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— - . ABSTRACT

A
N .-?\\__. N .
The REE (rare earth element) phosphates are known to

be very insoluble, and thus have potentlal~¢mportance in
* the immobilization of REE in nuclear waste forms ard Lna\;

ocean envxronments. The hyd¥ous REE phosphates were

synthe51zed'w1th rhabdophane {(light REE). and xenotlme

) structures from dilute nltrlc a01d at ‘or below

s !

the acid hydroly51s of the respectxwe REE-

- (pyrophosphate'1P207 y over a period of & to 6 weeks.
Derlvatlves fbr several REE were characterlzed by scanning

electnqn mlcroscopy (SEM); powder x-ray dlffractlon (XRD),

¢

¢ . dlfferential thernal analy513 (DTA) and thermogravzmetrmc

. - - - )

aaalys1s (TGA) The DyPoa.xHZO derzvatlve was- shown to be.
dxmorphic The behavxour of a speolmen of natural ‘
. rhabdophane—(Idaho. U S.A.), was found to resemble that of

synthetic LaPou xxzo Secondary ion mass spectremetry (SIMS)

- e Spe

e showed the natural sample %o be enriched in LREE, (e g La)
. ‘ Solubil}ty products of several hydrous REE phosphates,
were measured u51ng spectrophotonetry and Lnetrumental
neutron activation analysis (INAA). The pK values {plus
'~ or minus 0.2), were found to be La=2k.5 (25°Ch, Praz6.0
(100 °c), Nd=24.7 (25%¢), Sm 25.7 (25 °C), Ho=24.6 (25 c)
and Er=25.2 (25 C). The solqulltxes were predicted to
decrease with 1ncrea51ng temperature. The hydrous.REE .

* phosphates dissolve in dilute acid with first order,

.
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‘ - reversible kinetics, w1th equillbrium achleved in &Q days.

| .. Seawater REE concentrations were predlcted to be on tne
order of 1-200 pmol/L, whlch is also the range actually .

E 4 ‘ N ‘ measured by other workers.

Anhydrous REE phosphate single crystals. (L.A. Boatner,

i ‘_ 3 : ‘ORNL). and natural monazitg. (Petaca district, New Mexico),
i . ' were found to dissolve much more .slowly than the hydrous

. h phosgh_ates, so that solubility products‘ could not be
i N determined by this method.
ng,. A : o SpecimenS of apatite, hydrous REE phospha%es and
| | .anhydrous ‘REE phosphates were reacted thh dlssolved REE

between PH's of 2 ard 6. Exchange reactlons mvolving the

.fomatlon of new phases were shom to occur using XRD, XPS
and SIMS The surface rea:ctlons requzred several months, : .

but the kmetlcs could not be quantlfled.

A
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1  PURPOSE AND INTRODUCTION

i.1 Purpose and Outline -

The-principalbobjectives of.the thesis work were to
investigate the dissolution and adsorptionibeheviour'of
rare earth element (REE) phosphates, in view of-their
potential use as nuclea? waste host metricee; to |
1nvest1gate REE geochemlstry in view of what was learned
about REE phosphate behav1our. and to contrlbuté to the

understanding of the dlssolutlon and adsorption behaviour

L

of mlnerals in general. A secondary objective was to

\ evaluate several surface analytical techniques for their -

4

TR P Pl N R Y Y,
v
.
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..q .”. .
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e —ny

.usefulness in studying the surface reactions of REE

phosphates. '
Crystallrne forms of REE phosphates were prepared

for .a Selectlon of REE The development of acceptable

synthesis techniques raqulred quite some time, and the

reflnement of the technlques contlnued up to the énd of

9 $he laboratory Sectlom-of the thesis work. The usual
'products of these syntheses were hydrafed REE phosphates.
- Anhydrous REE‘phosphate single crystals were prepared by

‘a high temperature ffux technique, and kindly donated by
L,.A. Boatner at Oak Rldge National Laboratory, (Oak Rxdge
Tennessee)n The hydrdéus forms were characterized by
powder x-ray diffraction (XRD), scanning electron
microecopy (SEM) and differential thermallenalysis (DTA) .
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- The single crystals were analyzed for impurities by ' .

secondary,. ion mass spectrometry (SIMS).

SplubiLity pfodﬁcts were measured for the hydrous
REE ﬁhosphates. Previous determinatioﬁstil“indicated that
the REE phosphatgs are very. lnsoluble. (pK = 24). This’
helped to explaln why materials were so dlfflcult to
crystalllze from aqueous solutlon. Because the literature
contained very few determlnatlons -of REE phosphate
solubility products, a meth;éhwag developed for measuring
these relatively eaéil&. .Advantage was taken of the fact
that HBPOL is a moderately weak acid, so that the solubility
of the particulagiREé-pho§phate rises quickly with a
decrease in pH. THe colored REE ions were measured by
optical spectrophotohetry; wpile lanthanum concentratidns
were measured by instrumental neutron actiQation analyi&é.

The solublllty prqducts obtalned were used to evaluate

"the dissolution klnetlcs data. and surface reaction data,

X 3
as well ad explainlng'oceanic REE concentrations.

The kinetics of @urface reactions such as replacement,
were diffacuft to measure and evaluate because the surface
andfytical techniques were¢ found to be less sensitive ind
gquantitative than had been hoped originally. The qualitétive
results obtalned were nevertheless useful in the debate
about- surface feﬁbtions~Zchagter 5),' in that they showed
the importance of iong term immdbilization processes in

REE geochemistry, qd”opposed‘to transient adsorption.

.
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1.2 REE' Phosphates as Nuclear Waste Hosts

There are many aspects to the problem of nuclear waste
containment(z’B), but it has becomé apparent that the form
of the actual waste is not as important a consideration
as the maqrer and location of the,burial(a). In the last
few years, the emphasis has shifted to the modelling of
radionuclides in thevéroghdwater and geological environment
surrounding.the disposal éite(5). The emphasis in the thesis
work is therefore on those surfece reactions which retard'
or halt the aqueous transport of-radionuclidesf in
particular the REE and actinides« The REE phosphates aré
important both as nuclear waste‘hoéts and as‘oossible
products of surface reactlons of dissSlved REE.

f - There are basically two forms of REE phosphates whlch
have been. proposed as nuclear waste hosts)y namely glasses
and ceramics. In 1978 McCarthy et’ al., (6) pointed out that
monazite, a phosphate of REE Ca, Th and U, could be used
as a model for studylng the long term behav1our of REE-
phosphate based waste.forms. Monazite accumulates in

. oeach sands(6) which suggests its chemical an& mechanioal

stability under humid, ambient conditions. It is also

known to form in hydrothermal systems, which sugge31§ its
®

. stablllty under condltlons of elevated temperature and

pressure. These are conditlons which might concelvably
Noccur in some disposal systems. In addition, monazlte is

falrly resistant to Metamlctlzatlon. (radiation-induced
\

lattice damage)- . -\\\\
R - .- . T L
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"has demonstrated the strong "adsorptlon“ of 1u7Pm by

Since 1980, Boatner et al., have examined the

syntheéis, crystal chemistry and- dissolution of pure and

daped single crystals and ceramics, with(s) and without(9)

nuclear defense and reactor waste. Comparative measurements
of corrosion rates-of monazite ceramics, borosilicate

glags and SYNROC showed that monazite had the lowest
"(10)

corrosion rate of the forms considered, . In another

(11) the leach rates af Cs, Sr and U from synthetic

study
monazite.at 90 C were more than 20 times lower than those
from borosilicate glass.

Gtambow and Lutze(IZ)

studied the behaviour of complex
phosphate glasggé containing Fe, Al and-waste oxides under
hydrothermal conditions, (i.e., greater than iOOOC'and,

at elevated pressure). Thg'glass crystallized under these’

" conditjons, but the leach rate was still considerably less

than that of borosilicate glass. . o
In ig&u Sales and Boatnef‘lB) announced the development

of a parficular iron/lead phosbhate glass which had

considerably lower corrosion rates than'bbrosiliq;te

glass for the pH range 3 to 11f‘Thé édvantagé of using glass

over ceramic is th;t a gréater variety of chemical elements

‘éqp be incorporated thap into any p;rticular crystal lattice.
With regard to the immobilizatioﬂ of radionuclides

after dissolution from the waste host, autoradiography

apatite in granite(la).'The particularly strong adsorption.

A
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was interpreted to indicate a reaction between the REE
and apatite to form monazite. Further, the behaviour of

2M!\m was found to parallel that of 1wil@'m in these syétems.
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1.3 Geochemistry of the Rare Earth Elements

Geochemistry is concerned with modelling the ﬁhysical
and chemical behav%our of the elements in nature. In
bﬁilding such models it is ofte? convenient to group
similar elements together. Sugh elements often occur
taogether in wnature. Good examples are the eleméent pairs
Zr and Hf, and Nb and Ta. Such grouping allows a more
efficient collection and interpretgtidn of data. The
rare earth elements, (lanthanides pfgs yttrium), .also
constitute such a group. The two principal factors
controlling the distribution of the REE in natur; are their :
absolute or cosmic abundances, and their crystal chemistry.
Figure 1.1 shows the relative abundances of REE in

(15)

y (meteorites which are

carbonaceous chondrites
considered to be very primitive, chemically), and the
corrgsponding ionic rédii for the 54 ions in 8-fold

' (16) '

coordimation sites In the case of REE fluorides,

(upon which the radii'a;e based)? Y falls bet&eén Er and
Ho. The change in ionic rad;us is fairly smooth, suggestigg
a smooth chaﬂge in the chemical behaviours of the REE as
the atomic number is increased. A good example is provided
by the REE/EDTA solution complexes..The‘free ene:gies-off
formation presented in figure 1.2, show a smooth change
with a change in the atomic number of the REE. Examination
of the changes in enthalpy and entropy reveals a édre

. \ . -
complicated trend, however. ) \

/

O~




o~ - .
’ .
w
o
420 N
: n
170 E-
. . ©
...@O -
[ - .e
, 180 2
L L °
- .D_. c
. | . 3
42 o .
O o . LT
. OOO o O 1. . [Y- 4 N \
O (0] 421 -
. © o ‘ e,
. 9
. a\u
. . . 17 4 -
) um~w>dgwwamen .Amﬂvagaswam pue sJspuy puu AoavuuMSxL; pue uouuerys wWoayg auav eleq -
*S93TI0890W o1 Tapuoyd m&hauwo.uo sashinue TeOTWAYD JoO uotje1dwod v uo paseq
spoUuRpUNQE OTWSOD HIY pue (8 = NO) ‘334 8yg Jo Tipea otuo] 11 aaniduy '
~ * A
M L4 L<
N : ¢
L] - J -
T T S S - s —————e e S e ws ;.I}?a.,.!{..“.;.

T3



e Arew. o

rn e <~

g — v o -

- ~ bl | s
. 5
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The knowledge of the -geochemical behaviour of the RBEE
is not yet .sufficient to permit detailed geochemical cycles

to be constructed. A good review of the status of REE

geochemistry is provided bnyleet(ls)

+ A few points are
summarized here which are relevant to the discussion at
the end of chapter &.

1} The REE resemble each other in their chemical
properties. _

2) Ce and Eu may be separated from the other REE under
oxidizing or reducing conditions,- respectively.

3) REE tend to fractionate when phase sep&ratlons occur.,
The lighter REE tend to form dlfferent mineralsg than .the
heavy REE, though complete separation never occurs in
nature..

4) REE in the earth's crust tend to be enriched in the
LREE relative to chondrite values(lg).

‘5) REE tend to form, or be found in insoluble mineral
phases at or near the earth's surface. Most 9f~fhe REE .
material entering the sea is transported as particulate
matter(lé); _

6) REE are mobilized in the solution phase only under
extreme weathering conditions(zo) They tend to be quickly

reprecipitated as insoluble phases such as florencite or
(21) ) '

rhabdophane
7) Because of rules 4 and 5, shales tend to reflect

‘crustal REE abundances. and so also show enrlchment in LREE.

[
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8) REE are ubiquitous in nature, though concentrations
do vary. Total REE abundances in seashells are about 2. ppm;
in chond'zjites gﬁout 5 ppms in coals'’ about 35 ppm; in

North American shales about 230 ppm and in phosphorites

420 ppm(22-,23).

9) Seawater patterns of dissolved REE suggest a mixed
souréé.for diésolved REE, consisting of continental plus
marine volc;nic components(ig). ‘

In this study, contributions will be made to the study
of REE geocheﬁistry by preparing and characterizing ﬁEE
phosphates. Solubility products for some of these REE
phosphates will be obtained and\déed to enhance.the

discussion of seawater REE concentrations.

pas
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1.4 Surface Reactions

"There are many types of surface reaction important

in géochemistry- One such type is adserption, which
IUPAC(ZQ) defines as: "...the enrichment (positive

adsorption, or briefly, adsorption) or depletion (negative
adsorption) of one or more components in an interfacial
layer.” Processes which tranfer components from one. bulk

phase to another can be termed absorption. When it is.

difficult to distinguish experimentally betﬁeen adsorption
and absorption, the term §o;ptio§ can be’used. ‘

" All these definitions imply that the substrate is not
chemically altered as a result of sorption processes.
Further, adsorption is implicitly a 2-dimensional process,
as opposed to precipitation, which is a 3-dimen§iona1
process(ZS). Multilgxgr adsorption has been treated “as

(26)

a ‘special case of adsorption, however:

For the purposes of the discussions in this work,

gurface reaction will be'defined as any physical or

chemical process occurring at the solid/solution interface

P rvad . v T Y r———— T

which results in an eiperimentally defectgble chahge

in the structure or comﬁgsition of ‘the surface fegion
of the substrate. It will be the purpose of chapter 5
to d}scuss which surface reactions are important with

regard to REE pﬁosphates.
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There is no single, universal model of adsofpiion.
partly because there are many differént proéesses which
might be called adsorption. However there is dne t}pe‘of
adsorption isotherm which is often usgd to model zdsorpti;h
data, aﬂd constitutes a good example in an introduction
to the study of adsorption. This is the Langmuir A&$orptiod i
Isotherm. - The following derivation was taken from

(27). Orlglnally, the model was developed for the

Adamson
adsorptlon of gases on homogeneous sol;d surfaces., The ¢
.first step is to assume that the rate of adsorpt;on ra,

is given by

.

r, .= kZPS° = kZP(S'Si) (1.1)

[y

and the rate of desorption rd..is given by

= kS, ‘ | (172)

-

T4

+

.~ where kz and k1 afe rate constants, P is the présshre

 or the single companent gas, S is the number of ‘sites’,
S, the number of unocéupiéd sites, and S; the number of
SlteS whlch are occupied. ggulllprlum the two rates
are equal, so that : ) _‘ .

:sl/s - 8= bP(1 + bP) | LN (1.3)

where 6 is the fractional surface coveraée. and b= kz/kl'

‘Assuibing there is one molecule of adsorbed gas per site,

) S
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equation 1.3 can be written,
v =.v_bP/(1 *+ DP) Co(1.)

. {
where v is the volume of gas adsorbed, and Vi is the
maximum volume of gas. which can be adsorbed. Equation

{.4 can also be writxeh as -

—_

P/N = 1/(bvm) + f/ﬁm. (1.5)

This model is often applied to adsorption from.
solution. However, the model dees not always work in

the case of a single co&ponent gas, and is less

" successful wheq applied to adsorption from solution.

There are a number of assumptions in the model which

-might explaln the lack of consistent succ4ss. The model

" is an equilibrdium model. It assumes that binding energles

for all sites are equal and independent of surface
coverage. It also assumes that there is no interaction
between adsorbate molecules. It assumes that there is no
further reaction between substrate and adsorbate; 1i.e.,
the subsfrate is &dtherwise inert. The model also implies,

but does not requlre, that the number of sites is

_1ndependent of the nature of the adsofbing gas. This is

an assumption whlch is routinely made in adsorption

studles. Flnally. the definition of ‘'site’ .is unclear.
Implicitly, the size of the SLte‘xs defined by the effective
size of the adserbing molecule,-ihis is- not conaistent

with the assumption of the constancy of the number of sites.

v{_~“:.: . o . l‘ﬂ"
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- Fufther, Sposito(ZS) points out (on page 122), that &

.t .

"Phe adherence of experimental sorption datd to an
adsorption isotherm equation provides no evidence as to

the actual mechanism of a sorption process,...”

The problem of deciding thph of several processes 1is
actually going on in a particular system will be further
discusséd in chapter 5. ‘
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2.1 Introduction and Review

In discussing the REE phosphates, it would be useful

‘ to review isostructural compounds at the same time. Jne

reason for this is that such compoﬁnds often undergo
similar structural c¢hanges with temperature‘and pressure.
;nformation about a well studied compound can ?e used
to-predict or interpret physical-bréperties_of less well
studied analogs. Eﬁrther isostructural compounds often _
have cons;derable-mufua} miscibilities. It is this aspect
‘of REE phosphates that makes them attractive nuclear waste
hosts.
There are esséntially four structure types which are
of interest‘when discussing REE phosphates with
stéichiometries AXO, or AXO,.xH,0: 1) monoclinic MONAZITE
(P2y/n); 2) tetragonal XENOTIME or ZIRCON (I4,/amd):
3} Bexagonal RHABDOPHANE (P6,22 or C3;21, there is some
controversy here) and 4) "HYDROUS XENOTIME" (14, /and) .
(The convention is. adopted in this work that capitalized
., mineral names refer tg.sfrpcturé types and any synthetiq
compound adopting that structure). fn table 2.1 some -
exampleg of minerals and synthetic compounds are listed.
A number of similar compouhds with g%}erqate structures
are listed for completeness. Exambléﬁ of compoundg with

either SCHEELITE or FERGUSONITE structures are included

¢ - to demonstrate variations which may take place with

18
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. Tatle.2.f JCompilation of compounds of the AXQ, or

AXOb.xﬁzc stoichiometry, according to structure <type. !

Mineral or Composition Comments Reference

Compound

MONAZITZ structure type:. (P2,/n)

monazite (PREZ, HREE) PO 1

cheralite (Th.Ca.LREE)POu 2

LaPOQ—GdPOQ | powder 3,4
single xl. 5v6|7

Lavo,, , 3,4

LaAsOu—NdAsOu 3

PuPO.u . ~'8,9

AmFO . 9

PuAsOu. AmAsOu . _ 9

MIITh(Po,),, M= CdiCaiSriPb 10

M ITh(As0,),, M= Ba;PbiSr : 12

PbTh(VOa)z high temp 11

huttonite ThSi0,, high temp 12

single x1. 1

BiPO,, BiAsO, 3
CmPO,, ~ 14
FERGUSONITE (YNDO,,) (P4,/n)

LaNb0, -LuNbO, ; YNBO, S



.

- Table 2.1 CZontinued...

. e e e -

SCHEELITEZ, Cawo, : . (14,73)
Pb’l‘h(VOu) 2 low ’temp bt
SmAsOu-LuAsOu high pressure 13
PrVOu-LuVOu high pressure s,
XENOTIME, (HREE)PO, (I4,/amd)
“QLPO,-LuP0,1 ScPO,: YPO, 3,4
TBPO, -LuPO,, .. single Xxl. s
CeV0,-LuVv0,; ScVo,; YVowm, 3.4
SmAs0, -LuAsO,, 3
AmVO,, 9
zircon (Zr.Hf.Th)SiOu o1
thorite ThSiOu low temp i2
_ single Xx1l. i3
CaTh(As0,),; CdTh(As0Q,), 10
PbTh(VOL‘_)2 - intermediate temp 11
HYDROUS XENOTIME, (HREE)PO,.xH,0 (I&4,/amd)
HOPOQ"LUPOQ. (105"2 HZO) ) 1?7
MNGYOITE (P222)
ningyoite (U,Ca,REE)PO,, . 1-2H,0 18
uCa(Po,), synthetig 18
DyPO,, -1.5H,0; HoPOu-ZHZG 19

%

o
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Table 2.5 Continued...

