 0.01
333 0.2536 + 0.2 2783 x 2 7.768 + 0.04

The electrostatic coefficient for Iead-hydrogen‘ was found to
be approximately 0 when estimated by regression.
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Table 6 Solubility of barium sulfate in sodium sulfate
at 200C1.2

[NasS0,4] mol/kg 1 [Ba] mol/kg [NapS041 molikg 2 [Ba] mol/kg
51 x 104 49 x 10-7 545 x 10-4 153 x 10°7
1.0 x 10-3 3.4x 10-7 879 x 10-4 1.20 x 10-7
2.1 x 10-3 22 x 10-7 1.18 x 10-3 973 x 10-8
54 x 10-3 1.4 x 10°7 2.00 x 10-3 6.70 x 10-8
1.1 x 10-2 9.5 x 10-8 3.145 x 103 5.41 x 10°8
22 .x 10-2 72 x 10-8 394 x 1008 511 x 10°8
55 x 10-2 5.0 x 10°8 494 x 1003 367 x 10°8
11 x10-1 42 x 108 6.15 x 1003 367 x 10-8
23 x 10-1 29 x 10-8 718 x 10-3 574 x 10-8
0.56 2.3 x 10-8 794 x 103 5.43 x 108
0.91 21 x 108 8.00 x 103 479 x 10-8
1.1 : 1.9 x 10-8 8.06 x 1003  4.15 x.10"8

1These data were presented in the form of a graph (Lieser, 1965) from which
these values were obtained by digitizing the graph. The work of Mannin et al.
has called these data into question. -

2 Taken from Felmy et al. (64). These data were obtained from the graph
presented in their paper.

e
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Table 7 Measured solubilities of barium sulfate in sulfuric

acid solutions at 250C

[HoSO4] mol/kg

0 (water)
3.00 x10-4
1.00 x 10-3
3.00 x 10-3
7.92 x 10-2
450 x 10-1
8.90 x 10-1
1.84

2.89

3.95

6.19

[Ba] mol/kg

9.88 x10-6
4.80 x10-7
2.14 x 10-7
1.32 x 10-7
9.20 x 10-8
8.86 x 10-8
9. 57 x 10-8
1.13 x 10-7
1.14 x 10-7
1.11 x 10-7
1.28 x 10-7

85% Confidence

Interval
(3 replicates)

+ 9x 10-7

+9x10-10
+2x 109
+2x 10-9
+6 x 10-9
+5x 109
+2x 109
+7x10°9

Note: The values at 7.92 x 10-2m and 8.90 x 10-1m were checked in a
separate experiment using ICP/MS and non-radioactive BaSO4. The values

obtained for these data were 7.65 x 10-8m and 1.29 x 10°7m for a single

determination, respectively.
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Solubility of barium sulfate in sulfuric acid at

[HoSO4] mol/kg

0 (water)
1.00 x 10-3
3.00 x 10-3
7.92 x 10-2
450 x 10-1
8.90 x 10-1
1.84

2.89

3.95

6.19

[Ba] mol/kg

1.56 x 10-5
5.64 x 10°7
3.84 x 107
3.33 x 10-7
355 x 10°7
4.87 x 10-7
5.21 x 10-7
7.25 x 10-7
8.25 x 10-7
7.67 x 10°7

95% Confidence
Interval

{based on # of replicates
shown in parentheses)

+1 x10°6 (6)
+2 x10°9 (3)

+2x10-8 (4)
+5x 108 (3)
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Table 9 lon interaction parameters for Ba2+-SO42'

TOK po B 1 g2 95% Confidence
Interval

on BO B'l ﬁ2

293 -1.00 6.60 -154.3 5.0
(data from Lieser in NapSQy)

293 -1.00 +12.6 -153.4 (Parameters taken from Monnin, 58)

298 0.000 4181 -157.9 +1.8 +12 +93
333 0.000 6.955 -156.5 +1.8 +12 +80
’ (This study)
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Table 10 lon interaction parameters for Ba2+-HSO4

TOK po p Value of pKgp
298 0.0412 £ 04 22835 9.980 + 0.02
333 0.0420 £ 0.1 2696 £ 2 9.718 + 0.04

The electrostatic coefficient for barium-hydrogen was found-
to be approximately 0.100 when estimated by regression.

='c' fr

¢l
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Table 11  lon interaction parameters for Ra2+-SQ,2-

TO K B o B 1 B2

298 0.0000 4.115 -156 61

308 0.0000 4.115 161 (predicted)
318 0.0000 4.115 -166 (predicted)
333 0.0000 4.115 174  (predicted)

95% confidence intervals are not quoted as: (i) The very
small amount of data (8 values) produced very wide confidence
intervals for the 6 parameters regressed. (i) At 350C, 450C
and 600C the parameters were not obtained by regression, but

were estimated using the temperature coefficients of
variation for the parameters of CaSQOy in place of those for

RaS0O4. As was found in the case of barium sulfate, many of
the parameters may be set equal to zero.
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Table 12 lon interaction parameters for Ra2+-HSO,-

TOK po p1? Value of pKgp
298 0.2240 1.460 10.408(regressed)
308 0.2240 1.460 9.9618

318 0.2240 1.460 9.8610

333 0.2240 1.460 : 9.6512

The electrostatic coefficient for radium-hydrogen was set at
0.100 by analogy with barium-hydrogen.

95% confidence intervals are not quoted as: (i) The very small
amount of data (8 values) at 250C produced very wide
confidence intervals for the parameters. (i) At 350C ,450C
and 600C the parameters were not obtained by regression, but

were estimated using the temperature coefficients of
variation for the parameters of CaSOy4 in place of those for
RaSO4.
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Table 13 Comparison of parameters for 2:2 sulfates

Compound po g1 B2
CaSOy4 0.200 3.1973 -52.24
MgSOg4 0.2210 3.3430 -37.23
FeSO4 0.2568 3.0630 -42.00
MnSO4 0.2130 2.9380 -41.91
Srs04 0.2000 3.1973 -78.00
NiSO4 0.1594 2.9260 -42.76
ZnS0y4 0.1949 2.8830 - -32.81
CoSO4 0.2000 2.7000 -30.71
CuSO4 0.2340 2.5270 -48.33
BaSOy4 -1.0 6.6 -154.0 « ©

Note: These data were supplied by courtesy of Prof. E. J.
Reardon. The parameters for BaSO4 reported are essentially

the same as those of Monnin et al.

I
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Figure 9 Comparison of the data for the solubility of PbSO4
in HoSO4 at 298K by Crockford et ai.(50), with the data of

Danel and Plichon (54) at 293K. At low concentrations, 1mol/L
is approximately 1mol/kg, for purposes of comparison.
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Figure 10 Comparison of experimental solubility (+) and

fitted values (solid line), using the Pitzer model, for
NanS04 at 333K.

PbSO4 in
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Figure 11 Comparison of experimental solubility (+) and
fitted values (solid line), using the Pitzer model, for PbSO04 in

MpSO4 at 333K.
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Figure 12 Comparison of éxperimental solubitity (+), taken
from 53) and fitted values (solid line), using the Pitzer model,
for PbSQg4 in HoSO4 at 273K.
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Figure 13 Comparison of experimental solubility {+) and
fitted values (solid line), using the Pitzer model, for PbSO4 in

HpSO4 at 293K.
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Figure 14 Comparison of experimental solubility (+) and
fitted values (solid line), using the Pitzer model, for PbSQO4 in

HoSO4 at 298K.
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Figure 15 _ Scanmng electron micro-photographs of BaS04 .
Specimen A is a{ dshly prepared specimen while specimen B
was "aged" in the mother liquor for 18 hours prior to the
photography. The bar = 10um in length.
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Figure 16 Comparison of experimental solubility (+} and
fitted values (solid line), using the Pitzer model, for BaSO4 in
HoSO4 at 288K '
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Figure 17 Comparison of experimental solubility (+) and

fitted values (solid line), using the Pitzer model, for
HoS04 at 333K

()

BaS0Og4 in

0



L3

S

. 3
‘DIDp [DjudwijJedxy + . - ‘SONIDA PRIl ——
By /jow [poszH]

9 L4 [4 0

1 1 1 1 L I 19—
+ e +~ §°9-
- ¥'g—

£'9—
9~
- 1'9~—
L g—

- '~
. /G~
- 9'G—
. g'g—
- g
- £'g~
- Z'G—
. L'g—

4= 69—

| *. 8y~
. Lt

MEEE P ¥OSTH Y] yOSOE Jo Ajgnios
_umﬁc 7 |pjuswiiadxs Jo comcanoo

.~

T

A

‘S /10w [pogog] Boj

.
==

AN
D



86

Figure 18 Comparison of experimental solubility (+) and
fitted values (solid line), using the Pitzer model, for FlaSO\4 in

HoSO4 at 298K.
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Figure 19 Predicted solubility (solid line) for RaSO4 in
Ha8S04-HoO solutions at 308K. The only available experimental
data (+) are shown at 0.005M and 3.02M; taken from (76).
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Figure 20 Predicted solubility (solid line) for RaSO4 in
HoSO4-H2O solutions at 318K. The only available experimental

datum (+) is shown at 3.02M; taken from (76).
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Figure 21 Predicted solubility (solid line) for RaSOg4 in
H2S04-H20 solutions at 333K. No experimental data are known

to exist.
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Chapter 4
Kinetics of the exchange process at the f.-:ces of large
single crystals of barium sulfate and lead sulfate.

4.1 Introduction

Mass transport at the solid-liquid interface and, in
particular at the solid-aqueous electrolyte interface, is an
important consideration during studies on crystal growth and
dissolution. Under such circumstances a driving force is
present which results in a net transport of material toward or
away from the crystal. During growth or dissolution, attention
is focussed on the dependence of the net transport on factors
such as super- or undersaturation, temperature and interfacial
properties. In performing investigations on growth or
dissoiution, however, it must be kept in mind that the net
transport is the result of oppositely directed fluxes of
materlal . These fluxes provide for the  attainment of the
dynarnlc state between crystal and solution at equilibrium.
- Transport kinetics in systems at equilibrium have been
the subject of many experimental studies in  which
radiotracers were used to follow the transport of material in
one or both of the subsystems -the solution or the crystal. The
results published in the period 1915-1949 are summarized in a
monograph by Myers and Prestwood (82). In many cases
reported in the literature, isotope exchange which occurred
simultaneously with the transport of some macrocomponent

90
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was studied rather than pure isotope exchange. In the majority
of experimental studies, equilibriation, with respect to the
macrocomponent, was neglected.

4.2 Kinetics of isotope exchange llmuted by the rate
of surface reactions

When the rate of isotope exchange is limited only by the
rate of reaction | shown below, the rate of isotope exchange
equals the rate of the reaction.

A:+As———=Ah+A: I

In this scheme, A and A* denote the exchangeable
species, b denotes the bulk solution and s the solid phase.
The net rate of reaction | is defined by equation 45.

dCc.,*
Ag

- L - *
o _k(cAb cAg cAbcAS) (45)

The results of the integration of Equation 45 under the
boundary conditions of material balance and the initial
condition (namely, the whole of the radioactivity is in the
solution at the initial moment) are shown as equation 46 and
equation 47.

In(1-F) = -k(c o + (0 V)ep )t (46)

In(1-F) =-Rpmt (Qy + Qg)/ (QQy) (47) |
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The symbols arm defined in the symbol table. The Iatter
is known as the "McKay equation" (83) and is often applied to
the interpretation of experimental results.

When the exchangeable ions in the system under study
are present only in the solution and on a solid surface that is
easily accessible (e. g. a non-porous solid), reaction | is the
oniy process limiting the rate of isotope exchange.