GYPSUM, CaSO, .2H,0 (C2/¢)

2hurchite (HREE)POu.xHZO 20
RHA BDOPHANE (P6,22 or C3,21)
rhabdophane (LREE)P'Ou.l-ZHZO 21,22
tristramite (Ca,U,Fe)(POu,SOu,COB).2H2O 22
brockite (Ca,Th,REE)(PO,,CO).0.9H 0 2L
REEPO,, . xH,0, REE= La;Ce;Nd 25,26
PmPO,, . $H ,0 &, 27

Acpou.;bx-rzo; AMPO,, . 3H 0
. Pupou.éaz’(?\ : = 8,9

O




s

e

— w—

variations in. temperature, pressure or composition.
Examples of such variations are discussed by Fukunaga and

Yamaoka(zg)

and Stubiéan and Roy(lj). As might be inferred
frj;»}able 2.1, the radius ratio r(A):r{(X) in Axob is
very'im%ortant in determining the structure adopted by

a particular compound. It is, for example, this ratio
which deterﬁines whether the cation A, exists in a 9-fold
site, (MONAZITE) or an 8-fold site (XENOTIME). The ideal

geometries of these sites are depicted in figures 2.1 and

2.2. As was seen in figure 1.1, the ionic radii of the
- i

-

lanthanides decreasg;smoothly from 132 pm for L& to 111 pm
for Lu. Yttrium hasfa corresponding radius of 115.5 pm, -

plac%ng ¥ between ¥b and Er in the series. It is for thié

reason that Y is a@yayé abundant in minerals of the HREE.

These radii also.ﬁ lp to e€xplain why early or light REE

¢

form phospﬂate L4lth cation sites of higher coordinétion
number than the late or heavy REE. In fact the dividing
line separating the heavy from the light REE is not fixed.
It depends,jfor example.'on the radius ratio, r(A):r(X).
For the phosphatgé of REE, the dividing line is bethen"
Gd and Tb. Some workers have found that TbPO, is in fact

dimorphic(32). For the arsenates of REE, the dividing line

. is between Nd and Sm; for the vanadates, between La and Ce.

" This observation of a dividing line in the REE series

also occurs in the series of hydrous REE phosphates.

RHABDOPHANE derivativés tend to transform to the .

.corresponding MONAZITE derivatives at elevated temperature.

] L d

~
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Figurez.i . Tdealized skxetch of oxygen coordination
er in MONAZITZ: pentagonal

terpenetrating tetrahcdral polyhedron,(6).
A ]

[

Figure 2.z Idealized sz2tc coo
about metal center in XINOTINME: two interpenetrating
tetrahedra, {30).
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nuclear waste stability, other factors become important.

The actual dividing line in the RHABDOFHANE/XENOTIME

series of compounds is not so clear. This point will be

L}

investigated in chapter 3. ‘ .

O0f course in attempting to relate the crystal chemistry

" of REE phosphates to the problems of geochemistry and

One ig the tendency of similar phases to form solid

solutions. The other is the ability of several REE and

many actinides to have several oxidation states, depending-

on the redox conditions. As a result of favourable
entropies of hixing. many phases tend to form solid

solutions a%\qggrgtaq\:i:peratures. Monazite -is known te

contain 411 naturally ocsurring REE, in addition to Th
and Ca. In-'the case of the REE, the entropies of mixing
are sufficient to pérmit some degr?e of*solid solution
among the REE at room temperatures. Rhabdophane, which is
known to form as an alteration product of REE minerals at
ambient temperatures, contains all the REE; though of
course the HREE are depletsd reiative to natural abundance
levels, (see thapter 3). Ii is expected that many ~ -
actinides, in addition to Th and U will form mixed
phosphate phases with the REE. Pu(III)-RHABDOPﬁANE and
pr'(‘nr)-, Am(III) and Cm(III)- MONAZITE are known '
compounds, (table 2.1{. .

Thé extent of miscibility is limited however, by

variationg in the oxidation states of many of the elements

of interest. For example, Ce can be separated in nature

R ¢
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and in the laboratory ffom the other REE by its oxidation
to the (IV) state. As Ce(1lV), it résembles Th in its
chemistry. Both are more easily hydrorytggi

REE(III) geas;: both have shorter residence tim s in the
oceans than the 3+ ions. \

Uranium resembles Th only when the redox conditions

permit the reduction of U(VI) to U(IV). Figure 2.3 shows

.a redox diagram for U, Np and Pu at a pH of 8. Uranium

along with Np, Pu and Am tend to form the species Anog+ and

AnOE under oxidizing conditions, (An = actinide). These

oxy-cations are much less soluble in solid REE phospﬁgte

phases than aré the An(III) ‘and An(IV) ions. The oxy-cations

also form phospbgte phases of their own, but these tend to
be much more soluble in aqueous solutions than ph9§phates
of An(III), REE(III) and An(IV). .

Figuge 2.3 suggests tmhat of the several oxidation
states available to Np, only the (V) -and (IV) states are

are likely to be important in nature. Important bourdaries

in figure 2.3 are the potentials for the‘reduction,(-o.47 V)

and ‘oxidation of water (+0.76 V), at a pH of 8, and a
temperature of 25° C. These values are convenient ma;kers
faor bracketing the rangé of expected redox potentials in
natu;e~ It must also be pointed out that such diagrams

.

are only a guide. The redox potentials of reactions are

strongly dependent on the pH of the system. Further, the
ligand environment of the cation strongly affects the

stability of the oxidation states of the ion. The data in
‘ é o '
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Figure 2.3 Distribution diagrams for hydrolysis
products of a) U, b) Np and ¢) Pu, as functions of
the ‘redox potential at a pH of 8. Diagrams were

adapted from Allard et al.,(97),
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figure 2.3 are from Allard et al.,$33) who considered only
the hydroxycomplexes of U, Np and Pu in drawing the
figures. Pinally, the temperature affects the complexation

(37)

and redox potentials of reactions. Brookins gives
a good presentation of redox diagrams relevant to the
geochemistry of actinides.

in the case of Pu, the (VI) and (V) states are important
under -oxidizing conditions, while the (III) and {IV) states-.
are important under reduéing COndlthns(33 3 ). High . g
temperatures tend to favour the iower oxidation states.
For example, Pu(IV) phosphates tend to lose 02 at hlgh
temperatures to form PUPO (35) Agaln, only the reduced,
forms of Pu resemble the REE catlons. Both Pu(IIi) and-
Pu(IV) are scavenged from aczdlc solutlons by phosphate,
though the Pu(:Vﬂ forms are more completely precxpltated
(37)

~ Data presented in Brookins suggest that for Am,
the important oxidation states are (III) and (IV). The
later transplutonium elements are most likely to be found
in the (I1I) state. Thu§ the actinides are in general
expected to resemble the REE in their geogchemistry. The
significant exceptions are Pa(V), U(VI), Pu(V), Pu(VI) and
Np(V)- (Purther general discussions of the, chemistry of.

[

the actinides and lantha#tides are given in 36 and 38).
. !
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2.2 Review of Synthesis Methods From the Literature

Several criteria were used in selecting a method from the
; k A literature for the preparﬁtiqn of REE phosphate compcunds.
The solids must be coarse enough to be easily filtered.

: Ihe solids must be homogeneous, both chemically as well

as crystallographically. The crystals must be large enough

‘that sufface energies do.not contribute significantly to

their solubilities. This requires a mipimum grain size of °

about 1 pm. The method has to be practical and inexpensive.

Fiﬁally. ié would be‘highly desirable to be‘hble to

precipitate these phases from aqueous solutions. This

way, solubility data could be obtained from supersaturation

as well as from undersaturation. ‘ '
Methods used to prepare compounds of the sort listed

‘b . im table 2.1 fall into three categories. Use of hiéh' .

_temperatures can result in anhydrous, coarsely crystailine

materials; Lower température precipitation from aqueous *

' o solutions tends to yield materials of a fine-grained or

.  even amorphous nature. These materials will tend to be
chemically impure because of oéc;usiqn, adsorption, and

. coprecipitation. Hydrothermél methods produce either

hydrous ‘or anhydrous materials of good crystalllnlty,

' depending on the temperature.' \

’ - The first category. of synthesis can be further
' subdivided 1nto~£lux-growth, and sinterlng or calcining
' methods, For example, the lead—pyrophosphate technique

v ’
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involves préparing a melt of Pb2 2 7 from PbHPOu. To thls
melt is added a partlcular REE oxide in a platinum
crucible, and heated to about 1400° C. The system is
cooled at abbuf 1 Celsius degree per hoﬁr to about 900°,
(39,40,41). The flux'surrounding the crystals is removed
by boiling tﬁsdmass in nitric acid. The single crystals so

A

obtained are typically several mm in length. (This was the

\'method msed by L.A. Boatner(ul) to prepare tﬂ; crystals:

used in this study).
In the sintering method (%2} the respective REE phosphate
is precipifﬁted from dilute acid solutions with Nﬁuﬂzpou

as a very fine-grained powder. The suspension is filtered

and drled. and then heated to 600° C. The powder-is then

cooled, crushed, _re- pelletlzed and flred at 1200° for 35 Hr.
The last step is then repeated. ?he anhydrous REE phosphates
obtained in- this manner are suitable for powder x-ray .

.
N '

. :

i

- \ . . . .
In the second major category of synthesis methods, the -

diffpgction."

pH of the solution used for the precipitation reactions .
. .

was -found to be an important ‘parameter determining the

. hature ‘and ﬁualf\{\:f the precipitate. Often .well

crystallized materials could only be obtained at low pH,
(8, 1? 25, 26,35)¢ Occasxonally, the crystallznlty was found
to be poor(“B). As the pH is raxsed, solzd phages
containing other cat%éns'introduced into the solution as |

counter-ions, were found to form(ua)- At even higher bﬁﬁé’

- -
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hydrolysis of the RﬁE ions was apparent, and the produéts
consequently consisted of hydroxy-phosphatesg 3) In all the
latter cases, the preclplrates had to be sintered in order
for powder diffraction patterns to be obtained.
Hydrothermal methods, involving closeq,systems and
%emperaiurgg between 50 and 300° C have been employed .
to produce hydfous and anhydrous phosphate derivativesi
of lanthanides{3%) and actinides(%). In the case of LREE,
RHABDOPHANE phases’ were observed to form at temperatures.
up to 250°.C:.at 300°; MONAZITE was observed to.form.
These results do not.éonstitute a determination of the
phase diagramy however. It;was‘found that by keeping the
REE phosphate at 250 for a year that MONACITE was the

final product. .

Soifar the methods described are con¢erned with
preparing phosphates with only a single iEﬁ Studies'have
also been carried out with the purpose of examining the .
extents of substltutlon of other cations in REE phosphates.
~~and the ‘behaviour of these sollq golutions as a function of
tehperature.

. Bamberger et al. ‘35) studled the effects of‘varylng

the solution Ce(III)/Bi(III) ratlos ot the nature and .

composxtlon of phosphates preclpltated from dilute nxtrLc

acid solutlons. The phases ;nvolved were w&~CePOu.

.. (RHABDOPHANE) P ~CePO, (MONAZITE).~ -BiPO,, (RHABDOPHANE)

fg-BiPcu (MO&AZITE) and 3lBiP0u (high temperature:form),




- v

o ap arr A

P Y

e e A

YRS RTHN

SR v e

v
b.

For all the Ce/CetBi ratios examined, except that equal to

one, the product was P<-BiP8u, The similarity of the X-Ce
and.d—ﬁi phosphates prevented a Qistinctioﬁ béing made
between these two phases by powder'XRD. Raman spectroscopy
indicated that the product cons}éted of a mechanical.
mixture, (i.e., two phases), of Ce and Bi phosphates.

When this mixture is heated, separate pha;;é could -be -
indentified by powder XRﬁp for those mixtures with Ce
contents of less than '30%. Above that'w‘ralue. only Ce-
MONAZITE could be identified. Raman spectra indicated that
for Ce contents gréaxer than 10%, Ce/Bi phosphate solid a°
solutions were obtained. These results are not surprising
since, in general, mutual miscibilities increase with

increasing temperature. g ' ~

The same study also looked at the effects of varying

Ce(IV)/Bi(III) ratios duriné‘the precipitation of the
phosphate. It w#s found that only above a certain Ce/Bi
ratio could separate Ce(IV) phosphate phases be detected, .

which suggests a considerable substitution of Ce(IV).for Bi.-

The nature of the charge compengation involved was not
determined. Ignition of these products between 400 and

600° C resulted in the reduction of Ce(IV) to Ce(III),

with the elimination of 0, Again solid solutions o% Ce(III)
and Bi(III) phosphates were thé result.

. \ .
Another example of a study involving substitution

_ reactions is provided by Carron et al..(32)

precipitated adjacent pairs of REE with phosphoric acid

who fractionally

»

[}

31
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~ single crystal; were prepared by the Pb2P207 technique

Qt temperatures betwéen 50 ahd 300° c. The total-REE to
phosphafe ratios -varied between u:i and 2:1. Separation
factors were fo&nd to vary_in a sdrprisingly irregular
manner with atomic number. Samarium was found to be
precipitated preferentially %o the other REE. Among the
HREE, the Yb phosphate was formed first. The prqducts were
all examined via powder XRD. Since the purpose of the
study was to evaluate fractional precipitation as a means
of separating the REE, the .nature of the products in terms
of solid solutions versus mechanical mixtures was not
examined, however.

‘Finally, a series of studies should be mentioned

involving the ERP measurements of REE phosphates doped

“with REE and actinide metal ions. In these.studies, the

(41)

mentioned earlier. ’ ‘ . : .

- In an initial study of the oxidation states of actinides
iﬁ LaPOu single crystais, optical absoerption spectroscopy
was‘gsed to devtermine the oxidation states of U, ﬁp,_?u
Am and Cm doped in percenf quantities into the monazite
host(#5) . Species found included U(IV), U(III), Pu(IV),
Np(1V), Am{III) and probably Cm(III{.'The ambiguity of the
Cm results prompted an EPR experiment using 2L"E‘Cm and 21mCm
doped lhto LuPOh host crystals(ué). Electron ‘paramagnetic
resonance (EPﬁ), is particuiarly well suited to the study
of paramaqhetic impuritles, such as paramagnetic actinide

and 1anthanide ions. The method gives information about

Dok St

32




4y -wna-‘.....—-’

v e eme

i prn

P ™ e 4

the valence state of a particular element from the number
and positions of measured transitions in the EPR spectrum.
ﬁhltlplets result from the removal of. the free-ion energy

level degeneracy by the crystalline field. Slmulation

‘calculatiqhs thus yield information about the site

symmetry of the ion in question. Finally, the hyperfine
splitting of the EPR signals can be used to help identify
the isotopeé in the sample, (i.e., those isotopes with
odd numbers of protons‘and/or neutrons in the nucleus).
(Further discussion is given by Boatner and Abraham(47)
and Rappaz et al.(us)). Such studies have also shown that
54>’ substitutes into nermal cation,sites in XENoTIME *1)

even though pure GdPOu has the monazite structure.

In the Cm:LaP0; experiment, the Cm was shown to be Cm(ILI).

T weoy T g v— - SRy - e
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2.3 Introduction to Synthesis Methods Used in this Study

Rare earth chloride hydfates were obtained from
Aldrich (99.9% purity). Where necessary, the solutions
prepared from the REE salts were standardized. against
EDTA in a M buffer solution, (NHaCl +.NHuacetate). uéing
Arsenazo I as an indicator. The REE chloride hydrates ate
hygroscopic¢, but will lose water of cristallizatiod upon
drying in an oven or desiccator. The salts KH PO,
Nunzo?.loﬂzo and NaHZPOZ.HZO were all. Fisher Certified

'Reégent Grade. The water used was obtained from an in-lab

ion-exchange column. —

Initial attempts to pfepafe crystalline LaPOk directly
from dilute nitric acid solution upon addition of HBPOu
or KH,PO, were unsuccessful. Even after refluxing in
dilute nitric acid for days or weeks; the precipitafes
were too fine to filter.through 0.45 um'Millipore filters.
Attempts were made -to optimize the pH such that éhe
precipitation occurred slowly, for example, ofernight,

(pH = 0.9). Interestingiy,Aother M(II1) phosphates could

be prepared by carefully raising the pH and digesting the

solutions for one or two weeks, (M = Fe, Al, V). XRD . -

showed the respective products to have the crystal
structures of 'phosphosiderif%' (Eepou.zuzo) and

(] H ) Y ’

taranakite (H653A15(P0u)8.18ﬂzo). (The V(III) compound
was not further characterized). An Fe-arsenate was also
prepared, and found to have the structure of 'scorodite’

(FeAs0,.2H,0). It was thereforesurprising that this

~
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. wouId not work for the REE.

l )

The next ‘apprdach involved the slow, drop wise
addition of a LaCl3 solution to a refluxing solution of

a-

BEOQ' This method also yielded unsatisfactory results.

Various complexing agents were added to the initial

B
3 solution, in the expectation that the kinetids of

<
complex-hydroly515 would limit the free La \\eoncentratlon
to such an extent that slow crystal growth would be

permitxed. A procedure,involving the slow' acid-hydrolysis

of B%BPOu was tried. Unfortunately, the hydrolysis of

Et}POh is quite slow, (several months), and the product

is none-the-less of poor quality. Fugther, it was not
known whether various partially,hydrelyzed phosphate
esters were also presnt in the pfecipitate.

After many attempts, five potentially useful %yntheses

/

" were found.

-
*

1) Aeid-hydrolysis of the respective REE-pyrophosphate.
2) H,/H oxidation of the respective hypephosphite.
3) Reaction of crystalline La(Cl0g) with HyP0, in | .

1M HClOu. Z :

. b)) Reaction of crystalline LaHEDTA .nH,0 with H3P0 .

2
5) Direct prec1p1tatxon of LaPO, from DMSO s6lutions

of LaC13.6H 0 by “3"4' (For some reason, the rate

of precipifation from DMSO is much §}ower than® S,

xhét‘frém water.) - “»

None of these procedures’ is ideal, in that they mdl .
i , : ’
" . , ¢ 4
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require at.least a month..Only'the pyrophosphate method
was extensively used, since it was the'fifstjuseful
method developed, since it was the fastest of four slow
methods and s%nce it seemed to give the most reprodecible
results.