Surprisingly, for many real systems a linear dependence of

in{1-F) on t is observed. The value of Ry in eq. (47) may then
be easily evaluated from such a dependence with no regard for
the mechanism of the isotope exchange in the system studied.
Therefore, such a formal equation has been used even for those
systems in which the rate of isotope exchange is controlled by
diffusion (84). Strictly, it is not applicable in such situations.

The McKay equation may be applied only to the systems in
which the dependence of In (1-F) on t is rectilinear. A
curvilinear dependence is -obtained when the heterogeneous
isotope eiéhange is described by more than a single surface
reaction. Some examples of such systems are given below
(85). Note that in these schemes a shortened form of each

reaction is used. For example, reaction | is written as:

b /= s : i
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In the solid, some layers may be identified which undergo
exchange reactions with neighbouring layers; for example, thé
first !ayerzl with the second one and with the solution. In such
a syé/té:m. the process of isotope exchange is described by the

reactions shown in Ill.

Ks1 X ksZ X ksn
be——— s —/———— s2... Sh-1 — ®n i

Here s;j denotes the consecutive layers of the solid with
i=1,2....... ., N. There are solutions to rate equations reported in
the literature (86) corresponding to the reaction sequence |l
which may be transformed in order to describe surface
reactions with isotope exchange.

On the other hand, one may assume that there are some
kinds of surface sites with different rate constants of
reaction | type, such as that shown in scheme IV, where the
exchangeable ions are sorbed on the solid surface: or as in
scheme V where the exchangeable ions are built into the
crystalline lattice of the solid.
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One may also assume some more complex models of
isotope exchange in the systems comprising a solid and an
interacting solution. Some possible schemes are illustrated in
VI to VIlI. For example:

(8) A gradual exchange with a uniform adsorption layer, as
shown schematically in VI.

{b) A -gradual exchange with non-uniform both 'a' and 's' phases,
as in VIl

(c) Parallel exchange with 'a' and 's' phases, shown in VIIL

b \ a < -3 i=1,2,..... N . VI -

b g &1 = S, i=1,2,.....,n VI

v

]
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b ' ' VI

Some similar schemes for small values of m and n  were
considered by Campbell and O'Connor (87). For each scheme the
rate equation shown in eguation: 48 was obtained.

m+n -rit

1-F= ¥ hje (48)

In equation 48 rj and h; are, respectively, coefficients
dependent on the amounts and concentrations of
macrocomponent in the appropriate states and the rate
constants describing the isotope exchange among these states.

With the aid of tracer kinetics, the tracer experiments
may lead to a description of the exchange in terms of sub-
systems or ‘compartments" and measurements of transport
rates between these compartments. The term compartment has
also been used in a more physical sense in the description of
the crystai/solution interface, namely as a region with a
specific environment for the building unit{s) (e.g. ions or
molecules) of the crystal. For instance, the Gouy-Chapman
layer, the Stern layer, the outer crystal layer and the inner
(bulk) crystal might be considered as such compartments. Also,
the different positions (surface, step and kink) for building
units at a crystal interface (see Figure 22), often used in

W
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describing crystal growth processes, may be thought to
constitute different compartments.

Different possible routes for transport from the solution
to surface, step or kink sites are shown in Figure 23. The
compartments are distinguished by the different numbers of
building units which they contain and by their specific bonding
for the building units. Thus, each will have a distinct exchange
rate and residence time.

The growth units may diffuse (very slowly) from their
position at the interface to inner crystal layers or, more
likely, they may be buried. These layers can also be included in
the compartment models and will constitute a fifth
compartment. Whether a compartment really becomes
important in an experiment depends on the magnitude of the
'Féxchange rate constants and on the amount of material in each
compartment (the compartmentsize). The exchange rates may
be influenced by various factors such as the crystallographic
structure of the outer solid layer, the surface morphology and
the presence of impurities which can be preferentially
adsorbed at the interface.

The aim of this phase of the study is to gain a more
detailed insight into the transport of ions implicated in the
Hileman-Snodgrass model. These include the BaSO4/aqueous
solution and PbSO4/aqueous solution systems. The elaboration

of the data acquired by these experiments will be divided into
two stages, namely the description of the tracer-system
interrelations and the interpretation of the system behaviour

in terms of the elementary transport processes at the
molecular level.

4.3 Experimental Procedure
The experimental procedure followed was similar for all

the experiments. The description will be given for the case of
BaSO4. Large natural crystals of BaSO4 were obtained from
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Wards Scientific. BaSQ4 crystals of typical size 10 x10 x
5mm were cleaved from the specimens described. The
crystallographic orientation of the faces ({001} and {110}) was
determined by comparison with diagrams of cleavage
~ specimens in a mineralogical text (88). Some of the fragments
of the natural crystal were ground in an agate mortar and then
used to prepare a saturated solution of BaSQ4 in distilled
demineralized filtered water.

After equilibration at 250C for one week the
solid/solution mixture was separated by filtration through a
0.2um Teflon filter. The crystal was then added to this liquid
contained in a screw-top polypropylene vial. This was sealed
and, after two weeks of equilibration time, 20uL of an aqueous
solution of 133BaCly was added. The crystal was taken out of
the solution at intervals ranging from 1 minute at the start of
the experiment to several days at the end. The liquid clinging
to the crystal was removed by washing once with distilled
demineralized water and twice with H. P L. C. grade methanol.

The activity present at each of the two faces  was
determined by means of a thin-end window Geiger-Muller tube
and scaler, counting in a fixed geometry. A total of 10,000
counts was collected for each stage of the experiment. In order
to avoid the inclusion of the edges of the crystal in the
counting, a thick lead diaphragm with a small hole bored in it
was used to restrict counting to the central region of each
facs. In order to avoid . the presence of activity on a face
. opposite to that under study contributing to the total count

rate, the face opposite to each experimental face was coated};’f '

with paraffin wax before: the activiy was added’
Exchange experiments were carried out, using 133Ba2+, on:

() Two different crystallographic faces of BaSO4 at 250C in
order to investigate the effect (if any) of crystailographic
orientation on the attainment of equilibrium.

T -
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(i) the {001} face of BaSO4 at 600C.
(iii) the {001} face of BaSQO4 in the presence of two different
low concentrations of Pb2+,
(iv) the {001} face of PbSQ4 using 210Pb.
Sorption experiments were carried out on:
(v) 210Pp2+ on the {001} face of BaSO4 .

In the case of PbSQ4 the radio-tracer used was 210-Pb
(Amersham). For the 210Pb exchange and sorption experiments
care was taken to ensure that the radio-tracer was in
radioactive equilibrium with its 210po daughter when
counting was carried out.

Once the data indicated that equilibrium had been
attained, the crystals were placed in “cold" solutions of their
ions. The re-exchange process was examined qualitatively by
counting the crystal faces after a period equal to the time
required for the initial equilibration. ‘

The surface area of each of the faces was then
calculated after measuring the length of the edges of each
crystal using a Bausch and Lomb magnifying eyepiece with a
scale divided into 1/100mm intervals. Interfacial angles for
the crystals, required in order to complete the calculations of
the facial areas, were measured with a protractor scale using
the same eyepiece.

4.4 i Experimental results and data analysis.

The large natural crystals of BaSO4 used for the
exchange studies were subjected to neutron activation
analysis (kindly performed by Mr. A. Kabir of the McMaster
Nuclear Reactor).” It was found that the principal impurities
were Sn, Sr and K. The concentrations were not determined in
this study. Tests carried out separately from the exchange
studies assured the author that the use of a coating of paraffin
wax was an effective method of avoiding the presence of
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activity at faces of the crystal other than those wunder
investigation.

Qualitatively, it was found that for all crystals used for
the investigations, the re-exchange experiments allowed about
30% of the activity to remain in the crystals. It appears
unlikely that this can be explained by diffusion in the solids,
due to the extremely slow rate of solid diffusion at low
temperatures. A more likely explanation for this residual
activity may be found in a burial process during the course of
the exchange. It was found that the crystallographic nature of
the face undergoing exchange affected the rate of approach to
equilibrium. However the final specific activity of the crystal
faces was the same.

The exchange reaction of the system barium
sulfate/barium ions (among others) was studied by Lieser et
al. (97). They reported that the surface mass reaction was the
rate determining step in this reaction. Their results also
indicated that the activation energy was greatly influenced by
the pretreatment of the crystals.

The initial presentation of the quantitative results for
the exchange experiments for 133Ba2+/BaSO4 and
210Pb2+/PbS04 is in the form of a McKay plot or plot of In (1-
F) as a function of time, where the exchange fraction, F is
defined as:

F = A{t)-A(0)/A(=)-A(0) “ (49)

where: A(0) is the initial activity of the crystal face; A(t) is
the activity at some instant, t and A(x) is the final
equiliorium value attained. . -

The exchange fraction is a measure of the progress of the
surface reaction. These plots are shown in Figures 24-30.



(¢}

100

The linear or curvilinear nature of these plots indicates
whether the heterogeneous isotope exchange is described by
more than a single surface reaction. When the exchange was
believed to be described by more than a single surface
reaction, subsequent analysis was carried out by fitting the
model described by equation 48. Since this mode! is non-linear
in the parameters, the technique of non-linear regression was
used. The approach used was to minimize the residual sum of
squares between the mode! described in equation (48) and the
experimental data. The adequacy of the fit was initially
assessed by a plot of the fitted values overlaid with the
observed responses. These plots of the fitted values overlaid
with the observed responses are shown in Figures 31 to 36.
The approach used in order to judge the adequacy of the model
follows: terms were added “or removed; the effect on the
residual sum of squares was examined; then, a decision was

" made regarding the necessity of these terms. The use of the

extra sum of squares analysis commended itself to us by
virtue of the fact that it is unatfested by nonlinear parameter-
effects and is thersfore more exact than the t -test in the
nonlinear case, In addition, examination of plots of the
residuals was used, with the criterion of random distribution
of the residuals as a requirement for entertaining a given

model. Such plots of the residuals versus, for example, the

fitted values may reveal outliers or general inadequacy in the

‘fdrm of the expectation function. A plot of the residuals

against the predictor variable (in this case the ionic strength

_or the concentration of the major electrolyte) may identify an

effect due to that variable which has not been accounted for.
The values of the parameters obtained by the regression

ahalyses for these Systems are tabulated in Tables 15, 16 and
17.
¢ Examination of equation 48 shows that the values of the

parameters r; given in that equation are estimates of the rate
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constants for the isotope exchange process between the
states, the compartments. The rate constants are equal to the
fraction of ions which leave a compartment under
consideration each second. The shape of the initial plots of
In(1-F) versus t, or the number of terms in the summation,
equation 47, enables the number of compartments involved in
the exchange process to be identified. For example, if the data
presented in Figure 24 are considered, two distinct portions
can be discerned. This means that three different states or
compartments are probably involved, one of which must be the
saturated solution- (of BaSO4 in this case). The two other
compartments can only correspond to 133Ba2+ ions occupying
different types of site in, or on, the crystal because only the
activity of the bulk crystal was measured. If these two
compartments have no exchange between each other and both

communicate with the much larger central compariment
individually, then the parameters rq and ro correspond to the

rate constants kqy and ko for transport between the central
compartment and the two crystal ones. The residence times,
7, of the appropriate ions in the crystal compartments may
then be calculated from 7=kj-1=rj-1,i=1,2." In Tables 15, 16
and 17 the residence times, v, calculated on the basis of this

assumption, are tabulated for the different crystals, crystal
faces, temperatures and concentrations of co-solute ions.

If we relate the rate constant to the behavior of
individual ions, it may be considered as the jump frequency of
a single ion for some given elementary process. The jump
frequencies for various elementary transport processes will
be calculated from theoretical concepts outlined by Neilsen
(89). The calculated values may then be compared with values
obtained from crystal growth experiments (89) and from the

exchargge experiments performed in this research.

T
&
I
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4.4.ii Calculation of jump frequencies.

As demonstrated by a number of workers (89, 90, 91) it
may be useful to relate the jump frequency, v, to the Gibbs
activation free energy of an elementary transport process,
AGt, by means of Eyring's Transition State Theory: ‘

v =vge” AGH/KT (50)

where vo=kT/h (6.21 x 1012s-1 at 298K).

The jump frequency for diffusion of ions in -the aqueous
solution, vp, is given by equation (51).

vp=D/a2 ' (51)

The symbol "D" represents the diffusion coefficient and
"a" some "unified" molecular diameter; say the diameter of a
water molecule (300pm or 3A). The diffusion coefficient for
Pb2+ and Ba2+ respectively are 1.07 x 10°5 and 1.15 x 10-9
(92,93) at the cation concentration of the appropriate
saturated solution. The calculated diffusion frequency and
equivalent activation free energy are tabulated in Table 18.

The integration frequency vjn for incorporation into a
crystal lattice position at a kink site appears to be related to
the cation dehydration frequency according to equation (52)
taken from .(89).

N

vin = 10°3 vgp (52)

“The calculated integration frequency and the equivalent
activation free energy are tabulated in Table 18. '

The jump frequencies for the transition of ions from the
solution to the adsorption layer at the crystal surface and vice
versa can not be calculated independently, in contrast to the
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jump frequencies of the processes described in the previous
discussion. The adsorption and desorption jump frequencies

can be calculated, however, under the assumption that they are
rate determining. In this case the adsorption frequency vaq is

related to the flux of ions by equation (53).

F=Qvag = Vcg vad = Aacg vag (53)

where: F is the flux of ions as determined from the previous
exchange experiments, A is the area of the crystal in contact
with the solution and the other symbols are defined in the
symbol table. It is presumed that adsorption in one jump is
possible from a layer of.thickness “a" adjacent to the crystal
surface. The desorption frequency may be calculated from the
microscopic equilibrium condition expressed in equation (54).

Cs Vad = Cad Vds (54)

In this equation cyq represents the concentration of
cations in the adsorption layer and vgg the frequency for

desorption of ions from this layer into the solution. The
concentration of cations in the adsorption layer, Cad, follows

from the adsérption equilibrium described in equation (55).
Kad = Cad/ Cs (55)

Kag is the adsorption equilibrium constant. Kag may be
estimated from the jon pair association constant K|, Kag being
200 Kj for 2:2 electrolytes (89). In this work, use will be
made of the fact that the parameter g2, estimated in chapter 3
of this thesis and involved in the modelling of the solubility of
Pb2+ and Ba2+ in sulfate systems, may be related to K| by the

relationship {94) shown in equation (56).
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Kj = -2 B2 (56)

The jump frequency for the detachment of ions from kink
positions to the adsorption layer, vde, may be evaluated from

the microscopic equilibrium at kink sites. This equilibrium is
described by equation (57).

vde Ckink = VinCad (57)
: o
The quantity ckink is the concentration of cations at kink
sites. If this factor ckjnk is written in terms of the fraction,

x, of surface sites of the kink type and the total concentration
of ions in the solid, ¢, then equation (57) is the resuit.

Ckink = X& (58)

The total concentration of ions in the solid, ¢, is 19.2
mol dm-3 for BaSO4 and 20.9 mol dm-3 for PbSO4 . Using
equation (56) and the computed values for vjn and cgg
previously found vdg is found to be given by equation 59.

vde = { vin Cad/ct) x1 (59)

The misorientation of the crystal faces is assumed to be
about 10 (95), resulting in the intraduction of approximateiy
two monomolecular steps per surface area of 100 sites in
square. As at a step, about one kink is found for every five
sites (34), this misorientation of 10 results in a fraction of
kink sites, x, of approximately 1%.

The jump frequency for surface diffusion can not be
calculated independently, as it depends on the frequency for
desorption (89). This is not measurable if the ad- and

desorption processes are not rate determining. it may be
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deduced, however, that surface diffusion is very rapid except
for very soluble substances with a low interfacial energy (89).
Because both PbSO4 and BaSO4 are only slightly soluble and
possess a high interfacial energy, surface diffusion will not be
rate limiting in the present case.

4.4.jii Comparison with data obtained from crystal
growth and exchange experiments.

The experimental rate constants (jump frequencies)
obtained from crystal growth experiments and the exchange
experiments carried out during our studies are compared in
Table 19. From crystal growth experiments on BaSO4 in
aqueous solution a transport rate constant of 1.9 x 105 s-1 has
been reported by Neilsen (89). This rate constant was obtained
by fitting growth data to the parabolic rate law which belongs
to the surface spiral growth mechanism. The results of
crystal growth experiments for the majority of the ionic
crystals growing by a parabolic rate law have been interpreted
by assuming that the rate-determining integration part
consists of the two simultaneous steps: (i) release of a
molecule of water of hydration from a cation and (i) the
diffusion of the cation into the lattice site from a
neighbouring position. Because of the large difference
between the rate constants obtained in the exchange
experiments it is clear that the latter must be attributed to
different processes. The jump frequencies for exchange are to
be correlated with the detachment of ions which must pass a
higher activation barrier than kink ions, as may be concluded
on the basis of the rather high activation energy for the
exchange processes. This would be in agreement with the.
numerical simulations carried out by Gilmer and Bennema in
which it was found that a very low kink density and flat
surfaces: occurred at equilibrium (96).
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In conclusion, it has been demonstrated that equilibrium
{exchange) and non-equilibrium {crystal growth) experiments
yield different information about the interfacial kinetics. The
rate constants which play the key role in crystal growth are
believed to be largely determined by the solute-solvent
interaction (the dehydration of cations), whereas the rate
constants for exchange are perhaps a measure of the activation
energy needed in order to break bonds in the solid phase. There
appear to be at least two different types of bonding for Ba2+
and Pb2+ ions within the crystals or at their surfaces. This
different behaviour of one type of ion could be explained by the
fact that these ions differ in type of bonding at the crystal
surfaces. For example Ba2+ (or Pb2+) in kink- and step-like
positions. Another explanation of the existence of two
differenti compartments for the ions would be that the ions
having the larger rate constants are situated in the first
crystai layer and those having the smaller rate constants
correspond to ions in the bulk of the crystal.

The precision of the counting component of the
experiments was probably better than 1%, due to the total
number of counts collected. [t was found that the positioning
of the crystals being counted was not critical, probably due to
the penetrating nature of the radiations being counted. It is
clear that these data require replication, in order to permit
the precision of the computed values to be evaluated.

4.4 iv Exchange for 133-Ba on BaSO4 at 298K.

The present study has demonstrated that there are at
least two different types of bonding for Ba2+ ijons either
within the crystal or at its surface. Different rate constants
are found for these two types of Ba2+ ions, which if they may
be considered to be resident at sites which are only
communicating with the larger solution compartmeni.
correspond to residence times at 298K of ~ 6x104 and
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~8x109s, respectively. This different behaviour of a single
type of ion may be due to differences in the bonding of the
Ba2+ jons at the crystal surface: for example, Ba2+ in kink-
and step-type positions. lons in the kink sites possess half
the number of bonds of ions inside the crystal and ions in step
positions one bond less. Another plausible explanation of the
existence of two different Compartments for the Ba2+ jons
would be that the ions with the larger rate constants are
situated in the outer crystal layer and those with the smaller
rate constants are to be found in the inner layers of the
crystal.

4.4 v Exchange for the 133-Ba on BaSO4 at 333K

The effect of an increase in the temperature is clear
from inspection of the rate constants shown in Table 15. An
increase in temperature of 350C has increased the rate
constants for the exchange reaction with both sites by a factor
of about 8-10 times. An increase for the rate constant of this
order is reasonable, :based on the very approximate rule of a

doubling in the rate for every 100C increase in temperature.

4.4 vi Exchange for the 133-Ba on BaSO4 at 298K in
the presence of Pb2+ jons,

The influence of the impurity ions, Pb2+, on the exchange
rate is evident from an inspection of the entries for BaS04 at
298K in Table 15 and the same system in the presence of
0.075mM Pb2+, shown in Table 16. The presence of the lead
ions retards the exchange processes appreciably, possibly due
to preferential adsorption at the BaSOg4/soiution interface. In
the case of the 0.75mM Pb2+ the fast exchange process appears
to disappear completely.

g v

PRV A
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Table 14 Literature review of experimental investigations of
isotope exchange

Labelled Proposed
Element Solution Solid Mechanism Reference
Ba Ba2+ BaSOy S, R Lieser et al.  {97)
S S0,42- BaSO,
Sr Sre+ SrS04
cl cl AgCl
Sr Sre+ SIS0, S, R Lieser (98)
Ca CaCly CaCOg

Cag(POs)2

CaS0,4.2H0 R Abdel Salam  (99)
Ca CaClo CaCOg s Huang et al. {100)
Ca CaCly CaCo0y S, D Huang et al. {101)
Ca Ca+ CaC0Og S Moller et al.(102)
Ca ca2+ CaCO3 S Binsma et al.(103)

Key: S=surface reaction; R=recrystallization; D=diffusion in
the solid phase.

Note: Studies involving ion exchange resins have not been
included. These are examined in {104).

i
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note: subscript1 refers to the

slow reaction. -

Table 15  Parameter values ri and residence times 5 for
different  single crystals of BaS04 under equilibrium
conditions with respect to the macro-component..
Crystal(face) BaS04(001) BaS04(110) BaS04(001)
Temp 0K 298 298 333
Exchanging 1 33832+ 1 338a2+ 1 33832+
sorbing ion

[co-solute] ~0 ~0 ~0

mmol/L

ry us-1 1.0 1.6 10.9

ro ps-1 20.6 14.9 162

71 Sx105 9.9 6.1 0.2

t2$x104 4.9 6.7 0.62
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Parameter values rj and residence times v for

single crystals of BaSO4 under equilibrium__.,co_nq_iﬁ_tl'!priS'- with
respect to the macro-component.

Crystal(face)
Temp OK

Exchanging

. or sorbing ion

[co-solute]
mmal/L

rq ps1
ro us-1
tlsx105.

v sx104

note: " subscript1

BaS04(001)

298

133pg2+

0.75 Pb2+

25.5

3.9

refers fo the

BaS04(001)

298

133ga2+

0.075 Pb2+

5.74
234
1.74

0.427

slow reaction.

BaS04(001)

298

210pp2+
-0

9.69

171

1.03

0.58

1
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Table 17  Parameter values fi and residence times v for a
single crystal of PbSO4 under equilibrium conditions with
respect to the macro-component.

Crystal(face) PbS04(001)
Temp OK ‘ 298
Exchanging 210pp2+

or sorbing ion :
[co-soiute] _ : .

mmol/L ~0

r us-1 | 0.38
tsx106 - 2.60 ¥
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Table 18 Calculated jump frequencies and the corresponding
activation free energies AGY for some elementary transport
processes in the systems PbSOg4/aqueous solution and
BaSQOg4/aqueous solution. |

Pb2+ Ba2 -

Process vs1 AGT kJ mol- vl AGt kJmol-1
Diffusion in 1.2 x1010 15,5 1.3x1010 15.3
solution :
Adsorption  4.8x104 46.2 2.7x103 53.4
Desorption  1.0x103 55.8 43.1 63.7 -
Integration  1x107 33" 1.5x108 37.6
at kinks

Detachment 3.0x10% = 41.7 5.5x103 51.6
from Kkinks -

Diffusion- in  Probably not available. Likely to
~ the solid . bev~1018 s1;AGt =~ 200kJ mol-1.