In all these proeedures the pH was intentionally kept
below 7, so that there woeid be little or neo chance'of
REE-ion hydrolysis or carbonate co-precipitation. Also,

calculations indicated that LaP0,, is least soluble at

'pH's around 7 or 8. Material precipitated in this pH

- . e

S

s

e b e e e s
s

i
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range would most llkely be poorly crystalllzedd because .
of the extreme supersaturatlon leveis. )

Plates 1 an& 2 show represehtaﬁ;ve SEM photos of.
La- RHABDOPHANE and Sm-RHABDOPHANE respectlvely. The
plates will Dbe dlscussed Ln greater detall later 1n thls N -
chapter. they are 1ncluded here to show t@at even good
products of syntheses are fine gnalned. All the hydrous
REE phosphates e amlned by .SEM showed thls hahlt of
clusters of very fine prLSmatlc c;gstals The propertles o

of these hydrous phosphates wal be»exgm;ned further in

> - -,\- . -
N T LI T

chapter 3. ' ‘ . o ';f‘ilﬂ co ;:“ o
Thus, although the synthéees‘&éVeloped yxelded sollds

which could easxly e separahed bg flltration. the ‘solids

were still flne-gralned engugh thaﬁ surface free energles

are expected to contrlbute to-the free energies of %he bulk

phase.' S '; o :n ‘”~ I .
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- : . Plate 1. SEM photograph of La-RHABDOPHANE - _
: . crystals prepared by the perchlorate
) method. Thg scale bar.refers to the left _
. e most photo.
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T Plate 2. SEM photograph of Sm-RHABDOFHANE
crystals prepared by the pyrophosphate
method. Though the photos are somewhat '
fuzzy, the hexagonal cross-section of the
prismatic crystals is vigible.
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2.4 The Pyrophosphate Method

In general, hydrous REE'phosphates can be formed by
refluxing 500 mL of 0.1 mol/L HNO3 corrtaining 0.02 mole
REClB.'OlOI mole Naaon? and an additional 0.04 mole HNOB.
(to neutralize ong'), for 1 to 1% months. The pH can be
varied between syntheses without apparent effect, other than
yield, (the lower the pH, the lower the yield).

The pyrophosphate intermediate phase is formed within a
period of a few hours, to a few days, again, depending on
the pH, (the lower the pH, the slower the crystal-growtﬁ).
The REE pyrophosphate can be identified under optical
microscopy by its characteristic crystals. The crystals

appear for all the REE examined, to be rectangular, y

micaceous laths, often clustered in radiating spheroids.

Crystals of the LREE are generally smaller than those of

the HREE. SEM showed La-pyrophosphate crystals to be on

‘the order of 20 x 5 x 0.1 micrometers. Ho:pyfophosphate

cr&stals have been grown as lafge as ‘1-2 mm long. (Further ..'

characterization will be given later in the -section). |
After 1 to 2 weeks the crystals are seen under optical -

microscopy, to be in the fypcess of cqrfosion dnd\rehlacement.

The new crystals are very small, and tend to form

 polydrystalline masses . that retain the overall shape of -

the~original,pyrophosphate crystal. X-ray pOydér'diffraction\

~sh'owed these new cfystals to have powder patterns of

rhabdophane, (for Pr, Nd¢, Sm and Gd) or xenotime, (for

41
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When the replacement reaction is completé. as determined
by XRD, the mixture is filtered through C.45 micrometer’
Millipore filters, washed and dried at 80° ¢ for 2-4
hours. In some cases, the mother liqéur was retained and
analyzed for REE contentration and pH, Im order to
calculate solubility products. '

Certain REE gaQQ variable results. ‘
LaPQ,, and NdPO,: When prepared at 100° C, both Ld and' Nd
phosphates'w;}e found to consist of a mixturg_of
RHABDOPHANE and MONAZITE. For this reason, the hydroly§is
reaction for La- and Nd—pyrophosfhate was carried out at
reduced temperatures, (i.e., 25° C), and longer times,
(several months). In this case, only the RHABDOPHANE
derivatives were -obtained. ' ‘ .
ggégu: When Ce-pyrophosphate is first formed, it is almost
colorless. During feflux.lhowéver. it was found that
the powder becomes increasing colored, so that the final
phosphate product was é.grey-igh brown. XRD'showéd the
product to be a mixture of MONAZITE uand'RﬂkﬁDOPHANE.:
The darkening of the color is probaﬂly due to partial
oxidation of the ée(III) to Ce(IV) by air and/br'HNOB.

_When the hydrolysis reaction was carried oug.at 60° ¢,

.ihe product”!es closer to'being gg;orLess. and was found

to consist of onkiy RHABDOPHANE.

DyPO, :+ The Dy‘defivative was found by XRD to be a mixture

of XENOTIME with minor RHABDOPHANE. In this chse, it

‘.‘.
L.

. . ‘ , _ /S
s 5 S W A L TR ] " c .
:Vjﬁl“r,:f§mf?,;x,mag
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seems that Dy is on the dividing line between RHABDOPHANE

‘and XENOTIME. Carron et all,(3?)found this dividing' line

to fall in the region Gd-Tb-Dy. Thése flndlngs will be

further ‘discussed under the DTA sectlion.

2.5 Further Characterization of the REE Pyrophdsphates

The REE pyrophosphateé were characterized by IR
spectroscopy, partial wet chemical analysis and x-ray
powder diffraction. Attempts to prepare single crystals’

for x-ray studies and structure resolution were

discouraging. The micaceous crystal habit meant that one

was either dealidg with éeveral crystals.’qr one very thiﬁ
one. % ) | _
Infrared absoz;ption band positions-are l‘ted in table
2.2 , along with vélues'from the literature fér-similér .
compounds. Steger and Leukroth(ag)‘obtéiﬁed IR spectra
foé cubic M(IV)P207'Heriv;tiveé; which héd_ﬁeen prepared
By he;tiﬁg the freshly preciﬁitg§¢§ M(IV) hydroxide with

(50}

H3P°u to between 200 and 250° C. Petrov et al., _ohitained

_spectra for hydrous and anhydrous compounds of’the typé

REEQ(P207)3. prepared by adding Na4P207 solutions to
solutions of the respectlve REE salt Klleyalllcél)
repeated these studies with Gd3 . The lnltxal products

had similar water contents and 51mllar IR spectra. Both . -

‘ groups of workers found the un~sintered powders to be

x-ray amorphous. The sxm;larlty of"2ll these IR .spectra

‘;-" AR S AR T 4 ! -
B . ~ ‘ ARG . ‘e
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suggests that the materials investigated in this study
r do contain the pyrophosphate ion.

Q - The REF,Q(P2 7)3 compounds of Kizilyalli.were prepared

. at. pH's around 3. Use of higher pH's resulted in considerable .
S S ", uptake Gf'Na by the products. Such Na/REE pyrophosphate
s2)

double salts are known and have been descrlbed(
‘ . If the pH used was less thsn 3, materialyg Qé"the rough
stoichiometry GdH(P207) were produced(sl)
The fact that the REE pyrophosphates studled in this
investigation were prepared at pH's less than 3, suggests
that they also would havé the stoichiometry;fsund by '
Kizilyalli. Chemical analyses presented in tables 2.3 and
2.4 tend to support this conclusion. Analyses were carried
_out by drying and weighing .the Eespective REE.pyrophosphate
T and dissoléing in a known final, volume of dilute HNOB. )

The REE concentratlon was measured agalnst standards on

a CARY 118 spectrophotometer. (Sectlon h 1)

l Tablé 2:3 Analysis of Pr-pyrophosphate: "PrHP 07 1-2H20" -

Possible Coemp. . Weight % Pr Trial # Measured Pr

é’ ’ ) ) . e . : *

: . - Pry(Py0,) 5 51.9 , 1 43.6. .

ot PriP,0, Ll 6 ‘. o 2 39.2 %1
- . : R +

¢ - PrHP207.H20 Q2.2 vmean ul.i -_1

o e
.
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Table 2.4 AR!!!!!; of Ho-pyrophpsphate: "hoHPZO? 3-5H20"

Possible Comp. Weight % Ho Trial# Measured Ho

*
Hoy (P,0 7)3 5.8 1 41.1 * 1
HoHP 0., 48.5 R 39.1 . %1
HOHP207.4H 0 £0.04 mean . .ﬁo.l 2]

The error limits indicated in the tables refer tgo errors
in measuring peaks in the optical ébsorption specirum.
In order to help decide whether these REE pyrophosphates

had been previously described, powdér x-ray diffraction .

_‘pdtterns were obtained for a selection of REE derivatives.
" The corresponding "d-spacings” and intensity values are

‘listed in Appendix 1. Pyrophosphates of Pr, Ho apd Y-

were found to be quite deferent from each otdgr. Further,
none of the powder pattenns resembled those obtained for
Jdu(PZ 7)3 by Klz1lya;ll(51). {700° .C form was fetragonal;

900° form was cubic)., In obtaiding powder patterns fgr'thé;e

" compounds, Kizilyalli found additional diffraction lines’

corresponding to those of GA-MONAZITE.
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2.6 The Hypophosphite Method

In this experiment, a wide range of REE were ;ested)
under the same conditions. (REE = La, Nd, Sm, Eu,’ Gd, Ko,
Er, Yb and Y.) Into 30 mL test tubes the following
reagents were introduced: l-mm?le NaHZPoz.HZO, 1 mmole

REECL..nH,0, 1 mL 30% Hy0,, 0.6 mmoles HCl and water to

3
make a final volume of 20 mL.

The progress of the reaction was monitored for close
to two years. When necgssary,.water was added to replace
any lost by evaporation, (the test tubes were sealed
with Parafilm). The qualitative results are given in
table 2.5. -The method is slow, but can yield well formed
crystals, as shown in plate j.

Since the REE hypophosphites are o .slightly
soluble}hfhé;e is a danger thatlgrystals of this material
are mistaken forlthe~final product..Again. optical
microscopy and pohdeb x-ray diffraction are useful in
this reégrd. ’ .

Not unexpectedly, the light REE show different

- crystallization behaviour from the heavy REE. The LREE

tend to form thin, polycrystalline coatings on the sides

of. the test tubes, whereas the HREE tend to form larger

erystals, or clusters of larger crystals. |

o R, SR
3 b R T T "tﬂ"
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Plate 3. SEM photograph of Dy-RHABDOPHANE,
{hexagonal pr\ism‘s) y and Dy-XENOTIME,
(bladed.cry§tals in the background). .
These crystals were growr by -the
hypophosphite method. . B
‘. .
. . : - 4 -
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2.7 The Perchlorate Method

In%his method ! mmole of LaClj_was dissolived in
20 mL 1.1 M HClO#.‘Single macroscopic crystals of
lanthanum perchlorate were seen to form. Tc this mixture
I mmole of KHZPOQ was added. For severa. months Qothing
was observed to happen. Jdptical microscopy showed the
presence of a pooriy adhering polycrystalline coat on -
the surface of the rounded La(ClO“;3~crystals. An electron
micrograph of the coat is shown in plate i. The coat
consists of roughly fiat clustérs of sphercid ciusters
of apparently réndqmly criented vermiform crystais. No%=
the similarity of the crystals-in plate : and plate 2
{showing Sm-RHABDOPHANE). This habit 2f forming clusters
of clusters of gplloid ized crystals seems *to be
common for LREE-RHABbOPHANE derivatives. I% is this
proper%y that allows these very fine éryStéls o Te

filtered through C.&45%5 um filters.

(5
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.8 The ZIOTA Method

n

Ian this method 10 mi of 0.10 M NdCl3 and 25 L of
C.05 M discdium dihydrogen ethylenediaminetetriacetaté
(EDTA) were mixed ét room temperature. After 12 hours
some single crystalé of NdHEDTA-nH20 were seen to form.
At this point 10.mL of 0.10 M KH,PO, were added. After an
hour.a.faint_precipiiate was observed. After 5 days, the
originai crystalé were sfill present, and a fine coat
of material was observed on the walls of the container.
After ‘one year, all the NAHEDTA crystals ha¢»{}3501ved
an the coat of Nd-RHABDOPHANE had sloughed a{? the walls
of the container. ' )

In a subsequent series of experiments, thé REE/EDTA
crystals‘were separated from the mother llqour before
adding the KH,PO, solution, (REE = La, Sm and Y). After
44 months, oniy the SmHEDTA crystals were observed to
havereacted. Even here, optlcal microscopy on;y 1nd1cated
small amounts of tiny new crystals growing on the surfaces
of the original crystals. .

' The conclusion drawn from these experiments was that
solution co plexes of EDTA and a REE react too quickly
wlth phosphoric acxd\ while- the crystals rgact too slowly

to allow. the method to be used routxnely.
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.2 single, clear phase. After a year, a fine purple

poy )

\/.' S

2.9 The Dimethylsulfexide Method

In thig ﬁethod'I mmole of NdCl3-6HZO was dissolved
in 20 mL of dimethylsulfoxide to give & clear, purple
solution. Then 1 mmole of 99% HB?OQ‘was added to form .
s a
precipitate was seen to form. :

A few additionalfsolQents were substifuted,'including

Et PO, and triphenyl phosphite, with similar results.

' Because the common REE salts are readily soluble in

polar organic solvents, a considerable vafiety of solvent

systems might be examined in order to'imprové\thé method.

* No further studies have been undertaken, ihough.

. .
- T “ﬁ.:w. _\‘ ST L e S jr'.}_“ . .
. e . - . ‘
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: ’ + 3. CHARACTERIZATION OF REZ PHOSFHATES

-
11

3.1 Analysis by Secondary Ion Mass 3pectrdmetry (3IMS)

Two aspects of the SIMS technigue were examined in
this study. The use of JI¥3 for the detection and order-
of-magnitude measuremen)

?
-~ will be the topic of this séction. The use of SI¥S for

of elements in Iinorganic solids

4 depth profiling through the surfaces of inorganic so.ilis

1. /// will be the topic covered in chapter 5.
In terms of its atility to do bulk chemical analys:is .
SIMS has some attractive aspects. For ﬂgmogeneous sampies
little or no- sample pregparation is required. Sampl;s
.which are not homogeneous can either be sampled across tﬁe
surface by.the 40-50 um wide primary beam, or be fused
. o into a homogeneous glass prior o analysis. A tar graph
showing semi-quantitative abundances of isotopes Jver

.

 to 6 orders of magnitude can be obtained in about 1C

- -

minutes. A detailed mass spectrum over ({0 mass numters

can be obtained in-a matter of hours. Two aspectg oIl 3IMS

« .
.

l1imit its use as a quantitative tool, hawever. Pirst is
. Q . .
hal

the problem of interferences, the second is.the difficult’

: problem of obta&nfg;ﬁ::;;gauglble 10n~y1e1ds.
In th&SIMS technique, a pr\@ary xon\beam cdﬁéist;ng

of such 'species as,O R cs” or xe is accelerated at the

P )

surface of a sample, resulting in the ‘local formatxon af

a plaéma. as the surface is etched away. "[ons._.in the

- .- . ' “ *

plasma, either tve or -ve, are sampled by a mass - '

PR Y T L
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' run. (memory effects).

spectrometér- In the'case of the {ameca IMS-3F instrument,
the segondary.ions are sampied and focwsed by an immersion
lens .followed by a transfer'I;HE. The kinetic énérgies
of the secondary ions are anéiyéed by an electrostatic

analyzer. Mass analysis is done by a sector magnet. The

filtered ions are theh focused onto -a channeltron plate.k

further details on the operation of the instrument Jsed

-
in this study can be found.in.Lau et al. kl) .

The problem of variable lon-ylelds and some of <he
Ln’erferences can be related to the fact that it is a
plasma which is being sampled by the mass spectrometer.
In the plasma, only a fraction of the<mixtﬁre is in a form
desired for analysis. MucﬁJof the ‘-material is in thé form
of neutral atoms, which.are n&{ sampled. Another fraction

is in the form of moleéu;ar ions, yet another in the form

oT’mul{iply'cha:géd atoms. There exists as yet no way of

controlling the propbrtions of the'varioue chemical

P '

spe01es in the plasma. Ion ylelds will vary from one sort

of sample to the next. (matrlx effects) and even from one

."5

analysis'to the next (instrumental effects). o make

- «

[ 13
. matters worse, the plasma téhds to.condénse,xn the sample

chamber, only to be re- vdlatlllzed during a subsequevt
To some degree, a selection gan be made as to what

partlons of the plasma are heing admltted to the mass

analyzer, in the Specimen-Isolation modé(1 2% 3). advantage

" is taken of the fact that, 1nsulat1ng specimens develo p

LN -

%,
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a considerable electrical charge gnder bombardment by
the primary beam. The result of this is that\éee energy
distribution of molecular ions and atomic ions is quite
different. Unfortunetely,.this means sampling in an
edéigy_reéiog where the yields of atomic ions are not

maximud . Theihass“spectra oﬁtained‘via this mqde are

. -~

”emarkably 'cleaner', howewvér. Most of the mass spectra
obtained in_ thls report were obtalned by operating the
- instrument in this mode. o
Multyply charged ions are not removed by thla mes ﬁod.
« - . but tney can be 1dent1f1ed bylooxxng ‘at the 1nten51tzes

.of the correspondlng szngly charged ions, which are

normally one or more orders-of< magnltude greater.

Memory effects can often be recognlzed by the prcsence
of totally unexpected.peaks ln the spectrum. Further, |
spectra can be re-run; Ln.order to moQLtor ion-lntenSLties

’aFa? éonsistgncy:'memory effects tend to.diminish.withf-

L4

time. : C :
. * St

A simple and valuatle procedure adopfed in this study ’
. . is to examine tﬁe isotop%c ;;tios for %hose elements e
which pogsess ﬁultiple isqiopes. Although the S1Ms
é technique causes a certain amount- of isetopic

fractionation,” this effect is usually small. Normally,

N

isotopic ratios in the SIMS spectrum should agree to’

within 10% of literature values. ' .

Although the "bar-graph" mode,ef data p;esentatioh

is convenient and rapid, there are a few points to keep
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in mind. The instrumental parameters are|not normally
set to ensure that tbe mass range sampled'in the bar-graph
mode ,corresponds to the max imum intensity for each
isotope. Deuterium is not nofmaily seen in bar graphs for
this reason. In the case of heavier elements, mass
spectrél peaks are offed broad enough to‘overlap two
sampling regiqné, particularly when the intensity is
large. When“bhere is doubt, a mass spectrum should be
run, (as opposed to a bar-graph) . .-

Finally a point ehould.be raised about ehemical"

mixing dquring bombardment. This point will become very

" important in the discussion in chapter.5, but can be

.impértent for bulk analyses' as well. Because the primaty

'érevice‘eleo_tendS'to condenise on the surfacegof the

beam is energetic, it results in a certain amount of

damage in the sampled area. Specifically, atome from near

the surface are 'knocked-on* into the sample, which can

then be éehpled at.a later point in the analysis. Also,

,as a crevice is produced and deepens dbring bombardment,

the walls Q{ the crevicebecome more likely, unintended

tergets of %he‘primafy beam. Material ejected from the

samﬁ&e around the crevice. contéminating the surface.

~{These effects can to some degree be eliminated by

ra!terlng The beam qQver a larger area.

The problem of ion- ylelds 1s the greatest problem

v

as far as’ chemical analysis is concerned, however. In this

study, the data will not be corrected for ion-yields



-~

1 > with the result that the data a’g 6nly §emi-qhaﬁtitative.

Por the REE, this procedure is not a serious handicap

4 anyway, since the ion-yields of the REE are similar. For
‘the other el ntsf./other analytical tools will have to

. be used where more accurate results are required.
-

~ < *

In subsequent sections of this chapter, the SIMS

technique will be used to charactefise natural and

- ~ synthetic samples of REE.phosphates.