[}

Q
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Table 19 Experimental jump frequencies and the !
corresponding activation free energies AGt for the system
BaSOg4/agueous solution.

Type of experiment - vs AGt kJmol-1
Crystal growth (89) 1.9 x109 42.9
~ Exchange ry o 1 x10-6" 107
Exchange ro 20.6 x10-6 99.7
i
7
N C
L%
O
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Figure 22 Crystal/solution.interface with various possible

positions for 'a growth unit: (1) in the solution; (2) at a flat

surface; (3) at a step site and (4) at a kink site.

I
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Figure 23 Different hypothetical routes for transport
from the solution to the crystal, utilizing the concept of

compartment modeis.
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Figure 24 Plot of In (1-F) as a function of time for 133-
Ba exchanging on the (001) face of a single crystal of barite at

298K. F is the exchange fraction.
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Figure 25 Plot of In (1-F) as a function of time for .133- -

Ba exchanging on the (110) face of a single crystal of barite at

298K. F is the exchaﬁge fraction. g
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Figure 26 Plot of In(1-F) as a function of time for 133-Ba
exchanging on the (001) face of a single crystal of barite at

333K. F is the exchange fraction.
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Figure 27 Plot of In (1-F) as a function of time for 133-
Ba exchanging on the (001) face of a single crystal of barite, in

the presence of 0.75mM Pb2+ at 298K. F is the exchange

fraction.
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Figure 28 Piot of In (1-F) as a function of time for 133-
Ba exchanging on the (001) face of a single crystal of barite, in

the presence of 75uM Pb2+ ai 298K. F is the exchange fraction.
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Figure 29 Plot of In (1-F) as a function of time for 210-
Pb being sorbed on the (001) face of a single crystal of barite

at 298K. F is the exchange fraction.

o

r



ol

oel ol

_‘DIDp [DUswWiedI]
(manoy) ow)y

08 09 oy

oz 0

o

1 1 I 1 |

O

‘MB86C 1P 8jIDg

Q

930} [100)]

fi

uo qd—0lz 40 uondiog -

78

o

iy

(d—i) w



122

14

Figure 30 Plot of In (1-F) as a function of tme for 210-
Pb exchanging on the (001) face of a single crystal of anglesite
at :298K. The regression equation _is In (1-F);;;
6.58299t+0.578468. The correlation coefficient=0.943196.

0



‘010p |ojuswipedxy | 4
(sanoy) owyy
8'0 9'0 o
1 L 1 1 1

z’o

‘ouf| voissaubay

0

N ft

I q—

0

0304 [100]

MB6C 1P 9}isajbup uo q4—Qlz jo ebubyox3g

i1

t

(EA—-1) v



123

[

Figure 31 Comparison of experimental values (+) of F and
fitted values (solid ling), for 133-Ba exchanging on the (001)
face of a single crystal of barite at 298K. F is the exchange

fraction.
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Figure '32 Comparison of experimental values (+) of F and
fitted values (solid line}, for 133-Ba exchanging on the (110)
face of a single crystal of barite at-298K. F is the exchange

fraction.
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-

Figure 33 Comparison of experimental values (+) of F ‘and
fitted values (solid line), for 133-Ba exchanging on the (001)
face of a single crystal of barite at 333K. F is the exchange

fraction.
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Figure 34 Comparison of experimental values (+) of F and
fitted values (solid line), for 210-Pb being sorbed on the (001)

face of a single crystal of barite at 298K. F is the exchange

fraction.
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Figure 35 Comparison of experimentai values (+) of F and

fitted values (solid line), for 132-Ba ‘exchanging on the (001)

face of a single crystal of barite, in the presence

Pb2+ at 298K. F is the exchange fraction.
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Figure 36 Comparison of experimental values (+) of F and
fitted values (solid line), for 133-Ba exchanging on the (001)
face of a single crystal of barite, in the presence of 0.75mM

Pb2+ at 298K. F is the exchange fraction.
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Chapter 5
Kinetics of growth and dissolution of epitaxial
deposits on quartz and mica surfaces.

5.1 Objectives of this phase of the research.

The objectives for this phase of the investigation were
originally identified in chapter 1. For convenience, they are
summarized below.

(i) Data will be obtained for the rate of desorption of
anions and cations implicated in the Hileman-Snodgrass model,
from model surfaces. |If these data suggest that retention of

. appropriate ions occurs to a significant degree, then objective

(ii) will be pursued.

(ii) Attempts will be made to grow potential host solids
on model surfaces. If this proves to be possible, the kinetics
of the growth of these potential host solids on the model
surfaces will be examined as a function of solution
concentrations.

{(iii) The dissolution kinetics of the surface deposits
prepared in (i) will be determined using radio-tracer
techniques. Surface deposits will then be grown which
incorporate radium in the host matrix. - The dissolution
kinetics of the radium micro-component, followed by counting
techniques, will subsequently be related to the rate of
dissolution of the host matrix.

* 120
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5.2 Kinetics of desorption of ions, invoived in the
Hileman-Snodgrass model, from Quartz and Mica
Surfaces.

5.2.i introduction

Adsorption equilibrium  attainment and subsequent
desorption of cations at the solid-liquid interface are often
rapid unless diffusion in porous particles or a porous surface
layer is encountered (105). It has been shown (106) using a
radio-tracer technique that sodium ion desorption from
‘ vitreous s:llr,a doés not involve rate-limiting diffusion and is
very rapid, belng essentially complete in a few seconds. Rapid
adsorption-desorption reactions have been studied in a most
elegant manner by Hachiya et al (107) using relaxation
techniques. In contrast, strongly chemisorbing species (e. g.
silicate or phosphate) desorb slowiy from mineral surfaces
(108). However, at very low coverages it is known that it can
be difficult to desorb small quantities of both anions and
cations from solid surfaces (109). That slow cation
desorption at low coverage is not necessarily due to slow
release from a porous surface layer was shown in the study
carried out by Thornton (110), which demonstrated that the
kinetics of slow desorption of radioactive ions from a
polyurethane surface at very low coverage could not be
explained by a diffusion controlled mechanism. This study
further demonstrated that changing from one: electrolyte to
another resulted in an immediate change in the radioactive ion
desorption rate, again demonstrating that the trace
radioactive cations were adsorbed on the surface rather than
permeated into the depth of the adsorbent.

Since the surface coverage of a readily detectable
quantity of adsorbed radioactive ions may be fewer than 1 in
105 or 106 of the sites potentially available for
adsorptionfion exchange, the nature of the adsorption sites and
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the trace ion adsorption states must be a matter of conjecture.
However, at low coverages surface heterogeneity is likely to
be important and ion desorption rates should also be sensitive
to average electrical double layer properties characteristic of
the whole surface. This section of the thesis gives
experimental resuits for the desorption of cations implicated
in the Hileman-Snodgrass model from model surfaces into
water, and attempts to provide a formal model for the
experimental trace cation desorption kinetics in terms of
desorption from random, weakly heterogeneous surfaces.

5.2.ii Design and construction of the
desorption/dissolution cell.

The principal features of the desorption and dissolution
cell designed, constructed and commissioned for this phase of
the investigation are presented in Figures 37 and 38. Al
the components are of Perspex, Teflon, Mylar, neoprene or
stainless steel. The stainless steel washers and machine bolts
do not come into contact with the test solutions. Tests
performed using the injection of fluorescein dye confirmed
that the cell, when operating with flow rates of between
4ml/minute and 28mlL/minute, could be characterised as
‘well-mixed". Further tests, in which a radioactive tracer in
the form of a solution of Hp35804 in water was injected into
the cell, showed that all the detectable activity was removed
from the cell after the passage of approximately 18 cell
volumes of distilled water. The materials showed no evidence™
of Fetaining any detectable amount of radioactivity. The

distilled, demineralized water used ‘for all the studies in this
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research was deaerated by bubbling nitrogen gas from a
cylinder through the water for 15 minutes.

The specimens examined were: (i) muscovite mica, in the
form of discs cut from a large slice using a #11 cork borer and
(ii) slices of quartz sawn from a very large hand specimen of
clear quartz. These slices of quartz were ground to a thickness
of less than imm using a wheel and carborundum grits.

One flat, unworked surface of each specimen was

contacted for 12 hours with a solution of 45Ca as CaCip in
water, or 133Ba as BaClp in water for the cation desorption

experiments. For the anion desaorption experl*'i-ments the test
solution was Hp35S04 in water. The specimens were then
rinsed in distilled water, dried, then each mounted onto a
separate 8cm diameter sheet of 16um thick Mylar film using a
thin smear of silicone sealant. After setting for 48hours, the
edges of the specimens were sealed with molten wax in order
to avoid any possibility of the silicone contacting the solution
in the cell during the experiments. The desorption cell was
then assembed with the radioactive specimen in place with the
active face down into the cell in order to contact the solvent.
The procedure followed was to pump deaerated, distilled water
through the cell at a rate of 10mL/min for some measured
period of time, seal the cell using the Teflon stop-cocks, then
count the radiation from the surface passing through the

specimen with a thin end window Geiger-Mueller tube and
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counter. The tube and cell were mounted inside é‘ .Iead shield
during the entire experiment in order to ensure a low
background. The background count-rate was 6 counts/minute.
The blank specimens gave a count rate of 8 counts/minute. The
initial counting was carried out with the cell filled with
water, in order to maintain a constant geometry during the
entire procedure.  Experiments conducted with flow rates
ranging up to 28ml/minute (more than 10 cell volumes)
demonstrated that the rate of desorption appeared to be

independent of flow-rate.

8.2.ili Results and discussion.

The numerical data for this phase of the research are
presented in'Ap?endix 1l. These data are summarized in the
form of the graphs shown as Figures 39, 41, 43 and 45. We
define the desorption factor (DF) at a time ¢ t‘o be the
reciprocal of the residual coverage, relative to the initial
coverage, for the radioacive ion. This factor, DF, is a
convenient dimensioniess parameter, and is the ratio of the

initial coverage Qg to the residual coverage Q.

The results of plotting log DF against log time for
desorption times greater than 2 hours for S042-, Ba2+ and

Ca2+ desorbing from mica and quartz surfaces into distilled
water are shown in Figures 40, 42, 44 and 46. The log DF

against log t plots are linear at t = 2 hours, with a range of

et
H
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slopes, but not with a time dependence characteristic of a
diffusion controlled desorption reaction. The lines shown in
the Figures 40, 42, 44 and 46 are best-fit lines produced by
linear regression'.i

It has been found that the kinetics of desorption of
cations on a number of adsorbents are explained by rate
limiting desorption from random, weakly heterogeneous
surface sites. A model proposed in order to expl.ajn how such
heterogeneity arises was provided by . Cerofolini  (111).
Suppose that a surface reaches adsorption equilibrium and is
then removed from the contaminant solution and placed in a
solution of such composition that trace ions desorb from the
surface. Provided that desorption from surface sites is rate-
limiting and that there is no appreciable re-adsorption, then

after desorption has proceeded for a time tp, the desorption

factor is given by equation (60).

am
ﬁ f ¢dq
© q

m

- _— =DF= | (60)

am
ﬁ f ¢exp (-katpexp (a/RT)) dg
q

The symbols are defned in the symbol table. This

expression has been evaluated numerically for various trial
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sets of parameters (110) and it has been found that at long
desorption times and for © in the Freundlich region of the
adsorption isotherm the behaviour is described by equation
(61).

d(logDF)/d{logtp)=constant _ (61)

This agrees with the kinetics observed in the present
study (Figures. 40, 42, 44 and 46 ) and in the study carried
out in (110). Thus the .data in the present work are consistent
with  Cerofalini's theory. Théy do not, however, support
Cerofolini's theory in :pénicular: they should be accountable
for by any of the ‘L models found in the literature ™ relating
Freundlich equilibrium to surface heterogeneity. Indeed by
making the approximation that there is an expenential
distribution of site energies at all coverages, the Freundlich
adsorption isotherm resuits but incorrect asymptotic
behaviour is predicted. However, an approximate analytical
solution can be readily found for the time dependence of the
desorption factor for such a surface during desorption.  This
has a form which satisfies equation (49) and the experimental
data. The approximate solution has been given (110) and will
not be discussed further here.

From a purely qualitative point of view it is evident from

an inspection of Figures 41 and 45 that mica surfaces retain
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Ba2+ for a much longer time than does quartz. This
information allowed the work from this point to be focussed
on the behaviour of mica as a mode! surface. The retention of
the ions studied, by quartz and mica surfaces, suggests that
attempts to grow surface deposits of metal suifates
implicated in the Hileman-Snodgrass model may prove fruitful.

These attempts form the subject of the next phase of this

study.

5.3 Growth of potential host solids on quartz and

mica surfaces.

As one component of this phase of the project the
chemical solufion growth of hetero-epitaxial deposits of

PbSO4, CaS04 , SrSO4, BaSO4  and mixed (Ba/Pb)SO4 on quarz

and mica surfaces has been investigated. This procedure has

. previously been used for the production of thin solid films

from solution (112). ¢

5.3.1 Experimental procedure =

" The technique used to grow the deposits was alternate

. immersion of the chosen substrate in a soiution containing a

soluble salt of the cation (e.g. Pb(NOg)2. Ca (NO3)2, Ba(NO3)2,

- 8r(NOg)2 or a mixture) of the compound to be grown and then in

a solution containing a soluble salt of the anion (or an acid
containing the anion). The substrate on which the film was

growing was rinsed in ‘high-purity  distilled deionized water
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after immersion in each solution. The substrate was prepared

- from a large piece of muscovite mica using a #11 cork borer or

sawn from a large hand-specimen of quartz using a diamond
saw. The resulting specimen was held in nylon forceps for
immersion in the solutions.

After formation of deposits the subsirates were washed
with a vigorous stream of distilled water, followed by rinsing
with HPLC grade methanal. The surface deposits were then

examined using scanning electron  microscopy  (SEM).

Qualitative identification of the metal ions present was

carried out by X-ray emission spectroscopy (XES) in the SEM.

5.3.ii Results

The results of the experiments using mica and quartz as
the substrates with the soiution dipping technique are
presented in the form of the scanning electron
microphotographs (Figures 47-49). The mixture of barium,
lead and calcium nitrates produced a mixed {Ba/Pb) sulfate

crystal deposit rather than individual crystals of each
compound. No evidence was found for any CaSQ4 deposit.

Deposits of CéSO4 could be made to form on quartz and mica
surfaces only in the absence of other ions and at very high
supersaturation.

In this appreoach it would seem reasonable to postulate a

heterogeneous growth mechanism proceeding by chemical

“A.‘/""‘- e
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combination of adsorbed ions at the solid/solution interface';ﬁ,
("ion-by-ion" mechanism, 113) with sites on the surface acting‘fl
as the initial nuclei for crystal growth.

When the surface nucleation is so slow that each layer
originates in a single surface nucleus, it is not difficult to
understand the formation of plane faces. The shape of the
crystal is entirely given by the nucleation rate on the different
faces, those with the lowest nucleation rate becoming the
largest, or perhaps the -only ones present. At high
concentrations, or on large crystals where several surface
nuclei contribute to each layer, this mechanism may lead to
plane faces, because the rapid spreading of the surface
crystals untii they meet makes them cooperate in
‘straightening the surface. However, since the rate of surface
nucleation depends strongly on concentration, cbove a certain
concentration range, diffusion in the bulk liquid will not be
rapid enough to keep the concentration at the same levei all
over the crystal surface, and when the variations in rate of
surface nucleation over the crystal surface are too large to be
compensated by the spreading of the layers by two-
‘gimensional growth, the faces will no ionger be plane and the
corners and edges will grow faster, perhaps resulting in a
dendrite. In apparent contradiction to this, some dendrites
grow in the direction of the crystal axes. An example is the

orthorhombic barium sulfate crystals (114) which at high
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concentrations develop into dendrites through enhanced growth
in the direction of the two-fold axes, and not at the corners.
This phenomenon has not been explained so far, but the
observation of several transition shapes between typical
orthorhombic forms and fully developed dendrites indicates a
complex mechanism.

Experiments were subsequently performed to investigate
the growth kinetics of these deposits on mica and the role of
solution parameters in their formation. These experiments

form the subject matter of the next section of this thesis.

5.4 Kinetics of the growth of potential host solids
on model surfaces as a function of solution
concentration.

Electrolytes crystallizing from agueous solution grow by
a rate determined by one of the foliowing elementary
processes (89): transport (convection and diffusion),
adsorption, integration in surface spiral stepsr centred at
dislocations, or integration in surface steps generated by
polynuclear surface nucleation. The corresponding rate laws
are linear for transport and for adsorption control, parabolic
for spiral steps, and so-called exponential for polynuclear
surface control. The frequency by which an ion enters a kink
from a nearby leaving position is correlated with the

dehydration frequency, and as cations in general have the

smaller déhydration frequencies, only the cations determine

-
R
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the rate. The integration frequency for a cation is typically
about one thousandth of the dehydration frequency.

If two or more of the four mechanisms have a combined
influence on the rate they will be consecutive, and the
mechanism that would be slowest at equal driving force will
be rate determining. Consequently if the kinetics change with
the supersaturation, a transition from parabolic at low to
linear at high supersaturation will be found. Distinction
pbetween transport controlled growth and surface controlled

growth is not always clear.

5.4.1 Experimental

The technique used for the growth of the BaSO4 and
PbSO4 deposit§ .‘on mica discs has already been described in
section 5.3.i of this work. The growt{f'\ of these deposits was
followed quantitatively as a function of the number of
_“immersion cycles" by determining the mass of the discs after
some number of cycles, using a Mettler M55A Micro-gramatic
balance with a tolerance of =1ug. An ‘“immersion cycie" is
defined as 2 minutes of immersion in the cation solution, 2
minutes in the) distilled wa“’ter rinse, then 2 minutes immersion
in the sulfuric. acid soluticl;n. The rinse water was changed
after’ every 5 cycles. QFinal \n;ashing was with a vigorous
stréa\;m of HPLC grade methanol. Drying was carried out in the

open air. The effect of different concentrations of sulfuric

[
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acid or cations on the rate of deposition was investigated by

changing the concentration of each species in turn.

5.4.ii Resuits and Discussion
The raw numerical data obtained are presented in
Appendix [l. They are summarized in the form of the graphs

shown as Figures 51-59. The data demonstrate the

repeatability of the growth experiments for both BaSQO4 and
PbSO4. Further, they demonstrate a difference in behaviour for
the two solutes in that the rate of growth of PbSO,4 appears to
be linear as a function of both concentration of H2S04 and
concentration of Pb{NOg3z)o while the growth of BaSO4 is
curvilinear in concentration of HoSOj4.

Nucleation on substrates, according to Kitaev et al. (115)
takes place by adsorption of primary species (moities).
Growth takes place as a result of surface coagulation of these
species (moities), resulting in thin, adherent deposits.
However, the surface of mica and of quartz is fairly smooth
and it is an experimentally observed fact that "cluster-by-
cluster' growth of films occurs more readily on rough surfaces
(115). A cluster-by-cluster growth mechanism for growth of
deposits would be supported by a structure for the deposits
similar to that of the precipitate (orthorhombic). This is in

fact observed (Figures 47-49) for PbSO4. For BaSO4 the

crystals formed on the surface are not similar to those
commonly encountered for this substance. Formation of MSOg4
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(M=Pb2+ or Ba2+) nuclei by the combination of ions on the
substrate, on the other hand, requires preferential adsorption
of at least one type of the reacting ions on the substrate.
From this work it is known that Ba2+ and SO42+ both are
strongly adsorbed on mica. Lead is weil-known to be strongly
adsorbed on many surfaces. it is pdssible that one of the two
mechanisms may apply for the case of the PbSO4 growth (the
cluster-by-cluster mechanism) while the alternative
mechanism (the ion-by-ion mechanism) may apply for the
BaSO4 case. Alternatively, the two mechanisms may both
compete. Further research will be required in ordrer to clarify

this situation.

Inspection of Figure 60 shows that the concentration of

8042~ increases with increasing concentration of HoSO4. The

value of the supersaturation in each case could probably be
estimated, using Ficks Law and ionic diffusion coefficienfs in
order to calculate the concentration of the ions involved in the
adsorption layer. One may assume, for example, that lead ions
are adsorbed onto the mica surface, reaching some equilibrium
concentration: then, during the rinse cycle they diffuse out of
the adsorption layer untii some limiting concentration is
reached. When the disk is immersed in the sulfuric acid
solution, sulfate ions diffuse into the adsorption layer (and, of
course, lead ions diffuse out). Reaction then occurs on the

o

surface resulting in the formation of a PbSO4 deposit. These
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calculations were not done. Such detailed calculations seem
pointless in the context of this work; it is sufficient to
conclude that the rate of growth is proportional to the

concentration of HoSO4 and the concentration of the Pb in the

case of the lead deposits. In the case of the growth of the

BaSO4, there appears to be a difference in the kinetics in

terms of the effect of the sulfuric acid. The rate appears to be

proportional to the concentration of HoSO41/2.

5.5 Kinetics of the dissolution of potential host
solids, including 228-Ra as a micro-component, from
model surfaces.

/- The objective of this phase of the researqh is to
inﬁestigate the kinetics of dissolution of the poteniial host
- solids using radio-tracer methods. Once the behaviour of the
host matrix is understood, a radium micro-component will be
incorporated in the host solid and the dissolution followed
radio-metrically. In order to achieve the second objective of
this phase of the research a radium tracer is required.
Consideration of the properties of the isotopes of radium led
to the belief that the most convenient form of radium to use
for our purposes was 228-Ra. This isotope, a very weak §-
emitter with a half-life of 5.75a (68), may be determined
radio-metrically by allowing it to reach secular equilibrium
with its daughter, 228-Ac; this latter is a powerful B-emitter
and is readily counted. Equilibrium is attained in a time of

approximately 24h, based on a half-life 0f 6.4h for 228-Ac
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(68). The preparation of 228-Ra, an isotope not available

. commercially, forms the material of the next section of this

work.

5.5. The preparation cf carrier-free 228-Radium

from thorium, using cation exchange columns.
During the entire procedure the 1977 Recommendations
of the International Commission on Radiological Protection

were followed with respect to working conditions and

radiation exposure. All reagents and water used were of the

best available quality.