*
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3.2 SINS of Natural Rhabdophan®

L]
LY

Since 1t was deemed necessary to carry out differential

——

was thought useful to include a sample of natural

thermal analyses {DTA) gn the hydrous REE phosphates, it

rhabdophane for comparison. Since the natural material

-

” .

was no* characterized, a SIMS bar graph was run on the
powder to examine the relative REE abundances and check

LJ
for impurities. Tne powder diffraction data :s presented

-

‘. 6 -
in the rnext SelIllon .-

ded .. TxPmrimental
’ L
The samp:e of rhabdaphane‘from Idaho, U.S.A. was

ottained as a fine, light bqun powder ‘from the
Smithsonian Institufion..ﬁashfngtbn,~D.C., (sample
number 121789). - R e

The, SIMS SQpctrum was run on the - powder ‘after it had
been studled by DTA,-(J e., after lt hagd been heated to
:900 C). The poq\sr was' mounted on adhesive' copper tape

and analyzed by a Cameca IMS-3f 1on mlcroscope. A portlon

of the bar graph shoWing the ion intensities of REE

lsotopes is- shown in figure 3 1.. The coppe? tape 1tself

T - .

was also run as a blank.

-
.

The ﬁrimdry jon beam consisted of 0~ ions, and positive.

'secondary ions were detected. C , ;! . g
. r‘“l‘
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7.2.2 Results and Discussion

-

. In figure 3.2 a simulated bar-graph of REE in
chondrites is shown to allow guick visual comparison with
the RPE pattern in rhabdophane. In the rhabdophane
sample, the HREE are depleted as expectegy_rhere also
exists a strong, negétive'Cenanomaly‘fﬂormaliy. Ce is
the most abundantAREE in minerals or LREE. It -is possible
that copditions of formation of the rhabdophane. were
oxidizing, and that she Ce was‘separafed as Ge*" in
another phaee. 4 ® .

A detailed analysis of the SIMS data is glven ln table
3.1. The ion-intensities of each mass- number werela551gned

elemental identities. Eachvion-intensity was then

multiplied by the'inv rse of ;the isbtepic abundance of

.the correspondlng element. If the total elemew»al ion-

‘\.

'1nten51£1es all agree far a partlcular element‘ then

no lnterfe;ences were cons1dered llkely
Vext evaluatlons of the data are presented an the

ba51s of what was expected from the known compoemtion K

" of other rhabdophane samples. It Seems that tha

rhabdophane sample.contains addztxonal phases rlch\xn

" Al, Si, Pe and Mg. Slnce rhabdcphane is known to ‘be &

secondary’ mxneral it is likely that the" contamxnation
comes from one or more clay minerals. though npt enough
was' present to show up 1n~the po r dszractzon pattern.,

(next seﬁtion) The SIMS results suggest an approxlmate

_fomuia for rihabdophane of (La,Nd,Y, cd, Sm.C?‘)POu xH?O

. * . .
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Table 3.1%

of natural rhabdophane,

{heated powder).

Detailed interpretation of SIMS analysis

(T

-1

isotope If{cps) A T comments T sI(la
i >
1 H 1.3 E4 1 1.3 Es ec -

7 N&T 10

8 0" 1.1 &z

9 Be' 2.6 E3 1 2.6 £3 ue 1.9 -2 o
10 B & 5.05 20 .

11 B 12 . 1.z3 15 uc 1.1 -4 tr
12 ¢ 7.8 E3. 1.01 7.9 E3 ec/'s

13 C 88 90.1 7.9 E3

14 N 2.5 E2 1.00 2.5 E2 ec/s

15 N E 23, 2 E)
16 0 2.8 B4 1.00 ° 2.8 Eb e 7.9 E-2 W
17 0 33 2632 8.7 EbL :

18 0 23 . 490. 1.1 Eb4 . .
19 F 2.4 =2 t 2.4 E2  ec 1.7 5-3 m
20-Ca®® 1.6 E3 1.03 1.6 E3 e

21 Ca .., 9 156 1.4 E3

22 Ca W3l L8.0 1.5 E3

23 Na  .S.4°E2 1 5.4 E2  uc 3.9 E-3 .m
26 Mg 5.6 B3 1.27 7.1 E3  uc L6 E-2 m
25 Mg ‘751 EZ 10'0 7-1'53 o
26 Mg 7.2 E2 9.08 - 6.5 E3 .

27Al  1.2E5 .1 1.2E5 uc . 8.6 E-1

M

A= fractionai isotopic abundance;” Anders and Ebihd?a

TC=

contaminanty

~e= expected;

M= major; m=

.

total calculated element intensity (cps).

8= sample chamber; i='interference.

minor; tr= trace.

.

L

~r

(&)
N

$

ec= expected contaminant: unz unexpected




e

. .
B e o N
.

T
N

or

ay

.
Table 3.1 (continued) -
[ ]
isotope I(cps) A'1 TC comment: ?C/Z(La)
28 3i 4.4 B4 1.08 1.0 ES  uc .1 2.1 M
29 Si 4.9 E3 21.4 1.0 E5 -
30 Si 3.2 E3 32.3 0 ES
.31 P 5.3-E4 1 5.3 E& o 3.8 A
=
32 S "y 1.05 78 uc tr
34 S ) 23.8 Q.
35.C1 29 1.32 38
37 C1 7 L.13 29 ' uc 2.1 E~¢ tr
39 XK 7.6 = 1.07 8.1 EZ2 uc 5.8 E-3 m
L1 K +~.7 E2 14.9 7.0 E3 1 Ca- peak overlap
L2 Ca 6.1 E2 155. 9.5 E&
43 Ca - 1.3 E2 741. 9.6 B4
44 Ca 1.7 E3 47.8 8.1 Eb
58 Ca 3.5 £3 *535.., 1.9 E6 i 71
: ¢
ks sSc ks v 1 “5 e 3.2 E-4 tr
46 Ti 3.7 E2 12.2 L.5 E3
47 Ti 3.6 E2 13.5 L.9 E3J
48 Ti 3.5 E3 1.38 4.8 E3
49 Ti 2.2 E2 18. 5 L.1 E3 uc 2.9 E-2 m
50 Ti 2.7 E2 19.2 5.2 E3 1 V,Cr
50 v 2.7 E2 400. 1.1 ES i 7i,Cr
51 v 36 1.00 36 ec’ 2.6 -4 tr
50 Cr 2.7 E2 23.0 6.21 E3 1 Ti,V
52 Cr 36 1.19 43 uc 3.1 E-4% tr
53 Cr 7 10.5 74
s4 Cr 2.2 E3 42.4 9.3 E&4 i Fe
55 Mn 5.4 E2 1 5.4 E2  uc 3.9 E-3 tr
s4 Pe: ~ 2.2 E3 17.2 3.8 E4 i Cr '
56 Fe 3.0 B4 1.09 3.3 B4 _uc/s”?
57 Fe 7.0 E2 L6.¢ 3.3 E&4
58 Fe _ 88 344, 3.0 E4 2.1 E-1 M
63 Cu 17 1.45 25 ec/s s
65 Cu - 11 3.25 36 ] .

o
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Table 3.1 {(continued) .
isotope  I{cps) At T, comments ‘TC/I(La)
64 Zn 6.3 E2 2.06 1.3 E
66 Zn 2.7 E2 3.58 9.7 E2
67 Zn 3 244 8.3 E2
68 Zn 1.4 E2 5.32 7.4 E2 ue L, 5.-3E-3 m
70 Zn 45 161. 7.2 ® i Ce
20 ce?’ 45 1.13 51 e o
71 Ce 4.3 E2 9.01 3.9 E3 i Nd
71 Na®" 4.3 E2 3.68 1.6 E3 & .
72 Nd 3.4 E2 B8.20 2.8 E3 i Sm
73 Nd 2.3 E2 4.20 9.7 E2
74 Nd 86 179.5 1.5 E3 i Sm ¢ -
75 Nd 8.2 E2 17.9 1.5 EbL i Sm .
72 sm®* 3.4 E2 32.3 1.1 Eb4 i NaZT
74 Sm 86 8.85 7.6 E2 i Nd. .
75 Sm. 8.2 E2 13.5 1.1 E&4 i Nd .
76 Sm 73 3.76 2.7 E2 X ;
77 Sm Lé 4.42 1.9 52 i 3d 2
77 6a%" b4 47,6 2.1 E3 . A'smd’
78 Gd 3 4.85 1.6 E2 , s
79 Gd 38 4,03 1.5.E o
80 d 38 4.59 1.7 E2 iy
80 Dy>* 38 . 43.5 1.6 E3 o LA
81 Dy 23 3.92 90 : 4, .
82 Dy 9 3.55 32 ) -
84 Sr 0 179. 0 . - C
86 Sr 36 10.2 2.7 E2 © e 2.6 E-3 ym
87 Sr - 32 13.5 .3 E2 , oo
" 88 Sr 3.1 E2 1.22 3.7 E2 “ i
89 Y 1.6 Eb . 1 1.6E4 - e -. 1.1.E-A7M
105 2 | o SR |
127 1 23. - -1 23 uc/s ' 1.6 E-b tr
138 La . 1'.5 EZ ’1121‘ .1|§ ES’ ‘e i Géf‘ I ot : '
139, La 1.0 ES 1.00 1.4%E5°. e " 1.00, ¥
) . : J STt e ey
136 Ce 0 526, .0 > i LI
© 138 Ce 1.5 E2 39%. S.9E& 4 qat - g, oo
1bo Ce 1.3 E3 1.13 1.7 B3'. .8 : . TdEP m . -
1“2 Ce 2.8 El‘ 9.01' 2-535 Oi'Nd. Y \2;")- '

69

Ty




. Tablé'j.l (continued)

~2

L3

.- isotope I(cps)‘ ATl T, comments TCKI(La) .
k, 141 Pr’ 2.7 E4 1 2.7 E4 e . 1.9 E-1 .M
A | _1k2 Nd  -2.8 Eb 8 Tr.0ES5 i ce
‘ '-_o' IL’3 Nd 1‘3 ELP .20 I.1 85
s 0 1uhona 2.2 B¢ 4.20 9.2 E4 i Sm N
1 i .. 145 N& -=F+7 E3 '12.0 9.2 E4
S 146 Nd 1.4 Eb -5.81 8,1 Eb e 5.8 E-1 M
@ - 148 Nd 5.4 E3 17.5 9.5 B4 i sSm
: + 150 Nd 4,2 B3.17.9 . 8.3 E4 i Sm
g 144 Sm - 2.2 Bk +38v3 71 ES i Nd
147 Sm 2.0 E3- 6.62° 1.3 Ek '
- 148 Sm 5.4 E3 '8.85 4:8 E4 i Nd '
e 149 Sm 1.4 E3 7.19 1.0 E& 8. 7.1-E-2 M
’ 150 Sm 4,2 E3 13.5 5.7 E4 - -1 Nd o
. - 154 Sm 3.7 E3 ‘4,42 1.6 E i Gd _
S 151 Eu_ . .5.6'E2 2.09, 1.2 E3 e  B8.6E-3 m
, 53 B0 1.1 E3 1.92° 2.1 E3 S
1s26d - 3.3 E3 500, 1.2E6 T iSm
oo . 154 Gd- 3.7 E3° L7.6 1.7 ES ism -
. . . ., -155G4 -2+t E3 6.76 . 1.4 E&4 . B
S : 156 Gd = 2.0 E3 %.85 9.7 E3 e 6.9 E~2 m
o ‘. 157 ¢d =~ 1.7 E3 6.37 1.1 EbL .
» L 160 Gd 2.1 E3 %.39 9.6 E ioy ; .
e N 159 Tt 7.6 E2 1% 7.6 E2 e 5.4 E-3 m
L . 1s8 Dy 2.3 E3 1000 2.3 E6 i Gd '
T . - 160 Dy 2.1 E3 43.5 9.1 E& icd -
1“:.' . '. 161 D? 5-“ 3'2 5-26‘ 208' E3 o
.o 162 Dy 6.6 E2 3.92° 2.6 E3 i Er -
i St .163 Dy = 5.9 E2° 4.02, 2.4 E3 e - 1.7E~2 m
S T 164. Dy*" 5.9 B2 .3+55 2.1 E3 i Er =~ .
- ) ‘ N ;o .- ) Y
‘ T ‘ '115 Ho 2.5 E2° -1 2.5E2 e ' 1.8EX3 m
ST e 162’ Br 6.6 E2 7l4.  4)7 Ei i Dy -
i ) '. 164 Er 503 E2 64.1 , ‘3c8 E i w *
i 166 Er 175 E2 2.99  5.0'E2 S
Lt .- 167 Er @0 4,37 E2 e . 2.5E-3 m
. { o 168 Br = 1.1 E2 3.69 d1E2 - .iYy :
“'1 v e . 170 Er ' 65 60?1 I‘HB E2 , i ¥Yb -
P S - : il :
IR B ' |
. 3 ' R 4 7 ’ ) ,"'\
~', :‘ » \__ 1l .
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Table 3.1 (continued)
isdtope  I( cp§) I To comments 'I‘C/I (La)
169 Tm’ . 28 1. 28 e 2.0 E-4 tr
— 170 Yb 65 32.2 2.1 E3 i Er ¢
171 Yb 25 6.94 1.7 E2 -
. 172 Yb 36 4,57 1.6 E2 e 1.2 E-3 m
173 Yb 28 -671? 1.7 E2 ., . .
174 Yb 67 3.16 2.1 E2 , :
176 YD 19 7.94 1.5 E2 i Lu -
" 175 Lu 13 1.03 13 e 3 i
176 Lu 19- 38.0 7.3 E2 iyb
238 ) \ T
239 (°77u) 20 1.0t 20 e 1.4 E-4 tr
A= fractional isotopic abundince: Anders and Ebihara' ~ )
. ’ . ’ N
T, = total calculated element intensity, (cps). - S
~ [ ] N
e= expected: ec= expected contamination; uc= unexpected '
2 . - v ) ‘.‘
contamination; s= sample chamber, (memory effects);
i= erference. M= major; m\minor: tr= trace.. - -
Tc/ {La)s= ﬁg}al elemental intensity normalized to the : ’i_',..
_a measur=d intensity. L e ‘ .;\"
[ ‘ SISO
- s - et '\. . \"{::
’ * 2 .;. e : . ‘ :"" o v .
el T
- ) . v :'-:;'.', . L, i :‘
v A ..\|" ' . ) x . "'\'
\}’; . :»J " N ‘ ' -.' P .
\ "
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. .‘ - . 3.5 Powder Diffraction Pattefn; of éomeiRhabdophaneé.
. . L In order to check the’ kdentltles and purltles of the
.. . ‘ jvarz.ous smathetzc ami natura.l msb§§pha.ne samples, Romier
' e el x-\ray d‘ffractmn pa:tterni v(ere mn :m one:vaf' tya: ::: L . .':"
. ‘\ : N ‘ dlffraqtomei:ers f;ttean’u‘mh a’ Qph‘z:te& 'abf@:hnomamr ’
| o . ‘usmg G Kd. rado.a(uon‘. “ | , . > "
' | : N The derwed um\tw\»ekl pammete\m*are ;arésenﬂ.ed and ‘ , g :
o § o com«pareti \m:h l;temm;:e \!alues m\mb;ge@. 'éﬁie tnay N 8

IR the un‘t‘ celf pai@&etﬁem‘ 'qf Y:he- naturaﬁ.

»-r.ha{ 'phane i‘ail s -'- :

N .-M‘ :‘\':.

s o e between these of the:\i;a an‘d &‘d Qprivatlvva,"aa‘we@i!% R
T expeeted fram the chosrtizon oi‘ %I{e rlia'*&dsp!aanﬁ. ‘ ‘ ’ , ’
N Note also that beating wm.eh woulci ﬁ. \é:'df}f.‘u?ﬁé: R
Lt T, water. .of crystalhzataem thest: lsectdpn) ' diﬁ not xf&éct L]
. .‘:.‘".‘." . ““ N . . ' .‘ . \=,' - e
S . _the unm cell parameteré@ \w\ithm axpex‘&'mentai ez*mr. CTE T
N "f'\- Ims, and thé vamable \ater gbafents éup‘portwthe ‘ s \ '
\ & o .conclusion aat the Natgr 1n rhafbdpphane J.s zeol&‘txc" ( % _
. I‘he powder dlffractmn' pat‘tern df natural rhabdqphahe o L
was f.a.u'lyw ciean e.xc:ep't. for peaks whlch cou‘d be - - '-“‘
_.'-',_7\‘:!‘.;:\‘4? - ;‘assxgned 1;0 mbnan'te. The. rat}gr ‘Was est mated 10
N const;.tutg about 5% of .%He total sample.; ,' S
SR L Te 1, Tbe space Gmup o{ Rha‘bdonnane ‘ .
. ¢ ! * ) 1, ~. . ,‘ \ : ' .
' | / , - i AU
e e ‘, " . Two- qpace grdups haveprevmusly beeh assxgned to '
A . rhabdophane. nhme&,y P6 22(6)"and 0‘5 21(7 9); The problem
i o is ‘thet the twq space groups»azﬁe very smllar. High and’ \
* : . Iow quaftz ha.ve me eame reepeo':.lva space grdups. for ’
.§ . ) . : M ',\' . v ).: .’.‘; ;., -
- oL - i ' -
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Tatle 3.2 Unit cell parameters of rhabdophane and

'RHABDOPI-{ANE derivatives, (La, Pr, Nd, Sm and cd).
REE a c comments references
.la.  7.05(4) 6.51(4) unheated - 1
?.‘O~81(5) 6.468(8) - Mooney, &
Pr 7.01(»1). 6.45(4) unheated | o1
6.98(2) 6.40(2) " T
T7.00(2) " 6.b(?) B Hezel & Ross, 7 _
“ Nd - 7.00(1) '6.38(1) unheated 1
ST 16.99(3), - 6.40(2) o !
Lo 7.02(3) 6.40(2) 635°C 1
coroe 6:98(1)  6.34(2) Mooney, 6
SUUSm e 6.93(7)  6.41(8) 750°C = 1 ‘
e - . ". . ) . ‘\ ° . ’ . .
...Gd 6.87(2) 6.31(1),. unheated 1
Y 6.88(2) 6.29(1) 750°C L
ot E90(?) 6.32(7) ) " . Hezel & Ross, 7
Rat. | 7.07(7)"76.38(9) - ' Idaho, 121789
2 i72.06(2) 6u39(?)_ . ] ", Virginia, -
oo e ' Mitchell, §
‘..l.ﬂThié work;;u§iﬁg~§u Ko raqiation.- L. “’.
v\“ - ] t- '
a - , . R -
\ [ -
. . Al ’
t . . .
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example. The transition between the two
is rapid at the transition temperature,
no' tond breaxing or major rearrangement

x-ray diffraction alone would be uinable

Fl

two such similar structures.

The €3,2! assignment for rhabdophane

i
infrared spectroscopy' ', in particular

v

Ve

orms -in guare:

ince it involves

{]]

of atoms. Powder

to distinguish

is based on

on the point

symmetry of -the phosphate group which-:he IR spectra

imply.

The powder- diffraction results relating directly *o

(34

re interpretation of the DTA results will be discussed

‘in the section dealing with DTA, namely Mction 3.4.
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3.4 Differential Thermal Analyses of Some Hydrous - .

REE Phosphates including Natural Rhabdophane /(/-

A representative selection of REE phoSpHatés were,
studied by DTA in order to helb define the relationship
between the hydrous and ahhydrous forms ag a function af

-

the position of the respective REE .in the periodic table.