The procedure that was used was similar to that
described in (116). A mass of 100g of thorium nitrate was
taken from a sample known not to have been separated from
its' daughter products for 20 years. This was dissolved in
200mL of 8M nitric acid and the resulting solution was
extracted six times over a period of 20 minutes with 100mL
aliquots of a 40% (v/v) solution of tri-butyi phosphate (TBP) in
benzene. After the sixth extraction, the aqueous phase was
washed twice with 200mL portions of dry benzene (taking the
usual precautions when working with this carcinogenic
compound) in order to remove residuai TBP and it was then
evaporated to- dryness in a round-bottom flask. The residue
was treated with a small volume of equal amounts of 71%

perchloric acid and concentrated nitric acid and this was
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evapbrated to dryness. The dry residue was dissolved in 70mL
of 05M ammonium lactate. This solution was then passed
through a 50-100 mesh column {2cm in diameter and 20 cm in
length) of Dowexw~ 50W-X8. This was carried out at reduced
pressure using the apparatus shown in Figure 50. The column
was then washed with 50mL of an 0.7M solution of ammonium
lactate, using a fidw rate of 10 mL min*1, to remove any rare
earth cations originally present in the thorium. The column
was then washed with 450 mL (approximately 30 column
volumes) of distilled, demineralized water. Toward the end of
this washing procedure small volumes of the eluate were
evaporated to dryness on a hot plate in order to test for the
presence of excess lactate. :

The 228-radium was washed from the column with
200mL of 3M nitric acid, using a flow rate of 10 mL min-1.
The solution was then evaporated to dryness in a 100mlL Pyrex
bggker. A small amount of white residue was destroyed by
boiling with freshly prepared agua regia. Upon evaporating no
obvious material remained in the beaker, but intense

\"

radioactivity was found to be present when a survey radiation

° detector was placed at the: mouth of the beaker. The trace of

material in the beaker was taken up in 1.0mbL of 0.5M HCI (two
0.5mL portions) and stored in glass vials.
Gamma-ray spectroscopic analysis of a sample prepared

using this procedure was carried out using an intrinsic

o
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germanium detector and a muiti-channel analyser (Canberra
System 90). The resulting data are shown in Table 20.

A 3cm column of Dowex S50W-X12 was then used to
separate out 212Bi and 212Pb followed by 228Ac, daughters of
232Th. Ammonium lactate (0.65M) was the eluant.

Samples of equal volume (10 drops) were deposited onto
aluminium planchets at intervals of one minute, evaporated to
dryness and counted. All counting was performed using a
Mullard MX168 thin end window G.M. tube operating at a plateau
voltage of 420V, and a Griffin Timer/Scaler unit. The column
was then washed with 150 mL (approximately 50 column
volumes) of distilled, demineralized water to remove lactate
from the column. The 228Ra was then stripped from the column
using 3M nitric acid, the solution evaporated to dryness in a
small Teflon beaker and the trace of 228Ra taken up in  1mL of

- 0.5M HCI and stored in a snap-top glass vial. =
) |
5.5." Discussion

The performance of the final separation was verified by
the radiometric identification of the separated components
using their half-life. In the case of 228-Ra, an extremely soft.
p— emitter, the method used to verify the identity of the
nuclide was the observation of the rate of ingrowth of the
228-Ac daughter. The results of these inve§tigati5ns are -

presented in the form of the regression equations presented in
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Table 22. The slopes of the straight lines represent the
radioactive decay constants A for the appropriate isotope and
enable the half-life of the isotope to be calculated from the

equation:
Tyj2= In 2/A = 0.6931/slope of the line (62)

- As 16 hours had elapsed between the initial preparation
and the gamma ray spectroscopic examination, it was expected
that extensive ingrowth of 228Ac (T,;, = 6.13h) and traces of
other 232Th progéény would have occurred. A version of the
decay scheme of 232Th (117) is shown in Table 21 . From
a perusal of this Table, the accompanying listing of gamma ré{i\‘
energies obtained from the spectroscopic examination (Table
20), and tabulated gamma energies of the nuclides (118), it is
possible to assign all the peaks. The results of this
assignment are summarized in Tabzle 20, column 3. “ A
comparison of the experimental and literature values for the
half-life of each of the resolved components of the decay
series is presented in Table 23. The results of the
assignment of the identity of each peak and the values for the
half-life of each resolved component confirm both the identity

of the 228Ra and the success of the separation.

[y



148

5.5.iii Dissolution of the host matrix, as followed by
radiotracer techniques.

The procedure followed was to grow BaSO4 and PbSO4
hetero-epitaxial deposits on the surface of mica disks using
the "solution dipping" technique previously described. In this
case, however, a 500pL aliquot of a stock solution of either
133Ba2+ or 358042 was added to each of the 0.1M Ba(NOg)2
or Pb(NO3)o solutions used in the deposition experiment. This
resulted in the production of a specific activity for the

deposited BaSO4 of approximately 2x105cpm/g of BaSO4. The

‘specific activity for the deposited PbSO4 was approximately

8x104 cpm/g of PbSO4. The counting of the specimens was

carried out using an Atomic Development & Machine
Corporation gas-filied counter operatihg at 2.6kV with a P4
filler gas. This potential ensured that the counter was
operating in the linear range of its characteristic. In each
case a constant geometry was maintained by counting the
specimens as they lay on the surface of the Mylar film of the
dissolution ceill. This was filled with the suifuric acid used for
the dissolution experiments. The concentration of the sulturic
acid used for the dissolution experiments was 1.0x10-3M. In
each case, at least 10,000 total counts was collected for each

datum shown on a graph.

5.5.iv Results and discussion.

The numerical data are found in Appendix I1l. They are

summarizedihere for BaSO4 in the form of the graphs shown as
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Figures 62-64. Inspection of Figures 62-64 shows that
the rate of dissolution of BaSO,4 appears to depend on the
flow-rate of the solvent. This fact is demonstrated by Figure
65, a plot of rate of dissolution against flow rate. A plausible
explanation of this phenomenon would be that some of the
BaSO4 re-precipitates onto the surface of the solid at low
flow rates, but is swept away by the solvent at the higher
flow-rate before re-precipitation can occur. In each case the
dissolution appears to be congruent dissolution; that is a layer
by layer dissolution occurs.

Attempts to perform the same experiments for PbSOg4
faled. The rate of dissolution into the sulfuric acid at even
the lowest flow rate was too rapid to permit the flow-rate
dependence to be mvest:gated using this technique. Further
comment on thls case will be deferred until the f{inal chapter
of this thesm when it will be briefly discussed under the
topic of ‘"suggestions for further research”. No further
investigations of the dissolution of lead-based solid solutions

were performed.

5.5.v  Dissolution of BaSO4 labelled with 228-Ra.

The procedure followed was to grow BaSO4 deposits on
the surface of mica disks, using the “solution dipbing"
technique previously described. In this case, however, SOOp.L

of a solution of 228Ra2+, prepared using the technique
described in section 5.5.i, was added to the 0.1M Ba{NOg3)2
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solution used in the deposition experiment. This resulted in
the production of a specific activity for the deposited BaSOg4
of approximately 1.8x105cpm/g of BaSO4. The dissolution cell
was then used as in the previous procedure for the
investigation of the dissolution of BaSQ4 labelled with
133Ba2+. The solvent, as before, was 1.0x10-3M sulfuric
acid. -The flow rate was set at 19.5mL/minute, in order to be
in the flow-rate independent region for the dissolution of
BaSO4. As before, the counting was carried out using a gas-
flled counter. For each measurement a total of at least
10,000 counts was collected.

5.5.vi Results of the dissolution of BaSO4 labelled
with 228-Ra.

The raw numerical data are presented in Appendix |l

They are summarized in the form of the graph shown as Figure

68. It would appear that the dissolution of the BaSO4 host

matrix, followed in this case by counting of the 228-Ra,
follows the same pattern as before-namely congruent
dissolution-with the surface area remaining constant.
Absolute dissolution rates are not available, due to the
lack of information concerning the actual surface area of the
deposits. Nevertheless it would appear from the relative rate
of loss of BaSO4 as measured by these two different methods-
133Ba fabelling and 228Ra labelling-that the radium is lost at

the same rate as the barium sulfate. This is demonstrated by
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comparing the slope of the graph from each experiment. Within
the experimental error due to counting, these values-0.0828
for the 228Ra labe! and 0.0815 for the 133Ba label-are the
same. It may be concluded that the radium appears to follow
the barium in the dissolution process.

Experiments on dissolution kinetics are usually carried
out with variable driving force by changing the under-
saturation (119, 120), in order to relate the kinetics to the
” microscopic processes operating at the crystal/solution
interface. The relationships obtained in this research must, at
present, be left as empirical relationships. Replication of the
dissolution experiments in order to provide appropriate

confidence intervals for these data was not performed.

G

“

o oL LI

]



152

Table 20 Selected peaks from the gamma ray spectrum of the
eluent (Canberra Series 90 system with an intrinsic Ge
detector) *

Peak/FWHM Identity

238.4 . 212pp
1.14

277.3 208T)
1.31

327.9 | 228ac |
1.22 "

860.6 - 1208T)
1.55 |

911.2 | - 228ac °
1.55 \' -

228pa gamma peaks are < 31keV and conseguently were not observable.



Table 21 Decay scheme for 232-Thorium
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QO

Radlonuclide Half life Alpha & beta energies{Mev)
a ...
232Th 1.41x10103 3.95 _
4.01
228Ra 5.75a _ 0.039
228a¢ 6.13h _ 0.49
0.61
3 0.98
b 1.01
1.17
1.74
2.08
228T1hH 1.91a 5.341 _
5.423 _
224py 3.62d 5.449 _
220Rn 55.6s 6.288 _
216pg 0.15s 6.779
212pp 10.6h - 0.158
0.334
0.573
212g; 1.01h 6.051 2.246
6.090 1.519
212pg 298ns 8.875
2087 3.05m _ 1.031
' 1.283
1.517
. 1.794
208py stable



g

154

Table 22 Regression equations for the radioactive

decay constants of the daughter products of radium-
228.

" lsotope Reqgression equation Correlation

coefficient

228pc¢ In Net Counts

= 7.1236 - 0.0018 Time 1.00
212pp In Net Counts = 7.0186 - 0.001 Time 0.99
212g; In Net Counts =

6.5959 - 0.0108 Time 1.00

&
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Table 23 Comparison of experimental and literature
values for half-life.
Isotope Experimental value Literature value % Error
212g; 1.07h " 1.01h 6.
212pp 9.89h 10.6h 6.7
228p¢ 6.42h 6.13h 4.7
— ;J N
¢ =
. ¢
' = <X e
Q ¢ .
o
.

0
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Figure 37 Drawing of desorption/dissolution céll used in
order to study (i) desorption of various ions and ({ii)

dissolution <of BaSO4 and (Ba/Ra)SO4 hetero-epitaxial

deposits, from mica surfaces.
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Figure 38 Showing the arrangement of the dissolution cell
and the solution reservoir and receiver. The flow rate is

controlled by (i) the pump speed and (ii) the internal diameter

of the pump tubing.
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Figure 39 Plot of fraction of 35504 retained on a

specimen of muscovite mica. The 35804 is desorbing into
distilled, demineralized water which has been deaerated using

nitrogen.
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Figure 40 Plot of log (desorption factbr) as a function of

log {time of desorption) for 35S0, desorbing from mica into
distilled water. The line fitted by regression analysis has an

equation: Iog(DF)=0.213570*Idg(time)-0.00782. - The

correlation coefficient was 0.9942.
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Figure 41 Plot ,of fraction of 133Ba retained on a
specimen of muscovite mica. The 133Ba is desorbing into
distilled, demineralized water which has been deaerated by

means of nitrogen.
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Figure 42 Plot of log (desorption factor} as a function of

log (time of desorption) for 133Ba desorbing from mica into

distilled water. The line fitted by Jregression analysis' has an
equation: log(DF)=0.38146*log(time)-0.49777. The correlation

coefficient was 0.9676.
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™~
Figure 43 Plot of fraction .of 45Ca retained on a specimen
of muscovite mica. The 49Ca is desorbing into distilled,
demineralized water which has been deaerated by means of

nitrogen.
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Figure 44 Plot of log (desorption factor) as a function of
log (time of desorption) for 45Ca desorbing from mica into
distilied water. The ‘line fitted by regression analysis has an
equation: Iog(DF)=0.36451*Igg(time)-0.04032. The correlati{\an