. L4 -
N\
3.4.1 Experimental '

Simultaneghs differéential thermal analysis_ggd
thermogravimetric determinations Were'made up to 1300°C
‘with a Stanton-Redcroft STA-781 instrument using a
heating rate of loig/hin, 50-100~mg of sample,delZO3 as
aﬁ inért reference and an atmosphere of flowing aif.or
argon. Xlray powder diffraction pétterns were also . - "

obtained for samples heated to various temperatures, (see

section 3.3)"The DTA studies were supplemgnted by .

4 - N S "
di\) isochronal heating experimentss ’ . . ) o

Powder infrared (IR) spectra were obtainéd of the
starting materials on a Nicolet MX—l'instrument»q§ér e

e wavenumber range 400-4000 cm'l. Pellets were prepared -
from 0.5-3 mg of sample mi§ed with 300 mg KBr.
- The DTA, IR and most of the XRD measurements were done
at Whiieshell Nuclear Research Establishment, through

+ E.R. Vance. The repaining LRD results were obtained on

a Rigaku,x-ray diffractometen.in the department of Geology

at the University of WesteriOntario.
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3.4.2. Results and Discusgion
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- The differentiel thermal analysis and ;hermdgravrﬁetric

results are listed in table 3.3 for the REABDOPHANE ,

rhabdophane and XENOTIME samples. A representg;ive Set

aof DTA-and TGA curvearare‘presented in figuré 3¥.3. The *+.¢ - -

. 1 : y . o
* endothermic peaks tan be seen o correspond to the-loss

of water.

<
A\l

[ ]
The exothermic peaks were shown by x-ray powder
~

diffraction tQ correspond te the transition RHABDOPHANE

~-

. to MONAZITE. The exothermic peaks vary in intensity from "

absent (La-derivative) to sfrong and sharp ﬁGaederivative).

» - 1

The transition temperatures are seen o increase from the #

La-derivative fo fhe Dy—derivative This is depicted g

‘
>

graphlcally in flgure 3. h As expected, no transxtlons

were observed in 'the xenotime derlvatlves up' to a

temperature of 13009 é. ' .

Although the dehydrated form &f RHABDOPHANE was

observed to be stable over a cons}derab e temperature

range, (1i. e-, geveral hundred degrees centlgrade), the

transition back to RHABDOPHANE from MONAZITE was not

abserved. Perhaps if the partzal pressure af water were .

hlgh enough -the reacd®™ion could be reversed for a low -~

enpugn temperature. EVLdenQe from hydrothermal studies,

(10)

. suggests that Ce RHABDOPHANE may be stable up te 250° C

when the partial pressure of water "is high enough.

. B4

Hydrothermal eiﬁ’-Tm%nts actually starting w1th MONAZITE ¢

]

- 1

were not performed however. . ‘.. }'

. e -
. i /.’ a

- e 4 N . . .
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Table 3.3 Results of DTA/TGA (132° min' -and isochronal

{1hr) heating for hydrated phosphates, REEFO_-xH.DJ.

REE Tp(‘:) I Tl X T2 T3 F
La 100 M 100,230 0.7 (a) - M
25 R 100,23¢ 1.6 ({a) 5 b
C€ 100 M+R 80,200. C.6 700w 60¢C v
60 R 100,250 1.C 7isvw £C0 »
Pr- 100 R 120.250 O.7 (a; 700 M
Nd 100 R 100.230 C.7 790vw ~ac M
1090 R 110,230 0.7 _680vw ~Q0 hA
Sm 100 R 80,220 .0 800m . 73C K
acd 100 ‘R 210 0.8 8iss 8C0 M
Dy 60 X*R 80,180 1.0 9SOw acC X*
Ho 100 X 110 1.4 --- --- X
Er 100 X 110 9.6 --- -—-- X
Yo 100 X 65 1.1 --- - X
Nat. ° R*M 120,230 1.7 (a by W
Tp = preparation temperature. *.
I = initial phase, (by powder XRD:
T, = endothermic peak temperature, t 59z,
T; = exothermic peak temperature; * 5oz,
T3 = isochronal heating experipents. z 5Q°C
¥ = final phase. )

M = monazite; R = rhabdophane; X ={xenotime

(a}) = absent: (b) = not determined; vw - very weak:

w = weak; m = medium; s = strong.

X* = unique transfb?matidns R to M to X at temperatures
above 900°C. ‘

»”



Figure 3+ Representative ZTA-(a) ar® T3& {%.
curves for 1a-RHABOCPHANZI and G3-RMABIIFHANE;
the dashed line is for La. Heating rate 10° </,/min.

The curves ware normalized 4o the heating curve of

the iner+t refarence. .
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Figure 3.4 RHABDOPHANT to MONAS

temperatures for various SET. The x's
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In sectior 3,3 it was shown that the x-rdy powder ==

diffraction patterns for the hydrqus REE phosphates

synthesized by the pyrophosphate method were identical

within:error with synthetic RHABDOPHANES obtained by

other workers. It was also shown that loss of water d4id

not significantly affect the unit cell parameters.

~

b -y,

Infrared spectra obtained for the RHABDOPHANES were also

found to be similar to those obtained by Hezel and Ross'®)

for analogous comppunds. The IR spectrum obtained for

]

“the natural rhabdophane agreed well with those obtained

for La- and Nd- RHABDOPHANE. except that several, weak

,extra absorptlon bandi.were found at 1%00, 1460, 3625 and T

. 3700 cm 1. These bands were assxgned to absorption by

OH . A .representative.IR spectrum for Pr-RHABDOPHANE is

shown in figure 3.5. IR Spectra obtained for the XENOTIME

’ . . - . 9
derivatives also agreed with llterature (gsults(‘).

Considering that the cémbosit@on of the rhabdophane
is dominated by'La'and Nd, and %hat the XRD mmd IR

. .
reswlts resemble those of the La- and Nd derlvatlves..

it is not surprlslng that the DTA/TGA results for
.rhabdophane should re}emble those obtained for the la-

and Nd-derivatives. Specifically, the DTA curve shows

a broad enQatherm between 100 and 250 c correspondlng .

<~

toe the loss of water. The exothermlq peak is completely

absent, even though XRD showed a transxtlon to monazite.
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Figurée 3.5 iInfrared absorption spéctrum of

Pr-RHABDOPHANE; XBr preesed pellet.
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3.4+3 The Special Case of DyPD,, . XH_0 ‘ X

S . - . \‘e\\_._ . '
~ The hydrous phosphate of Dy is exceptional: in that it

_ falls into the transition zone between those REE which
H form RHABDOPHANE exclusively, and those which form XENOTIME.
.Powd®r x-ray diffraction results obtained by Donaldson,

et'alfgll) for the hyd}ous phosphates of Dy and Ho‘}éad -

h o these workers to conclude that these compounds had neither
the XENOTIME bor the RHABDOPHANf_strﬁcture, but’ rather a -
/f_‘ struc;ure with spacé'g;oup P222. The alterﬁétive '
‘i . . ingerpretation is that “the prqqubt is Q miitu;e of phéses.~ e

There ‘'is a precedent for fhiS‘interpretation. Carron et alﬁlo)

.,f," ' 1‘- : © found 1n their hydrothermal studies that. anhydrous TBPO,, e
. | is dimo ggglc TbPOa crystalllzed from glass ampules had the
T e ‘MONAZITE structure, whileé that crystalllzed from sxlver
v A o ampules had the XENOTIME structure. . _
T The powder diffraction data‘of Dogaggon et al(li) for T

T g n

the Dy-derivative agrees with the data obtained in thEE ™\
study, so that both can be discussed'at the same time..
Among the diffraction peaks found -in the pattern are several

- at 28 values of 14.9, 20.6,” 25.8, 29.7 and 30.2, whlch B

can be assigned to the pattern of rhabdophane, and Lndeed
‘ . represent the\stronger lines zn that pattern. Th llne at
- ‘ 29.7 .can. also be assigned to the ;Erongest llne in the L
monazlte pattern- When these anes are subtracted from
"the dlffractxon pattern, only lines remain which belOng

to the xenotime d;fftactlon pattern.

Firey e ceesrt e, e g
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3.6 3IMS Analysis of Flux-grown Single Crystals
5

In this section SIMS bar graph analgrses of flux-grown ° .
ingle criftals of anhydrous REE phosphates including ‘
MONAZITE and XENOTIME w111 be presented. As 1nd1cated in ‘

section 2.2, these-crystals were grown by L.A.- Boatner
at 0ak Ridge National -Laboratory, from a lead pyrophosphate

melt, by slow cooliﬁg from 1400° C %o about 900° at a rate
(12)

2f about ! Celsius degree per\hour
The XENOTIME cfystals were typically square or
rectangular prisms about 5 to 15 mm long. The MONAZITE
crystals were flat discs with less well developed crystal
faces. The c¢crystals were also more often than not clear
and transparent. The colored crystals had the color
sharacteristic for that REE ion. The YPOA crystals were
siightl& yellow.
The Cameca SIMS instrument was operated in the Specimen L
Isolation'mode, using 0~ primary iqés; positive secondary '
ions were detected by the mass spectrometer. The primary'
team was not giéfered.in this case. The results are given *
in abbreviated form in table 3.5. ¥nown intereferences
such as carbon are not included. Th% total calculated
e2lemental ion-intensities of the element in gquest®on were
normalgzed to that of the principal REE. Where an element
hdd multiple isotopes, the isotope of lowest ior-intensity
was us€d. Negative interferences are lesg common than

positive interferences in SIMS. 3
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3.5 SIMS of Natural Monazite L
N\
In order to characterize *the specimen of monazite,

and at the same time evaluate the use of SIMS for ~
éharacterizatiop purposes, a numper of.éIMS analyses
were obtained, and compared with re;h}:s Qbtained by °
instrumental neutron activation analysis, (INAA).

-

3;5.1 Experimental

Monazite from the Petaca district, New Mexico, was

obtaihed;as large, (1-3 cm), homogensous light-orange-

brown lumps from Ward's Natural Sclence Establishment, Inc.

" Thin sections of the moﬁazite shawed it to be transparent

and homogenésus. The material is somewhat friable, but .
O.lexﬁls cm Sectigns could be cut with a diamond saw.
These sections were'po;ished on 6ne éide in preparation
for surface studies. ‘ :

SIMS spectra were obtained as'before on a Cameca
instrument using 07 primary ions. The monazite is hon-

'coﬁductihg, and so couid.be analyzed in the Specimen-
Isolation mode, (section 3.1).

A small amount (51.7 mg), was anélyzed by Nuclear
Aétivation Services Limitgd, of Hamilton, Ontario by

instrumental neutron activation. The complete results

are listed.in Appendix II.
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3.5.2- Results

-An abbreviated list of results is given in table 3.i.
The elemgnts’Si. As and V are expecféd to substitute
for P in monazite, (see,chaﬁ%er 2). The elements Ca,

Pb, Ph and U are expected to substitute for the REE.

The SIMS and INAA results are compared as a 13¢-log.
plot in figure 3.6.: Note that the agreement of REE

concentrations is quite good, considering tha*t the 3IM3

Th and U are about an order of magnitude less “than-the
INAA resuits. suggesting that the iondylelds for Th and

U are.gbqut an order of magnitude less than thage for “<he

REE . ) : -

» . .
The ”esults'ﬂuggest an approximate ;ormd(a for this

Al

spec;men of monazite of (Th,ue,Nd La,:d,Sm, a)xPOu,Sia J

The sample should more properly be caliled cheralite ,(see

o

table 2-1)- b ' L

(471
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Table 3. 5 {continued)

NdPO,

comments Tc/“rc‘( REE) ’

iso'tope ' o
27 Al 8.0 E2 2.5 E-3
28 si 2.1 E3 |
29 Si 1.6 E3 1.3 E-3
30 Si 1.6 E3 :
31 P 2.4 E5 7.5 E-1-
40 Ca 1.8 E2 -
L4 Ca 1.4 E2 4.4 E-4
. 54 Pe 86 |
' 56 Fe 19
57 Fe 0 )
89.Y - 11. - 3.4 E-5
139 ta - 1.00 - 48 1.5 E-&
. ibo ce 60  1.13 . .68 2.1 E<4
141 Pr° ;;3.2 E2. 1 3,2'32 1.0 E-3
‘143 Nd© 6.8 B4 8.20 5.6 ES ‘
146-Nd . . 5.6 B4 5.81 3.2 ES
147 Sm - 6.8 B3 .6.62 4.5 E4L i
149 Sm 2.5E3 "7.19 1.8 E& i
152 Sm 0 3.76 o -
158 sm .0 - -b.b2 -0
206 Pb- - 33 6.23 1.7 E2 -
207 Pb 39 4.85 1.9 E2 )
208 Pb 58 1.71 1.0 E2 3.1 E-4
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Table 3.5 Inté:pretation of SIMS Analyses~qf Flux-

Grown Single Cryét‘&s of Anhydroﬁs REE Phosphates.

La®Q,

K _
isotope I a~! T, comments TC/TC(REE)
27 Al 1.3 E2 1 1.3°E2 1.1 E-3

- 28 si 2.0 E2 1.08 2.2 E2 1.8 £-3

.29 Si . 18 . 21.4 -3.9 E2
30 Si 8 32.3 2.6 E2 _

31 P 6.3 EL 1 6.3 Eb% 5.3 E-1
40 Ca 8.6 E2 1.03 8.9 E2 -

4 Cca 15 47.8 7.2 B2 6.0 E-3.
46 Ti 15  12.2 - 1.8 E2 i

47'Ti - 20 13:5 2.7 E2 ‘

48 Ti 55 1.36 75 © 6.3 E-4
49 .71 10 1875 1.9 E2

50 Ti 4 19.2 27

138 La 1.2 E2 1124.° 5?3 ES

139 La ' 1.2 E5 1.00 1.2E5 1

140 Ce 16. "1.13. 1B i LaH 1.5 E-4
Y‘POu . . ) '
27 al 4 1 y 1.1 E<5 .
‘28 si 31 1.08 33 9.4 E-5 .
29 Si , 2 21.4 43 7

30 si - 2 3.3 - 65 -

31 P 9.5B4 1  9.5E4 2.7 E-1
%0 Ca 1.5E2 1.03 1.5B2- . 4.5 E<4-
b Ca 8  .47.8°'.3.7 E2 :

. 89 Y 3.5 E5 1 3.5B5
171 ? 1.8 B2 " not Yb

‘- '.‘?'('Z“": E PN VoW, T '.fa"? FEN
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Table 3: 5 {continued)

NdPO,,

isotope

27 Al
28 si
29 Si
30 Si
31 P

40 Ca
44 Ca

- 54 Fe
" 56 Pe

57 Fe ~

- 89Y
139 1a

.TNOCQ
141 Pr-
"143 Na

145 Nd

146-Nd . .

147 Sm
149 Sm
152 Sm

154 Sm
" 206 Pb- -

207 Pb

.O.

Y. I .
OV FO & OO

& -

2
o
o

“

.
NV
‘e

EEE

‘mEmm W

A N O YWY, QW)
L]
QOWNnM OO0 N
' g ¢
\A’\d'
E WWWL W .

OV~ QoW P~IN N

B8

P e e =

E2

E3

E3

E3
ES

E2
E2

E2
E5
E5

E4

E4

E2
E2
E2

b\208 Pb

R

comments TC/TC(RES)
"2»- 5- é-j

1.3 E-3

.- 3.4 E-5

'100 E‘B



. l
bt gt s it b

LA e st ac i O 0 §
. . s

'

- o - . » . N e
A . . . ' ,
- . . . . ‘
R ] . ‘ R - s ‘. ) .. .
N .. . A W . "y . e . . ’ . ,
- v . . M 0
Y -ﬂ)&“l‘"ﬂf‘(“w"‘.‘\.l ‘ . ot st
) A ., N ) . . '
. . .. . . . .
- , . [T R . -
. N
. ' . . . . ’
. . ‘ ] Y . .
. . M s * .
E P . . ‘o e
' . 1 b
. . . . . PR
o R .

. 148 Sm -
. 149 Sm
_-150 Sm
152 Sm *
154 sm - .-

B 155 gd .

160 Gd
,%5?;Tm.

SmPO,,

e

- Table 3.5 (continued)

. isotope

Te

comments

T?/TC(REE)_

.27 Al
-28 Ssi

29 Si
30 si

3L P
- . 89.Y i:
T 339 La
180 Ce
‘:131 Pr -
143 Na

144 Sm -
147 Sm

156 B
157 64
158 Gd-

206. Pb-

207-Pb -
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mmh . ‘ ] ‘

isotope I . A T N coqménts Té/Tc(REE)

27A1 W4 E2 1 4.4 E2 . 2.4 E-3
- 28 Si 4.6 ES 1.08- 5.0 BS  {!) 2.8 E0 -
29 Si 2-“ . 2-“ ' ' )

30 Si 1.7 B¢ 32.3 55ES

31 P * 2.1E5 1 2.1B85. . 1.2 E6 )
M Ca 7-9 EZ t.03 .. 801 E2 28 : 14—-5 E‘} . R . )
44 Ca 73 47.8 3583 1 Psio _ A
s u6Ti 3 4.3E3

' 47 7. 3

48 Ti L, 2
49 Ti 1
50 i 1

3EJ3. . o
1E3 S :
1E3 - 1.7 B-2° .
SE3 . : o
. 5 E3

89y 17

.17‘.; 'A. : . .". . : .g.ou’ E"S L . - ‘ ¢

N

. 90 2r ¢ 2«5 E2’ 1-9 . i .
91 2r 76§ ° B.9 . . T
92 2r . 67 . 508 . T 2.2 E"3 . -
9% Zr - 1.3 B2 8.7 . SR N
) .;.962r.. - 17 - -35.%7: ‘6. - -

. C116.sn . 28 6.76 .

3 D 117 Sn- 15" 12:9
S . 118 sn. - 43 “4.12
119 Sn: 3. 1.16

e 8 ¥ & 4
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.‘E::rPO‘u

Wy ca 5

159 Tb G0}

161 Dy
'162 Dy

"165 Ho.
" 166°EF - 6.5'E4 2.99

B . 5.4 Eb4 u,.-g?
168 EP-~ Sk E&  3.69
A70-Br 2.3 B4 * 6071 -

75 kn 15

isotope ..-I, . A

3
O

27 Al 1.3 B2 1 -
28 si 4.5 E2 y
298i . 23 - 21.4
30,si . 19
31-P 3.2 ES 1
4¢~Ca , 2.2 E2

89y
1§obe4'

T A AN

163 Dy .

169 Pn 9.9 E3 * 1
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Table 3.5 (continued)
, "
LuPOu .
- isotope . 1 - Al T, comments TC/I‘C(REE)
274l ° 90 * 1 90 1.2 E-3
. LY - N . »
28 si 1.3 E3 1.08 - 1.4 E3 '1.8 B-2
29 Si 73 21.4 - 1.6 E3 .
30 si 53 32.3. 1.7 E3
3R . 1.3ES 1 1.3E5 1.7 EO
40 Ca 150 E3 1.03 1.0 E3 1.3 B<2
L4 Ca 38 47.8  1.0PE3 .
46 Ti 17 12.2 2.1 E2  j °Ysio ‘
47 Ti 22 13.5 3.0 .E2 °
L8 Ti 1.5 E2 1.36 2.0 E2 2.6 E-3
49 Ti .. 13 18,5 2.4 E2
50 TL “C-0 1§° | 19.2  279/E2.
88 2 - 2.8 E2 4 176g,2¢
- 8y .31 {1 31 . b.1 E-k4
1407 Ce” 5.7 B2 1.13 6.4 E2 5
th2'Ce 65 9.61. 5.9 E2 7.8 E-3
175 L& . 7.4°E4 1,03 7.6 E& 1
176 Lu .’ 3.1 E3 .38.3 1.2 E5 |
4 ;‘J{|!'< \ N .
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3.6.1 Comments on the Purity of the Single Crystals

The SIMS results indicate that the crystals are quite

pure, particularly in regard to contamination by other

REE. Usually only REE neighbouring the REE in guestion
are present at levels detectable by the SIMS bar graph
analysis mode. This is understandable.cthidering the
separation'techniéues used by chemical firms to sebarate.
the REE, namely solvent extraction and-ion-exchange.