coefficient was 0.9697.
S
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i
M
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Figure |45  Plot of fraction of 133Ba retained on a
specimen of quartzz. The 133Ba is desorbing into distilled,
demineralized water which has been deaerated by means of

nitrogen.
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Figure 46 Plot of log (desorption factor) as a function of
- log (time of desorption) for 133Ba desorbing from quartz into
'K\J.DV; distiled water. The line fitted by regression analysis has an
equation: log{DF)=1.26407*log(time)+0.59768 The correlation

coefficient was 0.9894,
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Figure 47 Scanning electron micro-photographs of hetéro-

epitaxial deposits on mica, grown from aqueous solution: (a)
BaS0O4 (b) PbSO4 (c) mixed (Ba/Pb)SOg4.
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Figure 48 Scanning electron micro-photographs of hetero-

epitaxial deposits on quartz, grown from aqueous solutir":_ari": (a)
BaSO4 (b) PbSO4 (c) mixed (Ba/Pb)SO4.
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Figure 49 Scanning electron micro-photographs of hetero-

epitaxial deposits on muscovite mica, grown from aqueous

solution: (a) SrSO4 at 6500x (b) SrSO4 at 3540x.
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Figure 50 Apparatus used to pass solution through ion
exchange columns at reduced pressure. Column shown is 3-cm

long of Dowex S0W-X12.
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Figure 51 Plot of rate of growth of BaSO4 on mica. The
concentration of the Ba(NO3)p solution used as a source of
Ba2+;q ions was 0.1M; the sulfuric acid concentration was 6m.
The regression line drawn for the mean behaviour has an
equation: Mean mass/cm2=2.08652e-5*Number of

cycles+1.27753e-4. The correlation coefficient was 0.9874
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Figure 52 Rate of growth of BaSO4 on mica from 0.1M
barium nitrate solution and various concentrations of sulfuric
acid. The four sets of points correspond to:

#1  [HoS03]=9.9x10-3M; the regression equation for these
data is: g/cm2.cycle=9.1258e-6*Number of cycles-7.53100e-6.
The correlation coefficient=0.983.

#2 [HoS04]=0.504M; the regression equation for these data
is: g/cm2.cycle=3.257200e-5*Number of cycles-1.7900e-6.
The correlation coefficient=0.978.

#3 [HoS04]=0.99M; the regression equation for these data
is: g/cm2.cycle=5.22620e-5*Number of cycles+3.82600e-5.
The correlation coefficient=0.992.

#4 [HoS04]=5.994M; the regression equation for these data
is: g/cm2.cycle=8.4156e-5*Number of cycles+1.23380e-4. The

N

correlation coefficient=0.970.
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Figure 53 Rate of growth of BaSO4 on mica as a function

of concentration of sulfuric acid. Concentration of Ba2+ is

constant at 0.1M.
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\Figure 54 Rate of growth of BaSO4 on mica as a function

of Yconcentration of sulfuric acid. Concentration of Ba2+ s

constant at O0.1M. The regression equation Is: Rate of
growth=3.11436e-05*[H2S04]0-5+1.14178e-05. The

correlation coefficient is 0.977.
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Figure 55 Rate of growth of BaSO4 on mica as a function

0

ot concentration of barium nitrate. Concentration of sulfuric
acid is constant at 6m. The regressidﬁh equation for the line
is: Rate of growth=4.510442e-04*Ba)+2.093576e-05. The

correlation coefficient is 0.995.
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Figure 56 Plot of rate of growth of Pb864 on mica. The
concentration of the Pb(NOg3)o solution used as a source Sof
Pb2+aq jons was 0.1M; the sulfuric acid concentration was 6m.
The regression line drawn for the ‘mean behaviour has an
equation: Mean change in masslcm2=8.65688e-5*Number of

cycles+1.7976e-4. The correlation coefficient was 0.9769.
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Figure 57 Rate of growth of PbS0O4 on mica from 0.1M

lead nitrate solution and various concentrations of sulfuric
acid. The four sets of points correspond to:

# [H2804]=9.9x10'3M; the regression equation for these
data is: g/cm2.cycle=9.924e-6*Number of cycles-6.972e-6.
The correlation coefficient=0.98.

#2 [HoS04]=0.504M; the regression equation for these data
is: gf/cm2.cycle=2.017e-5*Number of cycles+8.886e-6. The
correlation coefficient=0.976.

#3 [HoSO04]=0.99M; the regression equation for these data
is: glcrgz.cycle=3.441e-5*Number of cycles-6.920e-6. The
correlation coefficient=1.00.

#4 [HoS04]=5.994M; the regression equation for these data
is: g/cm2.cycle=1.663e-4*Number of cycles+9.662e-6 The

correlation coefficient=1.00.
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Figure 58 Rate of growth of PbSO4 on mica as a function

of concentration of sulfuric acid. Concentration of Pb2+ is

constant at 0.1M. The regression equation is: :Hate=2.63331e-
05*[HpS04]+8.3402e-06. The correlation coefficient=0.999.
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Figure 59 Rate of growth of PbSO4 on mica as a function
of concentration of lead. Concentration of HoSO4 is constant
—_

at 6M. Equation of the regression line: Rate=7.79522e-
04*[Pb]+2.38414e-05. Correlation coefficient=0.9982.
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Figure 60 Plot of concentration of S042- and HSOg4-
species in HpoSO4 as a function of [ HoSO4).

!

2zp e

2



‘Lros] 4

*63/jow [$0SZH]

‘l#*0sH] o

f,

vy

-
e

Ty

ol

By /10w $0S/POSH 4O USRIDUIdULY



180

Figure 61 Plot of net counts per minute against mass

change per cm2 for (133-Ba/Ba)S0g4 g;ﬁﬁiﬁéion mica. Three

replicates are shown. The deposits were grown from 0.1M

Ba(NO3)o solution and 6M H2SQ4 solution.
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Figure 62 Plot of mean net counts per minute against
mean mass change per cm2 for (133-Ba/Ba)SO4 growing “on
mica. The deposits were grown from 0.1M Ba(N03)2 -solution
and 6M HoSO4 solution. The regression’ equation is: |

Mean net counts/minute=1.01462e06*Mean change in

mass/cm2+2.07473e01. 'I'_hg correlation coefficient is 0.987.
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-

Figure 63 Dissolution of 133-Ba labelled BaSO4 into
1.0x10-3MHoS04 at 2.8mL/minute flow rate. The equation of -
the line is: (Ao-At)le=0.05551 6*Time of flow+0.001050.

The correlation coefficient is 0.999.

\

0



i
o '0j0p [pjewpeda  ©

\\J.,.
*8an{oA - peild
*(suncy) uopnjossip jo owy

vz z ol z'l 90 0 0
1 H | SR ] i 1 L 1 Il 1 .- 0

e — — — = — ———

—— — o ———

.4 »\

?-—-—.-.--.

- 100 s
s - 20'0
| e - £0°0
, .~ ~ v0'0
o . - G0°0
- ._ ) - 900
£0°0
z - 80'0
- 60'0
- 10

4]

ov/Giv—0ov)

~ 1170
L Z10
- €10
- ¥1°0
L gi'0

*‘WE0~40° L =[#0STH]

W /qwg g I $0SPg,/PaLEL Jo uonnjossic

[N



W

| :_\\.

183

i

Figure 64 Dissolution of 133-Ba labelled BaSO4 into

1.0x10-3MHpS04 at 10mUminute flow rate. The equation of
A .

the line is: (Ag-At)/A(p=0.072684*Time of flow+0.007543.

The correlation coefficient is 0.990.
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Fiéure 65

184

it

Dissolution of 133-Ba labelled BaSO4 into™

1.0x10-3MHoSO4 - at 19.5ml/minute flow rate. The equation

of the line is:

(Ag-At)/Ag=0.081485*Time of fiow-0.0015.

The correlation coefficient is 0.999.
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Figure 66 Rate of dissolution of 133-Ba labelled BaSQOg4
into 1.0x10-3MHoS04 as a function of flow rate. Each datum

represents the slope of the graph in the previous three Figures.
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Figure 67 Growth of (228-Ra/Ba)So4 on mica. The count
rate was determined using a gas-flow proportional counter,
with the mica specimen resting on'the desorption/dissolution
cell window. The equatibn of the line is:
Counts/minute=1.772128e05*Mass+7.16761 8

The correlation coefficient is 0.9946.
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Figure 68 Rate of dissolution of (228-Ra/Ba}S0Q4 solid
solution into 1.0x10-3M HoSO4 at 298K. Fiow rate
=19.5mbL/minute. The equation of the line is: rh Normalized rate
of dissolution=8.28e-02*Time+2.4e-03.

The correlation coefficient is 0.988.
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Summary and conclusion to the Thesis.

6.i Contributions to knowiedge.

Consideration of the gaps in the data required to evaluate
the Hileman-Snodgrass model led to the definition of the goals
for this research. These goals were:

(i) To determine the solubility of potential host solids
such as BaSO4 and PbSO4 in HaS04-H20 solutions from 0 to 6M
in concentration and at 250C and 600C. |

(il To model such -data for solubility 'n sulfuric aci;:l
using the Pitzer activity coefficient model. Where parameters
required for the model were not available in the literature,
these parameters wefé to be estimated using appropriate
numerical techniques. //

© (i) Data were to /be obtained for tha rate of desorption
of anions and @,ns implicated in the model, from
appropriate surfaces. :

(iv) Attempts would then be made to grow potential host
solxids on model surfaces, if the desorption experiments
suggested - that these growth experiments held hope of being

[

- succassful.

7

i
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(v} The kinetics of the exchange and adsorption of
cations implicated in the model were to be investigated and
modelled.

(vi) The kinetics of the growth of the potential host
solids on tl‘(xe mode! surfaces would-be examined as a function
of solution concentrations.

(vii) The dissolution kinetics of these surface deposits
would be determined using radio-tracer techniques. Surface
deposits would then be grown which incorporated radium as a
micro-component in the host matrix. The dissolution kinetics
of the radium' micro-component, followed by counting, would

subsequently be related to the rate of disolution of the host

matrix.

Consideration of the content of the previous chapters

shows that, with the cxception of the investigation of the

_ dissoiution kinetics of lead-based solid solutions invelving

228Ra, these objectives have all been successfully achieved.
(i) The solubility of potential host solids such as BaSOg4

and PbSO4 in HoSO4-HpO solutions from 0 to 6M in

concentration and at 250C and 600C have been determined
experimentally by (a) the radiotracer method in the case of
BéSQg. in HpSO4 at 250C and 600C : (b) a method using ICP/MS
in the case of PbSO4 in HaSO4 at 600C. .

(i) The data obtained for the solubility of PbSO,. and

BaS04 in sulfuric acid were then modeiled using the Pitzer

T
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activity coefficient model. Parameters required for the model
were estimated using computer programs deveioped for the
purpose. These programs are available for both IBM and
Maclntosh computers and, in themselves, form a useful
contribution from this research.

(ili) Data were successfully obtained for the desorption
of 8042', Ba2+, Ca2+, ions implicated in the model, from mica
and quariz surfaces. These data were subsequently modelled,
using a model produced by Cerefolini (111) and found to be
useful in situations where a model of desorption at low

coverages was needed.

(iv) Potential host solids, including SrSO4, were
successfully grown on quartz and mica surfaces using a
"solution dipping" technique. Their identity and morphology
was established using scanning electron microscopy.