The analyses indicate that the elements Al, Si, Ca

- and Ti are always present in the parts per thousand (ppt)

level,«(atom for atom ). These elements are common in dust’

. o

"in the labbratory and are expected to enter the synthesis

mixtures at various stages during samﬁle.prebaration.
Also, these elementS‘are'qumon contaminants in ‘the SIMS,

sample chamber itself, if ‘geological samplesxére often

L3

R et L T L T o S PN . TS [RENR G 4 - . e -

analyzed' . . )’ ‘ o T - . N

The presence of lead in a couple of samples is not

surprlslng. since the crystals were. grown from a lead—

S
_.based'flux. Lead has been detected in crystals prepared

by the same flux technique hy electron paramagnexlc "
resonance(13). Interestingly, the lead found in samples- _
o;'YPOk and LuPOu-was shown to be preéedt\as the:ﬁ;ztgioﬁ.
. The case of the HoPOQ ample is also noteworthy '_ )
because“the SIMS bar graph shows: the presence ‘of Si in

levels comparable to that of phosphorus. This is a

‘ szgnificant leval of contamlnatxan, even allowing for’

> ® -

a difference in ion yields of Si and P of one or two

- .
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orders gf magnitudé. In such a situation, the Si-is
expected to interfere with the surface exchange experiments.
" as well as the surface analyticai_techniques used to .-
study the surfaces. The presence of Ti, Zr and Sn is ' ) .o 7
also anomalous, and may reflect a contaminated crucible. -
C- : ‘ : ’
T &

~ The HOPOQ example is aiso useful for demoristrating

thé\{ilﬁe_of'g}xs as a rapid,  semi-quantitative tool
;‘ . N
for testing:thé'purities of compounds. The fact that

the problem of ion yields is not yet solved should hpt '
detract from the usefulness of SIMS in this- regard.
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Table & 1Zxtinction coefficients of major absorption

) ) , L3 L. . . . .
peaks of some R$:3 ions in solylions of given composition.

ion solution composition

N (nm)

[,
~
=
]
[

cm™ 1)

Na " NdC1,= 0,05 M

HNO = 0.32 M .

KH,ZPOLf 0.05 M

NaJ* § N4C1,= 0.10 M
NH,Cl= 1.0 M

Sm3" SmCl.= 0.0945 M
-HoJ' - HoCl.= 0.050 M

CEr?” ErC1l,= 0.0432 N
) rmoj; 1.6 M

KHZPOIf 0.0450 .M

790
735
727
571%
518
508
352
346
790
735
727
572*
520
510
354
346

‘ 4o1w

650
637
53u*
484
Lag

) 4158

647
519
484
376*

362

+

2

A A R

20-01 T

HFROWMIEFRLDOD O AL O O

MO NN DWW O ;:‘
)

~) O PO

N E W W W W OV M [AN AV R UV I o \XWF 0 6 )

* Principal peaks used in routine chemical andlysis. '
1 Ndaf,péak inten§itiegifor chloride-dominated media
¢ are listed for comparison.
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h.ASOLUBILITIES.AND GEOCHEMISTRY

4.1 Optical Absorptién Spectfoscopy of 3 REE Ions

The solution concentrations of the REE ions can be
* convenienfly measured by spect;Ophotomeer. if the REE

concentration is greater than about 0.1 mM. As long as

no more than two or threé colored REE ions are in solution
‘the spectra over wavelengths 200 to 800 nm can be used

to obtain concentrations(l). Some ians such as.N03
'interferéin the UV spectra of Ce?+. Assignment of peaks

is straightforward. ' Spectra beéween 200 and 5000 nm of
all 3+ REE ions in agueous sol§tion have been obtainea(?).
Free-ion electronic statgs of 3+_jons'have b;en labled '
and tabulatedtB).( 8 .

-t B

© For the pufposes 6f4analy¥ical chemistry, the important

spectroscopic parameters are the wavelength of the.

‘transition bahd’haiimum and'the corresponding extinction

B e e L .

caefficient, € (also called -the molar absorptivit&),

given by the Beef-Lambert law:

-
3
¥
¥

-

€ = 1/(c1) x 1og(Io/I) M- tem™! (4.1)
where ¢ is the concentration of the absorbing species
' in moles per liter, 1 is the path length of the sample

‘cell, in centimeters, and log(Io/I) is the absorption

1 : measﬁred at the wavglength of interest. The spectra of

the igdividual REE.ére.easily recognized, as the f-f

. le®

trana{:i?ns are less sensitive to the ligend field than are
100

e R et AR T
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say the d-d transitlons of the first-row transitidn metal
ions. However, differences do occur. In recent years, it

has become apparent that such small differences are

important and interesting. The importance of certain REE

in laser technology is an obvious case. The ldentification
of several Eu3*/NO' complexes in dilute nitric acid
solut;ons(u) by high resolution spectroscopy is another,
more relevant exaﬁple.

Also, it has been known for some time that certain
REE, némely Nd, Eu; Ho and Ef have in their spectra
ceértain "hypgrsensitivé" transitions that depend rather
more sirongly on chahgeé in the ion's chemical environment.
Theée.transitions involve'electriC'quadrupode selection

{2)

rules'™’, whiereas most transitions in REE spectra are of.

‘eithef induced electric dipole nature or, less commonly,

of magnetic dipole nature(s'é)- Since f-f trangitions are

orbitally forbidden, the extinction coefficients are of

1 1 3*

modest values, namely 1 to. 10 M ‘cm”". Spectra of Ce

. are exceptional in this regard, involving f-d transitions.

As a result, extiction coefficients are larger: the band .
at ZSé nm has'an € value of 630 M Yem L. ‘

" Introductions to the theory of REE spectra are available
(2,7). Hufpef's text(a) is recent and coniprehensive, while
that of-wybourne(9’3is somewhat older and mathematically

more detailed. ' \‘
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‘than 340 cm

[AD]

[N} . .

’ ’ \
Carnall\z) gives the electronic state energies as

[gd)
11}
n MO

F(nf,nf)f, + FAgy * .. v E. (%.2)

2
where x are even, fk and ASO represent the angglar paéts

of the electrostatic and spin-orbit interactions,
respectively. The Fk are Slater iptegrals for purely
electrostatic interactions among flelectrqns.g'is the
spin-orbit coupling constant, E”I corrects for the effects
of‘co iguration interaction and ECF corrects for the
effects)of the crystal field. Normally, states are labelleqd
accorddng to the Russell-Saunders soupling scheme, even

though the use of intermefliaté coupling in calculations X
removes L and S as. good.?uantum numbers. The splitting of
levels due to the crystal field is usually small; no more

-1 3+

in Pr spectra, for example. By comparison,

-1 fpr'

spin-orbtit effects‘can cause splifting up to 4300 cm
Prj*. The result of this is fhat spectrometers such as that
used in this.study cannot resblve crystal field éplitt%pgé..
Only the énvelppe over the multiplets is obServea to

change its .shape as the chemical environment of the ion is
changed. The use of low temperatures (4.2 ¥), 2nd high
(7210'11) aldwwed

the resolution of crystal field, as well as vibraetoMay

resolution spectroscopy by other workers

‘components. An optical-absorption spectrum for Nd3+ which

is representative of the sort of 'spectra obtained in this

study is presented in figure 4.1. The solution consisted
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of 0.05 M NdClB, 0.05 M KHZPOQ and 0.32 M HN03- Transitions -

were assigned by comparison of the spectra with published
spectra obtained for Nd.3+ doped into'LaC13(7’12'13).

Table 4.1 1lists some major peaks aﬁd extinction
coefficients for several standards used in this s&udy.
Table 4.2 lists some spectral data for NdClB.éﬁzo in
various solvents. Note that though the variation in
extinction coefficient is not large, it is large enough
td show that extinction coefficients of REE ions éannot be
ﬁsed‘indisbriminately. For this reason, standards were
generally prepare& with chemical matrices similar to those
of the solutions to be aﬁalyzed.

Minor variations in the chemical composition &f the
matrix genérally do not sho@ ﬁf in the spectra. Figure 4.2
;h0ws tpe spectra’of H03+ in M HNOj’for vatious HBPOQ
concentrations. Figu;e<u.3-shows the effects of.varying
thesegal Ho ' concentrafioﬁ;-Thé only observable effect
here is the increased SLgnal to noxse-ratxo for the more
concentrated solutlons. Hoﬁ;ver. in' flgure 4.4 one- can. /
see clear 9v1dence of Er} eomplexatzon w1th “3P°u' 7 .

In dther .words, the chemical effects: observed in the
'spectra are.subtle.'and -variable among REE As a result,

a further precaut1on was taken in- analyzing spectra. Spectra

were nprmally obtalned over a range of wavelengths, '

selected to lnclude at least two-characteristlc
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h Table 4 1Zxtinction coeffic‘i'.ents of major absorption
peéks of some R‘g:-‘:}~ ions in solytions of given compdsit‘ipn-.
ion solution composition. A (am) €M teml
Na* | NdCl,= 0,05 M 290  $2 6.0 0.1
HNO.= 0.32 M 732 6.0
3 i ©727 3.6
- KH,PO,= 0.05 M 571% 6.3
; : 518 B
. N 508 \ 105
. » 352 3.1
. . . 346 2.0
) Na>* t NGCl,= 0.10 M 790 5.8
NH,C1= 1.0 M 733 gja .
) S72% 6.4
. » 520 3.7
S 510 1.5
. R ° 35“ 3-2
N 366 2.1
sm3” SmCl.= 0.0945 M 501% 3.12 »
i 3 . .
. -Ho St - HoCl,= 0.050 M° 650 2.0 ~
s , . 637 3.3
o . .' : 53y L.3
A S - 484 1.8
.. T ! 449 4.2
Tl C : ' T 415 2.6
£r’ ErC13= 0.0432 M 647 1.85
: . . 519 2.89
: -  HNOg= 1.6 M 4el 1.62
3 , - KH = 0.0650 M ~  376* . 5.00
T e 2% 362 1.27
: R » _Principal peaks used in routine chemical andlysis. '
'_ 1 Ndj*., peak inten§ities, for chloride-~dominated media
E s are listed for comparison. a
. L ' ‘ \
i - .
H
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Figure 4.2 Jptical absorption spectra- of
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Figure 4.4 Evidence of a 1:% HBPD“/’Er complex.
'0.09 M (xErCly v (1-x)HKPO,) in 1.6 M HND5 at.25° C.
»
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absorptioﬁ peaks. In this way, the shape of fhe peaks" *

could be checked for variations, and the presence of

colored interferences would show up as an alterpd base

‘o . line.- . .
A reprééentative calibration curve is shown in figare

.5 . Norﬁally, only one staﬁdard wés ruh dqping the analysis

;f a set of sampies. The good obedience of the Beer-Lambert

[
law was considered reasonable justification for this

r

procedure.

A1l spectra were obtained on a Varian CARY 118
) ' d

. spectrophotometer, run in the auto-slit mode and with a

B Y S Y A

gain of 0.45. So long as the gain was maintained at a

value of 0.45, spectra were readily reproducible.

~ . [

o o o
’

ey

.o

-

K
PETASTES S e as ey i e
. ~ B




5> . MNP s
™
-
- -
ol
;
]
X
3
3
—

* -

Figure %.5 Calibration curve for Nd>" in dilute

Hhio3 usiqg the 575 nm absorption line:[HBEOQ]= [Nal.

P

P N

0.7 ]
06 .
05+
04
.c u
=3
a 03r
E i -
v -
S
. 0.2}
- : .
01 F : .
L L 1 4 1 1 1
20 L0 60 _ 80 . 100



112

-

4. 2 Attivity Coefficiénts
. , : SOme_difficulty was encountered in.trying to make
activity correctigns‘to the solubilityfdata, presented iﬁ'
. - the next section. This was beéauge some of the data was
collected for solﬁtions witb ionic strengths greater than
0.1 M, the accepted limit of applicability of the Debye-
Hipkel equation. Some of the solutions had ionic stfengths
greater than 0.5 M, the %ipit of the Davies equation(1¥),
Beyond. this iﬁnic strength, theré is no totally acceptable -
way of dealing with activity coe{ficients} It was decided a
’ ' " therefore ‘that at least the procedure for obtaining single-
_ }on activity coefficients fbr'ﬁsE jons should be methgdiéal.
. | ~ and somehow relate to experimentally determined mean .
acti#i%j coefficients for REE salts. ‘
; - 'Bxperiméotélly-dete;mined mean activity coefficients

for LaCl, and'La(N0,); were obtained from the literature,

(15.16.1?).'The values are plotted agaiﬁst'thé molal

'concenf:atibns.of the respective éalts in figure 4.6.

-y g

~Beeausé the actiVity coefficients are given in m&lal units,
and the solubzllty calculatlpns doné in molar units, a
conveTsxbn was reqplred> It could be assumed that the
molal and molgr connentrations were numerically equal for
' a é;ven solution, 1f the concentrat1ons were less than about -
1 M. But'{his.had to be tested. '
uThe‘molaiifies correspondxng to the literature mean .

activity eoefficients were fxrst converted to mole-fractlons

¢ v~ | I

-« " * .
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Pigure 4.6° Measured mean activity coefficients
for L_aC13 (0) and La(N03)5 {x) versus the
square root o ionic stirength, (molélity u:}its).
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using the relation,
Toxy = m(m v (1000/MW,)) - . 3)

where X, is the mole-fraction of the REE salt, and MW,
is the molecular weight of water. Next, the mole-fraction

data were converted to molarity/density ratios, via

- ‘ 5 . Mo = 1000 x,/ (MW, * x,(MW,-MW,))} (L)

where/o is the relative density of the solution, and
MW, is the molecular weight of the respeetive REE salt.

The relative density of LaCly is listed as a function of

Ry N

the molar concentration of LaCl3 in, among other sources,

the CRC Handbook of Chemistry and Physics!'®): wext, tne
molarities had to be guesseq in order to estféate the

_ corresponding dengity values in order to &aléulate the
molarities. Eﬁé initial values for the iteration were -

calcuiated by taking the average of the m and M%a valués." ,

By N

Becausef is greater~than'one. the true M'has to lie between

d M%b . By interpolation, M values were calculated

s - which dlffered by less than 1’ from the correspondlng m

| alues. The lteratlon converges qulckly because the density-
concentration curve ig fairly flat. Thus the approxipa;ion
that m and M values are numericalgy equal for REE salt
concentrations less than 1 M is yroved~valid.‘.

Having obtained mean activity coefficiénts as a function

"\5 B . of- molarlty. the ionic strength could be calculated for

each 1}.
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for a given molality, the mean .activity coefficients for ,

———

The ionic strength of a solution is given bj

1= ézcizi ' (&,

\n

where C, is the concentration of ion ;i; and 2z, is the
Y i

charge on ion ,i. For the LaX, salts, this relation is

3
simply, d

I =6CLa . o (l&.é)

This set of I-values was used to calculate single-ion
activity coefficients for singlx-charged ions using the

Davies equation(lu).

] log7 = -az2((1¥/(1 + 1d)) - 03 1) <‘*-';>~:"

whereAA = 0.508 at room temperature. The ra%ionakahere

is that deviations from ideality are proportional to';he
iohic charge, .for a given ionié strength« By using the
Davies equation to calculate only singly-charged single
ion activity coefficients for ionic strengths greater than
015 M, the error is miriimized. These singie—;on activity

coefficients could then b¥ used to calculate La single

ioniactiv{}y coefficients using the relétionr
log 75 = 4log¥: - 3log7 . ( 4.8)
The results are plotted in figure & 7 . It was found that

various REE chloride solutions did not vary .significantly.

Therefore, La activity~co%§£icients were used in caiculations .
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Figure 4.7 Single-lon activity coefficiapnts for L33
in afl (@) matrix and NOB (x’ matrix. Solid lines

\

refer to values from the Davies equation. The vertical

arrow iniicates the lonic strength of seawater, 1= 0.7
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involving other REE.

?

The further advantage of using this approcach is that
any ion-pair formation betwgen La and NOS or Tl would

be included in the activity coefficient values. (Most
: Y : ' -
of the solubility experiments involved solutions dominated
b ). -
y NOJ). _ -

Unfortunately, aétivity coefficient data for REE nitrate

solutions at elevated temperatures were not available.

Additional discussion of activity coefficients is provided

by Harned and‘Owen(‘g) anl Robinson ard Stokes(zo)-
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4.3 Determination of Solubility Products of REEPOu.&Hzo

»
r

4.3.1 Experimen%al

The synthesis of starting matefials is described in
sections 2.3 and 2.4. In some cases, the mother liquors
were analyzed for REE concentrdation and pH*in‘order to
calculate solubility products. In these pafticular
syntheses, a known slight excess offiphosphate was added
(as pyrophosphate) ini;ially in order "to make the REE ion
the limiting reaéent. When the reaction was consideréd
complete, hormally after 1 to 2 months, the‘reécﬁion

mixtures ge filtered through 0.45 am M.illipore filters.

£ . L. L.
Colore ere measured spectrophotometrically, (section
4.1). Where necessary, the solutions were partially

evaporate& ta known volumes- in order to bring the REE

Al

concentrations into the analytical range.
Lantﬁanum was ﬁeasureé by completely:evaporating the -
sélution in‘pléstic vials, and submitting the vials for
ips;rumentaf“neutrqn activation analysis (INAA). The
analyses were done By Nﬁclear Activation Services,
Hamilton, Ontario. Standards were run which gave a straight.
calibration curve ﬁas?ing through zero. .
In those experiments where the REEPO, was dissolved, néew

nitric acid was used. In some cases, the REE concentration

was measured as a function of time, in order ta ensure that -~

gquilibriun had been reached. (The kinetics of dissolution

~
>

.
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“

will be discussed in.a subsequent section.) . Equilibrium

was typically reached after & to S weeks.
The pH-meter was”calibféted using an HC1l solution
whose concentration was obtalned by tltrlmetry to de
0.100 M. As long as the solutions to be measured had°
ionic strenghts similar to that of the HCl solution,

the pH reading would be in concentration units. In this

way, the measured hydrogen ion concentration could be
compared directly with thse calculated from a mass balance
equatlon for the solutlonjof 1qrerest

The hydrogen 1on-concentratlons were then conQerted
to act1v1ty units using the same sxngle 1on agtivity

-

coefficients used to obﬁpln REE sxngle ion values. in this

-y

way the solubility ca;j lations would at least be

consistent..

Y
«
.

*(., N R - e ey T : N '?’



%.3.2 Cal%ulatlon of SOlhblllty Products - ‘:
. The equlllbrxum studies wére carried out at pH va*deq C e &
Y
- ‘ .
less than three, so that. the dqmlnanjpspecges in solutaqn v s

are HBPO“.JHZ?OZ: a"and RE>" . Species of leése} importincg'
include RE{H POL;)<+ arxa RE(NO )2T If as an approxgmataon.
one lgnores these latte“ twa species,- then the total

phosphate concentratzon. P, is given by

- P o= fHPo ).+ [HPO} . S {49)

which can also béiexpressed as

- . - ., - +\2 . . =
= (POE ],{(‘fpo _/fH PO )Kz.‘(B(ﬂ 5 . .
: : /9’3?0 )Kl 21(3(}{ )3} (4.10)
, .

where (H ) is the hydrogen ion actlvzty,’va are single-

ion activity coefficieﬂ?s and K; are associatlion.

constants of phoéphoric acid’at zero ionic strength.
Values for these K are dlsted in table 4.3 . 'The
convnnt.mn adopted in this reporaakes sguare brackets
concentratlons. and round brackets act;yltxes.

If, as has been assumed, the:RE3T éon is not complexed, .
then the RE concentration is equal to the total,

anélytical concentration of RE, so that,

a
i

logxsp = l°53§3 +. }bg[RE] + logP
~105{(K2K3(H )% /73 po,
+ (R 4K K4(H) /r )} (4.11)

-

48 — -~ - - -
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Table 4.3 Association constants used in.the solubility

3P0y at zero ionic strength

product,calculations, for H

and 25° and 100°%.

T(°C) logk, logk, logKy,

- 25 2.152 7.204 12.38
£ 0.001 0.003 0.9
100 2.618 7.332 11.125
’ * 0.004 0.018 0.4
‘i : ‘ \. ' .‘ :
Data. are from Mesmer and Baes,
i 5 ¢ . (21) and Marshall.and Frank (22).
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where Kop is the thermodynamic solubility product of

REEPO, . xH,0. Note i@t ‘Wecause one is dealing with a’

hydrated salt, correctio to the solublllty product

would have to be made for\éolutlons in whlch the activity
of water is gignificantly d&fferent from one. The act1v1ty
coefficient of H3P0u was taken as Pnity.-The results of
the calculation are given in table &4.4. ‘

As indicated earlier, the REEB+/H2P0; complex was

. ignored in the calculations. In fact, the formation
constzht of this complex was measured by Rao et a1.(23)

. ® . .
to be about 40 at an ionic-strength of 0.5 M. At the pH

< v saps ety r

values used in the solubility studies reported here, the

racmg

fully protonated form of H3P04 dominates in solution, so

viay

that 1gnor1ng the solutlon complex in the calculatlons was
accgptable. .

In the section on spectrophotometry (4.1), it was
reported that there is some evidence for a complex between
Er3’ and H3P0u. One might sﬁspect fhat other REB éomplex
with HBPOQ ‘as well. ‘Unforfu.nately. \the extent of this

complexation is not known. -Attempts were made by the

WL TA DA YIREL VL 1P RS

autRor to measure the degree of complexation between La

1 and H3Pda'using.31P NMR. The 31P chemical shift does depend

; ‘ on the LR/HBPOu ratio, but not in a manrier which would
lead to convincing stability constanfs; (The data are

available from the author upon request).

e O g G
.
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4.3.3 Results

The calculated solubility products\for.a selection
of hydrous REE phosphateé are pfesented along with
relevaﬁt.data in table 4.4 . The logKSp.are valid at
zero ionic strength. . . ]

The determinations of logK for thé La derivative vary
from -24 to -25.1. The mean value for the twelve L4
determinations is -24.5, with a standard deviation of

0.32. The .estimated errors are listed in table 4.5.

Section of different dissociation constants of phosphoric
acid from the. literature is‘estimateq to give rise to
a variation in solubility products-of about 0.6 log

units.

L3

i
g
:
¢

The solubility .of LaPO, (freshly precipitated), given

by Tananaev and Vasil'eva(zu)at an ionic strength of 0.5
. N rd

.t

is pK;p

a szp value of 25.1 compared wiﬁh the mean value given

= 22.4., Activity coefficient corrections yield .

above of 24.5. ‘
The range of PK values for the Nd derivative ic 24.5
to 26.2. The two values at. room temperature appear to
be about an ordér of maénitu¢e less than the three values
ét 100°c, (i.e., ten times more solﬁble), This difference
is close to the estimated error in pK, poweveé. and may
not be significant. Ideally, the solubilities should be
.measuréd'fof sevéral temperatures betwéen éhe freezing
point of fﬁe golutions and the boiling point.
] ’ ,“ . .

" -
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Table 4.4 Solution data and solubility products qf some REEPO,.xH,0 solids

T(°c)

8p

)
-2h4.16

logK

7y
3 0.197
3 0.197

1

a.
. 7

> ;
RE I PH, _pH, pH

C

#

25

6

.

- -24.16

- 2"“ OBL"

‘24032
-24., 24
~24.23
-24.2
-2L.71
“'2“’-82
0.257 *-24,79

0.257

3 0.197
5 0.224
3 0.412
03 0.412:
5 0.224
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3 0.049
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Table 4.5 Estimated errors for
soludbility products of REEPO,, + XH 0

error (log unité)'

parametéf'

talgulated pH ‘ _0.05
measured pH . . 0.10
concentration of RE3+ Q.02

concentration total Pog' 0.04 -

" activity coefficient RES 0.05

L

szp (caldulated) - 0.21
pxsp* Tos ' " ‘. 0-32
P, A 0,02
.pKz : . 0.05 -
pKBr o - 0.5 .
total error in HjPOu 0.6

. Standérd deviation of 1?2 .

Y

'Lana.szp_determiﬁations.

-1
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The temperature dependence of the solubility product
can be estimated in an approximate way from a knowladge

of the enthalpy change -involved with dissolution via

dlAK/dT = aH/RTZ . (4.12)

where the symbols have their -usual meanings. If AH for

the reaction

- gEPO, = RE" + pO]” . (4.13)

:is positive, the reaction is éndpthermic and will be

favoured by-increasing the temperature. This is the case

for most dissolution reactions. In the case of REPO, .

' dissolution, the free energy of dissolution can be
obtained from the sélubility'producf. In the absence
of entropy data.~data for other compounds can'be used

by writing reactlons of the.sort

'_where the %ﬁfropy of LaP0, is the only unknown. Such

reactions yréld an average entropy ef 125 J/K-mole.

The entropy change fpr-i@g reaction

+
- »

LaPo, = Latt '+ PO;” - (4.15) -

1

is then -508, J/K-fole. Substitution into the equation

. -RTInKg, = &H: - TeS ' (4.16)
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. —24 -, .
where Ksp is about & rields an enthalpy of
dissolutiaon of about -13 KJ/mole. Thus the “_dissolution
of anhydrous LaP0, is exothermic, so that the solubility
decreases with increasing temperature, at- least until the
approximations made in the calculation no longei‘ hold.
These results ar®.consistent with the observed trend
for Nd-RHABDOPHANE dissolution. They are reversed for the
, trend observed #°r ErP0, .xH 0, although examination of the
solubility data in table 4.4 will reveal that the data
- are not unequivocal. -
. . . -
4 '
' .
% ,
§
i
f u'. -
E
1 '
z -
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4.4 Dissolgtion Kinetics

Several kinetics of dissolution experimenté were
carrled out in order to ensure that equlllbrlum had been
reached in the solublllty studies.” (Equlllbrlum data.
from the xlnetlcs studles are included in the 'solubility
section). Also} some knowledge of the rate law governing
the dissolution was desired. This xnowledge would be of
aomé\value in interpreting results from other surface
reaction studies. ]

Figure 4.8 shows the dissblution of Nd-RHABDOPHANE
in dilute HNO3 (pH=0.5), at 25°C. It was fqund‘sggt tne
data could be fit by a first order rate law for reversible

(25),

reactions

~

dc/dt = kﬂCeQ‘C) , . (4.17)

.where Ceq is the concentration of either Nd or total
phosphate at.equilibrium. Phis rate law can be integrated

to give
(Coq=C)/Cqq = exp(-kt) . _ (4.18)

 where C=0 for't=0..The rate constant can be easily
obtained from a linear plot of -1n(C, rC)/b versus tzme
The value of Ceq was obtained by selectxng a reaaonable

initial:value for C__ and iterating the relation for C

eq
and k until a straight line was obtained with an

eq

acceptable correlation coefficient.
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interferences. The peaks obserfed are definitely those of
. . \
Ce3+; however, as can be seen by comparisan with those
in figure 4.15, which ‘shows the UV spectrum of aqueous
. .- -

CeCl,. As the SIMS and INAA results of monazitehnalysis

3
show, Ce is the dominant REE in natural monazite, followed
by Nd. A visible spectrum of the leachate solution used
for.the 1étest Ce-determination showed no trace of Nd,
(i.e., the Nd concentration is less than background).

Thus mqnazite dissolves much ﬁore s;pwly than, for example,

Nd-RHABDOPHANE, even though the acid concentration used ,

- for monazite-dissolutioh was ten times that used for

'

Nd-RHABDOPHANE dissolution.

In a related expe‘neht, single crystals of anhydrous
REE phosphate were placed in 20 mL of 1 M HCl for five

months. Not one of the crystals of Nd-, Sm—,'Er- or Ho-

‘phosphafe shpweé'signs of dissolving. These results are

consistizi with those obtainéd for the New Mexico monazite.

4.4.2 Comparison with Other\Stﬁdies'

(28) .

In 1985, Tole 1n0e§§1g5$ed the dissolution of

" natural and amorphous zircon (eriou) samples at a pH of

.5.0. Oﬁly thé‘amgrphous zircon was observed to dissalve..
Furfhgfl.the»feaction was oﬁaerved to be ;e&eréible..
The kinetigs were found to be first order in silica.
Zirconium presumably zép%ecipitated iﬁmediately upon --

-
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Figure g,12 Integrated rate law for the dissoluiion

of the Mcond sampls of NA-RHARDOFHANE. Nozie
the first two points at t=0.0 and t=0.7 days

not included in the linear regression. The

4

correlation coefficient is 0.999; x= $.10 days

the effective Ceq = 15.775 mM.
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Figure 4,13 Integrated ratz law for *“he dlsool.tiin 57

»

Sm-RHABDOPHANZ. Note that the points a%t *-2.2 ant’

13} days sere not includad in the linear regresz.on.
The corralation coefficlent is C.9%9: x= C.:11 days *:

- *
the affective £ -° 5.33 mM.
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‘reactive Nd, whitk resulted in.the anomalously rapid
rise in.concentrétion_in;tially. This was pﬁrrected by ..
'igﬁééing the-firé%-data point, (solid circle), and
allowing the line to pass through an intercept not equal
to zero. This interpretation is not without précedent.
‘The initial, anomalous rise in concentration has been
‘observed in mineral dissolution studies, particularly‘§‘
when the mineral sample was previously crushed, with the
result that a significant amount of highly reattive
‘ partlcles was cr'ea1:ec1,(26 2?)
o " The dissolution behavior of Sm-RHABDOPHANE depicted
in figures 4.11 and.u.13 is s;mllar to that of the
NA-RHABDOPHANE. Note that the. rate cofstants are similar
;'for all three examples.
The dlssolutlon of BrPOa.xHZO'ls too insignificant

under these conditions to allow rate constants to be

.obtained from the data.

L.4.1 The Anhydrous ?hésphatés

A

‘fn figure 4.14 the UV spectra of leachates frém
dissoiutidn éxpefiments involving natural monazite are
" shown. | It was found that nitrate aﬁsorbs strongly in the
uv reg1on of the spectrum. so that the experlments were -
~carr1ed out, thh 1m stou. The, entire spectra are plotted
.. 'as-a runct1on of time since ‘the ceraum*concentratidn '

could not . be measured 1n v;ew of the large background

-t
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Figure &L.1§ Absorption Spectra of monazite leachates

as a function of time. Spectral range 200-<00 nm.

Leachate is ' M H230a1 temperature‘zoo C. Observed

peaxs correspond to those of Ce3*. .
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Figure %.l§UV absorption spectrum of CeCl3 (ag);
{Cel = 1.72 mM. Note that it becomes increasingly
difficult to assign a baseline as the wavelength

decreases.
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iﬁterferences. The peaks ohserfgd are defiqiteiy those of
Ce3+; hoﬁever. as can be seen by comparisan with those ..
in figure 4.15, which ‘shows the UV_spectrum of aqueous.
CeCl3. As the 5IMS'and INAA {fsults of monazit#analysis
- - show, Ce is the dominant REE in natural monazite, followed

- by Nd. A visible spectrum of the leachate solution used
for . .the 1étest Ce—detenminatibn showed no trace of Nd,
(i.e., the Nd concentration is less than background).
Thus ﬁpnazite dissolves much ﬁore slowly than, for example,
Nd-RHABDOPHANE, eéven though the acid concentration used ,

- for monazite dissolution was tén‘times that used for

Nd-RHABDOPHANE dissolution.

In a related éxpe"keht. single crystals of anhydrous
REE phosphate were placed in 20 mL of 1 M HCl for five
monthg. Not one of the crystals of Nd;, Sm-, Er- or Ho-
phosphate showed signs of dissolving. These results are
con81sti:§ with those obtalned for the Ney Mexico monazite.

4.4.2 Comparison with Other‘Stﬁdies'

(28)

In 1985, Tole 1nvest1ga¥ed the dlssolutlon of

natural and amorphous zircon (ZrSLOu) samples at a pH of
| 5 0. Only the amorphous 21rcon was observed to dissalve..

Further. the. reactxan was obserVed to be ;eversxble.

The kinetigs were found to be first order in silica.

4 Zirconium presumadbly rép}edipitated iﬁmediately upon -
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diséolution, since the‘concentration of Zr was at all
times below the detection limit. The dissolution kinetics
could e modelled using‘the rate law for'first order
reversible kinetics. Newly formed zircon crystals were
observed under certain cxrcumstances. '

These results are sxmzlar to those obtained for the
dissolution of REE phosphates. Both experiments show
reversible, first order kinetics. The dissolution of well

crystallized samples was- observed to be much slower than

- that of finerégfained. or less well crystallized materials.
\ 7f~ . S Finally, the poorly crystallized materials tend to
. S C o recPystallize.
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4.5 Seawater REE Concentrations

>
-

4I5.1 I.n't;oduc‘tipn‘ |
" . The REE concentratlons in seawater are very low. :or
example. Hoyle etal (29) ~measured Ehe concentrations of
Qa, Ce, and Nd in coastal water to be %4, 63 and 46
pmol/kg, respectively. DeBaar etal. (%) found 1a’
concentrations from £6 pmoi/kg near the surgg;;\B%“the
ocean to 80. pmol/kg near the bottom, at 4.5 km.." Other RuE
were found teo have concentratlons of -about an brder of
magq;tude less. - p

It ’is likely that one or more REE‘phosphate phases

control.the REE concentrations, 8ince these phases are so

insoluble. In figures 4.16 and 4.17 are shown the,pH-
stablllty dlagrams of Eu2(00 and Nd RHABDOPHANE.
respectlvely. Note that the concentration of Eu is at

po pH value Iow enough to explain the seawater concentééiioh
of Eu. The Nd phosphate diagram, on the other hand, does
predict,a N@ concentration consistent with ﬁeasured'valugs.

The assaciation of REE with marine phosphorites has

Y

' been known for some time(gr;Bzr. Elderfield et al$33)

and Li(B“);have demonstrated an assgpciation between

“uphosphate and REE in fénfomanganese nodules and associated

sedimghfs. Turner and Whitfield(35)'suggested that as a
. . ~ ) -

first step in the immobilization process the REE are

adsorbed onto various mineral phases. Then as diagenetic

L4

reactions occur, -the REE are incorporated inta various

142
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‘authigenic mineral Hrttites. Elderfield et.al.(33) also

cancluded that initially the REE are immebilized dy surPace
reactions. In ferromanganese nodules thp #EE are bounid - '

initially by t@#¥ sites: a phosphatiec phase and a surface

i}yer of phosphate which had previously beeneadsorbed onto

hydrous iron oxides. Upon diagenesis the REE may be

lncorporated into recrystdallized bilogenic apatite. I% is

known the REE concentrations in marine apawsi*te increass:

with "the age of the sediment(36).

- o
L.5.2 ¢€alculations of REE Concentrations . .

-

The_tptél dissolved phosphate concenﬁ;séhon in recent

marine sediments ranges from 1x10° to 1x1 pM(37'38)J .
From these. values one_ should be able to predict the REE

concentrations in interstitial water in sediments. If the

reactiens in sedlments control seawa centratiohs,

then the sediment pore water concentratlons are a useful
guide to seawater concentratlons. In calculat‘ng the La .
concentratlonJ Jhe ionid strength was takenfas 0.7 M(BQ)
The_activ1ty coefficient of HPOQJ was calgulated as in

section 4.2 by the Davies equation. The. La activity

coefficient was interpoléted from figure 4.7. Assuming for .

the. saké of argument that ion-pair formation betweeh La
and HPOE-'is négligibia, and that tHQ.congéntration of
HPQﬁ‘ is 1x10’ pM, then the-predicted La congentration



€,

-

is given be

[

log(La] = logxl, - logk, - logl&POL ) |
- . - .. oot " -- + . ! . . .
- 1o€ Typo2: *log(H') -loeri, (4.19)

~

whére KB is the third dissociation constant of phosphoric

‘acid. Substitution of values gives,

logLLaf= -24.5 + t2.35 #‘7i+-0.§9
T8+ 1.62 -
= 9.0 pM. N L - (4.20)

~

A

The range in La concentration correspdgding to- the

' range in phosphate concentration is therefore0.90 'to

90 M. T — <
: L s ' 2+ R 2--
-If idn-pair formation between Ca™ -and Mg and HPO),

is cbnéideréd in'thg calculation, the free phosbhate

concentration will be reduced, and the calculated lLa

.

-doncentration increased. Also, if complexation between La

and other iigand§ ié-&pnsideréd..the total-La concentratien

yili\also be higher. | |

‘One way around tthe dif'ficylty in -és%imating the free
'phosphéte concentration is to w:;te a ?eaction betweéﬂ
1a?® ahd‘apafite(“O)a - *
.

’ = 3LaPo, + sca’ + OK™ .t o(4.21)

A

. s T o



\ - The corresponding equilibrium cénstant for the reaction

is given by,

logxgp - 3logK§h

=. 5log(Cak + log(OH) - 3log{za) (&.22)

where logxgé = -58.5 is the log of the selubility

product of apatite(QIZ, th is ﬁhe solubilitﬁ product

of La-RHABDOPHANE (table 4.&), the activity of Ca’  in -

seawater is 0.0021 M(39) and the activity of the hydrogen

ion is lxlb-svm..Taking the activity coefficient of Lal’
ds 0.024, as was done previoysly, the calculated La
concentration is l40. pM. The rangé in La‘cogcentratiqns
corresponding to the range:of ﬁKiﬁ vPes, (i.e., plus
or m;nus_pne standard deviatjom}¢ is 68 t& 305 pht.

. Estim#tes of;several othef REE concentrationé‘are also

" listed in table 4.6. fhese are compared.with values |
megsured in opénVSeawaten‘by other workers. Note tha®
‘these concentrations were calculated assuming ne solut%én
coqplexes with the REE ion. Also inportant was the uge 0of
solgbility‘p;qducts valid at rodm température.'Eecéuse

_ the solubilities of_hydfous.REE ghosphates increase. with

decreasing temperature, the estimates of REE concentrations

given in-taﬁle"u,é are brobably on the low side.
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Table 4,6 Predicted and measured

concentrations of lLa, Nd, Sm, Ho

and Er in seawater.