V) The kinetics of the exchange and adsorption of
cations implicated in the model, onto the surfaces of large,
single crystals were investigated and modelled, at room
temperature and at 600C. it was found that the parameters of
the model could be related to rate constants for transport
processes occurring at the surfaces of the crystals. Values
were derived for the activation -free energy for some
processes-such as adsorption, desorption, integration_ at kinks
and detachment from kinks-believed to be involved in the

exchange-and crystal growth processes.
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(vi) . The kinetics of the growth of the potential host
solids on model surfaces was examined as a function of
solution concentrations. It was found that the rate of growth
of surface deposits was highly repeatable and was related to
the solution concentrations,

(vii) " The dissolution of these surface deposits into
dilute suifuric acid was followed using radio-tracer
techniques, by labeling the BaSQ4q with 133Ba2+ and the
PbSO4 with 398042- as tracers. The experiment for PbSOg4
dissolution failed-dissolution was too rapid to be followed
under the experimental conditions used. Surface deposits were
then grown, which incorporated radium as a micro-component
in the host matrix. This necessitated the production of 228Ra,
a radio-nuclide not available commercially. The radio-
chemical procedure needed was developed in our laboratories.
The dissolution rate of the radium micro-component, followed

by counting, was found to be essentially the same as the rate
of disolution of the BaSO4 matrix.

6.ii Contributions to the literature.
One paper based on the data for the solubility of PbSO4 in

HoS04 is currently undergoing revision for re-submission to
Geochimica et Cosmochimica Acta; another based on the
solubility of BaSO4 in HoSO4 is "in preparation" for publication

in the same journal. The available literature data for the



192

solubility of RaSOg4 in HpSO4 has been modelled using the
Pitzer formalism, which appears to give a reasonable
description of the solubility. This will alsc be submitted for
publication as a Letter in Geochimica et Cosmochimica Acta.

Three papers have been produced and published as a
result of the investigations into the growth of surface
deposits on quartz and mica surfaces (121, 122, 123 ).

The radio-chemical procedure needed to prepare 228Ra
was developed in our laboratories and formed the basis of a
publication in International Journal of Environmental
Analytical Chemistry (124).

A paper is "in preparation" based on the data and the
modelling of the desorption experiments, for submission to the

Journal of Radioanalytical and Nuclear Chemistry, Articles.

A paper is "in preparation® based on the data for the .

exchange and adsorption of cations implicated in the model,
for submission to the Igternational Journal of Environmental
Analytical Chemistry. (.t”f

A paper is "in prébaration“. based upon the investigations
of the rate of growth and dissolution of potential host solids,
including those involving 228Ra, for submission to

International Journal of Environmental Analyticai Chemistry.
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6.ili Suggestions for further research.

During the course of the researches described in this
thesis, a number of other activities were attempted, or
suggested themselves. A series of solid solutions with
various mole fractions of barium and lead, containing 228Ra as
a micro-component, were prepared by the solution dipping
technique used in this work. The intent was to investigate the
dissolution kinetics of the lead/barium/radium solid soclution
series, following up the work of Kornicker et al. (125). It wag\\\\
apparent from the work of Kornicker that this investigation \E\"\\
would represent a major undertaking, probably constituting a
new thesis. The surface constitution of unlabelled
barium/lead solid solutions prepared using this technique was
determined by dissolving the surface deposits from the mica
using alkaline E. D. T. A. and an ultrasonic cleaner. The ratio o\f
Ba/Pb was then determined using A. A. S. techniqués with
bariur%iafd lead star;-;'aards. The data provided by the A. A. S.
analysis, using the available equipment, was not of a quality to
permit unequivocal conclusions to be reached with regard to
the ratio of barium to lead in the surface deposits. In the
authors opinion this work t:ﬁgd”ld be repeated using ICP/MS 6r
some other technique of ec‘]ui\yalent precision (e. g. graphite
furnace A. A. S.); the surface deposits oof known constitution
could then be wused as standards for X-ray emission

spectroscopy in the S. E.M. [t is not possible to determine the
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composition of the surface deposits by X-ray emission
spectroscopy in the S. E. M. without such standards, due to
interference from elements, such as barium, in the substrate.
The parameters for the lead and barium sulfate systems,
obtained by modelling using the Pitzer formalism, should be
subjected to testing in other regions of the phase diagrams of
these substances. Following a suggestion made by Professor

Monin in his review of the paper submitted to Geochimica et
Cosmochimica Acta, this could be done for PbSO4 by:using
existing parameters and data for the PbS04-H2804-HCI
system. These data are found in Seide! (57).

The kinetics of dissolution of PbSQ4 into dilute sulfuric
acid could not be followed by means of the technique used for
BaS04. Thus_ J)('the possible relationship between PbSO4 and
RaSOg4 is still not clear. _:_:__A dﬁferent approach would have to be
followed-perhaps the use%gf‘a col'-umn technique (126). In
addition. an investigation of the kinetics of dissolution of
Ba/RaS04 as a function of concentration of HpSO4 should be
performed.  This could readiI;r be accomplished using the
dissolution cell used in this research. '-

From the point of view of the Hileman-Snodgrass model,

these researches tend to support the major hypotheses of this
model. The required surface deposits of BaSO4, PbSO4 and

N
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mixed (Ba/Pb)SO4 do form readily on both quaitz and mica

/'[surfaces-materials likely to be present in the mill process

"~ streams.
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Appendix 1 (a) Graphical resuits for the solubility of
PbSO4 in NagS04 solutions.

——-——————————————————-»——-————-—-———-——————.———-— -

The top graph in each case shows the experimentali data
and identifies the source. The lower graph shows the result of
fitting the data using the Pitzer model for the activity
~ coefficients for all of the ions ihvoived. In each case the
solubility of the PbSO4 in water, at the temperature of the
experiment, was included in the data being regressed. The data
were given in (57) as mol/l and mg/L units of concentration.
These data were converted to the molal concentration scale
using the conversion formulae in the Chemical Rubber Company
Handbook of Chemistry and Physics, 55th ) Veditio'n, D-119.
Where the density of the solution was .required it was assumed
equal to that of the NapSO4 solution. Data for the density of
these solutions were taken from the Table ﬂ"'in the same
Handbook.

‘:_\\J/'



Experimental solubility of PbS04 in

Ne2504 at 288K (Huybrachts et oL}
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Experimental solubility of PbS04 in

Na2504 ot 303K (Huybrechts et oL.)
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(b) Numerical data for the filtration of radio-barium
using cellulose acetate and P.T.F.E filter media.

The nature of the filter materials used for the filtration
of radio-active, trace-level solutions is a source of concern.
Lind et al. (80) appear to have lost much of the 226Ra activity
from solutions in water due to fiiter losses. The use of
cellulose acetate filters appears to be common in connection
with recent trécer experiments in the N. U. M. T. project. |

Howe\_rer, our experience in this investigation leads to
reservations concerning the use of such filters. The following
data, obtained for an aaueous solution of 133Ba2+ in distilled
water, lends some suppbrt to this concern: )

Solution #1:_Unfitered 25278%counts/200s =

Solution #1: Filtered through 0.22um cellulose acetate
tSaﬂorius i) 1163/200s

The filter, counted in the well of the scintillation

Tounter, gave 25582/200s; essentially all the activity is on

" the filter (to within 1.2%).

o Background counts: ~ 1036/200s
Solution #2: Unfiltered 2083/200s
—)

i

Solution #2; Eiltered through 0.45um P. T. F. E. filter

‘. media (Gelman Scientific) - 2207/200s

At this point in the giiogram we began to use the 0.2um P.

T. F. E. filter media used ."ihroughout the project.

.
L wal

RN
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growth and dissolution experiments

Numerical results for the desorption,

Table 1l.1 Desorption of Ba from mica

Counts/minute (net)

Time(hours)

0.00
0.36
0.53
1.22
2.12
18.27
21.07
22.89
67.10
67.80
91.00
97.00
115.20
139.20
162.60
185.45
186.10
210.10
211.90

Natural background=5.13c.p.m,
Blank count of mica=7.07c.p.m.
Both of the above determinations base on 15m counts.

301.90

285.60
278.80
266.70
262.30
224.70
212.20
209.40
190.20
178.50
173.50
169.70
160.30
146.04
143.52
136.08
126.57
121.36
113.58

30min counts
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Table 1.2 Desorption of Ca from mica

Timefhours)

0.00
0.33
0.53
0.78
1.03
1.37
1.62
9.03
9.28

 9.58
10.31
10.58
10.87
11.45
12.70
. 183.53
14.28
15.28
32.40
32.98
34.45
35.87
37.37
38.13
56.95
58.12
59.15
60.45
80.95
82.23
83.00

un minu

2240.8
2088.6
1988.2
1880.4
1794.8
1709.2
1597.8
1371.2
1228.6
1144.4
1123.2
1100.2
1061.2
1048.8
927.4
886.2
885.2
884.2
768.8
725.2
700.8
692.0
638.0
620.0
560.2
546.0
543.4
519.6
488.8
456.6
454.8

?

n

5min counts

/

T

N
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Table 1I.3 Desorption of Ba from quartz.

Time(hours) Counts/minute (net)
0.00 13399.0 "
0.10 10519.0 N
0.22 8614.0
0.63 7563.0
0.96 3886.0.

1.41 2061.5.
2.59 1630.3
2.62 . 1212.8
3.20 770.7
3.95 609.6
4.43 445.9

5.72 395.9

N N

[#]
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Table 11.4 Sulfate desorption from Mica

Time{hours) Counts/minute (net)
0 157.4
0.016 130.8
0.033 125.0
0.05 1245
0.066 122.0
N 0.317 : 116.3
' 16.317 | 89.8
- 112.3 58.79
129.7 : 57.30
131.4 . 54.87
133.04 56.30
135.71 56.19
137.71 56.68

155.18 55.31

i

J

8]

3]
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Table 1.5 Growth of BaSO4 on mica.

# of cycles Mass #1 Mass#2 Mass#3
0 3.44310e-1 2.56216e-1 2.67635e-1
5 3.44835e-1 2.56739e-1 2.67973e-1
10 3.45216e-1 2.57338e-1  2.68405e-1
15 3.45874e-1 2.57486e-1 2.68790e-1
20 3.46475e-1 2.58064e-1 2.69141e-1
Mass#4
0 3.60815e-1
5 3.64205e-1
10 3.67383e-1
15 3.68340e-1
20 3.72035e-1
-iN
Rate (glcm2 cycle)r [Barium nitrate]M
2.347e-5 'v N 1.00e-3
2.816e-5 1.00e-2
5.824e-5 1.00e-1
1.367e-4 2.50e-1
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Table 1l.6 Growth of PbSO4 on mica.

# of cycle Change in mass(g)

0 0.000

2 4.164e-5

5 1.126e-4

10 . 2.774e-4

i5 2.601e-4 ¢

18 3.427e-4

23 5.001e-4
Rate(g/cm2.cycle) [lead nitrate]M
8.002e-4 1.000 '
1.345¢e-4 1.00e-1
2.11e-5 1.00e-2
4.913e-6 1.00e-4
Rate(g/cmZ2.cycle) [H2SO4]1M
9.924e-6 9.9e-3
2.017e-5 * 5.04e-1
3.44e-5 . 9.9e-1 &
1.663e-4 ) 5.994

N
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Table 1.7 Dissolution of BaSO4 from mica.

Time (h) Net Cpm

0 138.04

0.1055 137.78 2.8mL/min flow rate
1.472 128

2.03 122.9

2.533 119.3

0 164.12

0.25 160

0.38 158.29 10mL/min flow rate
0.883 152.32

1.883 136.94

2.95 129.92 -
0 208.833 i

0.25 204.6 19.5mbL/min flow rate
1.533 182.95 E

2 174.7

Table 11.8 Dissolution of Ba/RaSO4 from mica.

=
Time (h) Net cpm =
0.00 1140.7
0.167 1118.2 Flow rate=19.8mL/minute
0.750 1061.6 o

1.083 . 1035.6 ; S
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