1 2 3

REE M pmol/kg pmol/kg .

La 68- 300 Ly 15-82
Na 5.6 ———- " 3.0-10.7
Sm° 9 . —--- 2.8-2.9

Ho © 110 —— 1.2 =2.7
Er 21 300 9.9 _—

1. This work.
2. Hoyle et al. {29).
3. DeBaar et al. (30).

O
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4.5.3 Discussion
-

1t is common practiCe-in geocheﬁical discussions to .
normalize the REE patterns obtained for a‘giveh
geochemical system to either chondrite or average shale
values. - The chondrite values are taken to represente
‘cosmic REE abundances. while the shale values are taken

to represent crustal ab»..uridane.es(u2 43)

. Any chemical
differentiation that has taken place in the system of
interest can thus be separated from glodal abuqdanee -
variations among REE due to nucleosynihesie effects. Qne

such effect is the Oddo-Harkins rute(#3)

which basically
states that even-numbered elements have a greater cosmic

abundance than odd-numbered elements. This zig-zég pattern

for which uhe normalizatlon is ln;ented to correct, is not
expected to depend in any way on’ the crystal Chemlcal or
thermodynamlc propertres of the REE. In other words. if

the REE are saturated in seawater, and if they'are‘in\
dyhamic eq&ilibriuh with-the sedihents.fthen‘the
non-normalized REE pattern for seawater is not,ekpected '
to show the familiar zig-zag pattern. Segwater concentratlon
data frem Hoyle et al. (2 9). DeBaar et al. (30) and
\Elderfleld et al. (33) all 'suggest a zlg-zag pattern in
seawater REE conqentratlons. h

The conclusion to be drawn is that .the REE are in fact

undersatura;ed,xn seawater with regspect to the less stable

REE-containing phases. The concentration data given in

\
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taple k. 6 suggests that seawater is undersaturated in REE .

even with respect to the hydrous REE phosphates, to the
extent that the calculations are relidble. It is not
inconceivable that the monazite form of REE phosphates
is less soluble than the rhakdophane form.
In any case, if a steady-state exists in seawater

such that the rate of dissolution of metastable REE-phases
is equal to the rate of precipitation of stable REE-
phasé;«such as monazite then the seawater~concentratlon
of a particular REE will reflect the abundance of that
REE in the dissolving host phases. The more abundant a
REE is in a diséolving phase.‘tﬁe'more rapid will be its
relative trgnsfér to the sdlution phase, ;nd-conséquentiy
the higher the sfeady—state concentration of that REE
will be. ’ | _

’Calculations of fesidedbe times of the REE bésed‘on

the assumptxon of steady ~state kinetics,. have been made.

. Goldberg et al (31) found that the ‘elements La to Gd,

except Ge, have resxdence”tlmes of about 300 years. The

~ elements Ho to Lu have residence times of about 500 years."

(The residence time is the concentration of a chemical
species in a system divided by its rate of fémoval or
rate of introduction). | ’

A further complication is the faet théf the dissolved -
REE are enriched in the heavy fradtion(“3). This may be’
due to the fact that the.HéﬁE phosphates are,mﬁre soluble

.
13
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than tne LREE phosphates. The solubllzty data obtained in
this study does not support this hypothesls. h0wever. An
alternative hypothesis is thax the RREE form complexes
with dissolved organic matter which are more stable than
those of the'LREB The REB/EDTA complexation data
presented in chapter 1 does support this hypothes;s if
EDTA is a good model for dissolved marine organic matter.
LuEDTA is 5 arders of magnltude more stable than LaEDTA.
The longer residence times of the HREE also support the
Rypothesis. ' S
.Additional‘evidence for the partial control of seawater
REE cqncentrations,b& REE phbsphates is the faet that the
diseolved"REE concentrations in seawater increase with
- deﬁtthQ) I{ was shown in-sectiop 4.3 that the solubilities
of REE.phosphates should increase with a decreese in
‘temperature. Thdugp there are local fluctdations in ,é
éempereture in the oceans, in general, the temperature
‘decrgﬁseg with increasing debth. Thus the increase in REE
cédcentfetion:with.depth‘in seawater is explained by
. bestulating the existence of a REE-cpdtaining prhase with
a positiVe enthalpy'of formation in seéﬁate?, (sdch as
a REﬁ~phosphate) ) .
Thys ‘the hydrous and/or anhydrous REE phosphates are
lmportant in helpxng to understand the REE concentrations
in seawater. HoweVer, the connectlon between the hydrous
-and anhydnous forms is not yet clear. The synthesis studies

- ‘carried out in this study suggest that inAacid solution

L 4
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at room tempéréf@Eh,\the hyérous REE phosphates are
.usuallyqrormed. Mbnagite can‘fpﬁm at édméwhat hiéhéf
~temberatures. It is not clear whether the rhabdophane/ W °
monézitexﬁoundary is affected by other variables such as
pH. The ﬁH of seawater is somewhat higher than that. used
in the syntheses._Many examples exist in marine geochemistry
of phase relatlons compllcated by klnetlc factors. A good
example is the relation between opal and quartz. Blogenlc
and inorganically precipitated -opal are much more common
in marine sediments, as well as subaerial 30118. than is
_authigenic quartz, though quartz is clearly the more
stable phase. Indeed, many natural waters are supersaturated
with.respect to quartz. ' | '

‘The/problem could be resolved by obtaining solubility
products for the ydrous REE phosphateé. Unforfunately.
thése data could nat be obtained by the methods employed
in this study. Also of interest, but much more difficult
" to obtain, would be data &f:rhabdopﬁane : monazite ratios

in marine sediments as a function of time.
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‘reactions has been discussed previously

1) liquid/liquid phase separation,

-

-

5. SURFACE REACTIONS

5.1 Adsorption and Redated Processes

. .
.

In section 1.4, a definitibn of adsorption was given.

In this section this definition wili Dbesafurther Qiscus&ed

®

‘in terms of précesses'which pight bg confused for adsorption.

In particular, processes must be distinguished which
result in irreversible immobilization‘of solution species,
since such processes must be treated diffeérently in
geoéhe&ieal'models of waste tramsport; for example. The
distinction between true adsorption and other surface

(1-&)’ so the

following discussion will bd fairly gen
Examples of surface reactions which m{ght be’ confysed

for adsorption include: .

2) ion—exchange in substances with permanent intrinsic
'electg;c charge, (i.e., sorption),

3) pregipitation of new phases onto inert substrates, .

4) precipitation onto soluble substrates, (herein called

"incipieni mineral replacement”).
5{ reaction of solution species with one or more components
of the substrate to form new'phases. The new phase '
could conceivably Qe isostfuctural'with the subétrate,
in which case the new phase may not be distinguishable

from the substrate by such techniques as XRD«

Many criteria exist for'dlstlngulshxng such surface reactlonst
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. spectroscopy, (EELS), Avouris and Dehuth

. benzene ring with respect to the metal surface.

¢ of adscrbed specxes 1s provided by the use of CoC‘%-

e

- -»
SPECTRAL CHANGES QN ADSORPTION: Changes in the vibrational

and electronic spectra of a chemical speclies are expected

. to occur upon adsorption, when the adsorption process

involves the strong distortien or—beeaking of bonds.
Good examples of this are provided by the étudy of

gases on metal surfaces. In a review of electron energy loss

(25) point out, ~

for examﬁie._the large changes in the vibr%tional spectra

of CO whenfit is adsorbed onto various metal substrates.,

Intgrpretatibn of the spectra yields information about

the strength and geometry of surface complexes. €9, tends

to be strongly bonded, while saturatedAhydrocarbons. for

 example, are not. EELS has alsb been used to study the

, . , , .
electronic spectra ef molecules on surfaces. Changes in
the electronic transitions of. aromatic hydrocarbons have

beenrinterpréfeq to suggest gifferent‘orieniations of the

—
2

The situation with adsorption from aqueous solutiond:

is not so well advanced. Goldberg et al.,(IQ)

.

to use IR speqtroscopy to distinguish colloidal goethite

attempted -

'
e

" adsorbed onto quartz, adsorbed onpto kaolinite and as free

parti¢les. The results‘were inconclusive. T

A famllxar~examp1e of changes in the optical spectrum

charged s;llca-gel as moisture indicators. Unfortunaté;y.

the speétra of adsorbed species'gre rarely so easily observed.

-
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)contined to grow and Sin er diffusion of reagents.

clear in adsorption eiperiments why the adsorption 1is

time, but to be contin ally decreasing as the new layer

¢

(% -

The tell-tale of such processes Ls the presence of

b . . . e s
asyptotic tails in the rate/time curve. ¢
A

N

REVERSIBIBITY: Every chemistry undergraduate student who
has been exposed to 1on exchange chromatography, kno;c~;
?hat one does not add silver nitrate solution to a volumn
charged ‘with halide ion.~ Thls-constltutes a good example
of the dlfferenge ‘between reversible and Lrﬁsﬁersxb}e
adsorption. Drastic measﬁres are required in th; casé of
precipitate formation; to reverse ;he 'adsofptionf. The

problem in the example is obvious. But it is_often not

' - - hed

~- .
not reversible, or only partly reversible. As more and

more dra®dtic measures are taken to remove the adsorbate,
the greater the chance that the substrate wirl dissolve

first. The natural conci&slon is that the "adsorbate"”

has reacted to form a phase more stable than the substrate.

An example .0f the use of reversibility in a“ptlo&
' (zy .. -

experiments is provided by Thornton and Re v who

measﬁred the Kinetics of‘réleasé of some simple ions from
a se%ectipn of-surfaces, and conc&udea that the¢ kinetics
were too slow to be explained by simple diffusion. -

A non-reverszble adsdrptxon of phosphate oh qup oxxdes

has-been observed by Madrid and De Arambarra(a). The fact

.




a

B that the salubilities of ferric phosphates such as strenglte
(EePOQ 2H20),are very low, (pK = 26. 5)(9) suggests that

¢ 4Aone mighq.be_ggglégg with s;miyar crystalline phases on -
the iron oxide sutfaces. Indeed, a vér& simple experiment
involves ths éoaking of;ordinary iron-rust in a solution: .
©of a phosphate such as ﬁHZPOu for seferal days. THE pale -
yellow-brown <coating that forms is identical in appearance
té the material oﬁe ééts on reacting ferric nitrate with aq.
.- | KH PO, (see sectioﬁ 2.3).

- . - . -

»

BXCHANGE CAPACITIES: If the measured SUrfaqe'area of a

subé%rate turns'out‘to be mich less than that calculated

-on the baSlS of the amount of material lost from- solutlon,

. then either multLlayer adsorptlon or crystal growth of a }
’ (10)

new p@ase _are l;kely explanatlons AMLSra and Bowen

AR & N ol

o

+ . Showed that in ‘the reactlon of zinc 1og§ with hydroxyapatite ;
L] . - R ‘.‘ ],
. < - ™ the first laygr.of substrate ‘should have reacted-in the .

first few minutes. ¥n fact, the solutios concentration of»
£inc continued‘to decrgase for -more than ten days. (Powder'

ux—ray dlffractzon showed that two new Zn- -phosphate phases

‘were ifi fact forming.) .

. . L] . : = -
- i . .

In a study, of the adsorptlon of various catlons onto -

R T T e N
v
.

Ak b

- A mica surfaces, Claesson et’al (11) found that whereas
2*

the gdsorptxon of Na ’ Cs and Ca obeyed a simple srte

} . SRR .bipdxng model 530 dld ndt It seems llkely to thls author

LS

that excess H30 ‘is being donsumed dur1ng a dissolution
. . - » - ’

L " 'reaction invdlying the mica substraté:

. -~ . . N "’.”" . 4 \ .

3
. . ~ .

' - . - . ’ -,
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COMPETITION: If an’'adsorption model is designed to be

‘. general, as simple ion-eibhahge is, then the strength of

adsorption will be a smooth function gl some physical

property-of the ion, such as charge/ra us ratio. The

.

competltlon between ions for binding sites will depend only

on the relative binding strengths and relative concentratlonss

of the ions in question. If thetxchange experiment shows

that some ions are anomalously well adsorbed, that is

beyond that indicateu'by their c@arge/radius ratio, then

someé éd@itionak—udéorption process 1is occurring. '
Altefnati;el&, if a.suﬁé¥rat¢ seems to hayg an exceptional

preference fof certain idns; then another proceés must be

éssumed:.For-exa@ple. upon exposing crystals of aragonite,

' (orfhorhbmbfc CaC03)% calcite (rhombohedral,CaCOj).
,dolomite {rhombohedral CaMg(COé)Z) and magnesite (rhombic

MgC0,) to synthetic seawater, Mucci and Morse‘?) found

3)
;hat'the’g;rface Mg/Ca ratio depénded.very much on the

. natur€ of the substrater Mg/Ca was smaller on aragonite

~ -

than on calc;te. the ratio was about 3 for dolomite, and
about 120 for magnesite. These results suggest that the .

substrate is more than passivei} involved with the adsorption

of ca’'

and Mgz*. The experiments imply a dynamic
equllxbrium between the surface and sqlution. in which
crystal-packlng foroes favour approprlate substrtutlons
of cations in the: surface layer. In support of thls

interpretgtion, Moller and Sastr1(13) showed using Ca-“SCa




isotope exchange.that the equilibrium reaction involved

no-more than one -layer. of substrate. Interestingly,
'

SOZ and c1” ions had no appreciable effect on the exchange
(14)

process, whigh is consistent with a crystal growth

-
7

mechanism.

SURFACE CHARGE MODIFICATION: One important method for\

studying the surfaces of particles is electrophoresis.
The movement of suspended particles in| an electric field

is a functipn of .the 'sign and magnitude of the effective

~ surface charge of the particles. Changes in the surface
‘ctharge as a function of pH are not surprising, in view

of the fact that the adsorbates , H O+ and OH , are charged

3

species. Further, each mineral'substance Seems§ to possess

-

‘a characteristic zeanpbiﬁt-of-chgrge, (The zero-point-of-
Neerr” -

charge is that pH for which the speed of the suspended

particles 1s zero in the presence of an electric field).

Such values have been tabulated for many substances(j).

Just as the pH of the solution is“expected‘to change the
surface charge, S0 is-the presence of adsorbable ions.

"Thus the surface charge has been used as an fmportant ° -

parameter in adsarption mddels(ls'la).

(4

The nature of the s&rface‘charge has beert Used in -an
explanation of the differences in the adsorption of

.. P . - . N
colloidal goethite (& -FeDOH), onto quartz and kaolinite

The fact thq;fﬁiolinitg haé a permanent charge means that-

it can adsorb charged ‘aterials via cbulombic forces over

» . N oo 3 .

(19) ..
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a wideYx PH range than can qua z, whose surface charge is
entirely pH-dependent.

INHIBITION OF SUBSTRATE CRYSTAL GROWTH: The fact that

. substances in solution can variously affect the growth-

"

of crystals is well known. The fact that this occurs by
the formation of an ads¢rbed layer on the growing crystal

"faces, rather than by the formation of solution complexes

-~ With the reagent can also be shown. For example, Tomagié~

and Nancollas('zo) studied the ¥inetics of brecipitation.

of three hydrates of calc1um -oxalate, namely the mon-, di-
and tri-hydrates. It was found that polyphosphate lnhlblted
the formation of only the monohy@rate phase, and not of the
others. Somehow thé éufface geometry of'the calcium pkalate.

m&nohydrate favoured the adsorption of the \polyphosphate

e

,specles
‘The use of polyphospnunate and polyacrylate compounds
as. scalevlnhlbitors in lndustry is routlne. Such compounds
can reduce the rates of fermataon of CaSOh éHZO and Casoa

- at concentratlons as low as 10 -7 mol/L- (21)

L
The ablllty df Mg2 ions to markbdlyureduce the rates of

precxpltatxon of. hydroxyapatlte and. fluoroagatxte was
P

lnterpreted in terms of the blocklng of surface 51tes by
2+ 22 ' . . N . .
Mg ( ) * . . [
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HETEROGENEOUS CATALYSIS: There are many examples of
redox reactions which are catalyzed by the presence of
certain solid substances. for example, Keeney-Kennicutt
and-Morse(ZB) studied the reactions of Puoz on various
substrates.-bn lﬂno2 the plutonium was oxidized to Pu(Vvli);
on goethite, a disproportionation occurred to form Pu(lV)
and Pu(VI). Though the reactions seemed to de;end“bn the
nature of the substrate, it was noted that the reaction
was faster in the light than in the dark. On carbonate
minerals no redox reactions were obseryed[ It is difficult
to decide on the basis of the experimental data whether
the geactions observed were truly catalytic, oirwhether
the substrate was consumed in the redox'reift10955

In a study of the adsorption of technetium, as TcQ,,

on variou; minerals, Vandergraaf et al.,(zg) feund that

immobilization of the technetium only occurred under

reducing condltlons in the presence of certain types of ‘

Y s

ferrous iron contalnlng mlnerals. Studies with ireon metal
weté-used as control ekperiments. The implicatiorn &n this

stuﬂy was thdt the substrates favoring Tc immobilization

were consumed in. thé redox reactiphs-

‘A reaction in whlch the sub!trate cqird truly be, shown

to act as a catalyst would be good eVldeqce for adsorptlon

processes anOlVlng the format!on of 1nner~sphere complexes

on the surface. .o : ~
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SPECTRAL CHANGES ON ADSORPTION: Changes in the vibrational

and electronic spectra of a chemical species are expected

. to occur upon adsorption, when the adsorption process

involves the strong distortien or—brepaking of bonds.

Good examples of this are provided by the étudy of !

gases on metal surfaces. In a review of electron energy loss

L (25)

. spectroscopy, (EELS), Avouris and Dehut point out,

for examﬁie. the large changes in the vibrational spectra
. [

of CO when it is adsorbed onto various metal substrates.,
Intgrpretatibn of the spectra yields information about .
é , the strength and geometiry of surface complexes. €9, tends
', to be s?rongly bonded, while saturated‘hydrocarbons, féf
example, are not. EELS has alsb been used to study Ehe
elect;onic spectra eof moleculgs on surfaces. Changes in
the electronic transitions of‘aroﬁatic hydrocarbons have
been»interpréieq to suggeét gifferent‘orieniations of the
. benzene ring with respect to égé métal surface. ’
The situation with adSoqﬁfion,from aqueous solutions:

(19) attempted . °

1
A VIS

is not so well advanced. Goldberg et ul.,

to use IR speqtroscopy to diétingu;gh colloidal goethiteﬂ

PRI

" adsorbed onto quartz, adsorbed onto kaclinite and as free
pafti@les. The resulfs'were'iﬁconclusi§e. e .
A familiérlexamgle of changés'in the optical spectruh \
¢ of adsorbed specieé‘%F'providea by the use of CoCM-
chargéd‘s;lica-gei as moistuée indicators. Unfortuh;tély.

the speétra of adsorbed speciesigre rarely so easily observed.

L]
’ —y
-




Electron paramagqetid resonance (EPR) has recently
been‘used tb s%udy the adsdrption of Cufdl)/glycine
complexes on glbbSlte ( Al(OH) ) and boehmite (AlOOH).
‘weBride 28) obtained ESR parameters 5T adsorbed Cu that
were similar_tp those of free Cu(gly)'; For the case of
gibbsite, there was some evidence for a Cu-0-Al bond.

. On boehmite, the ESR spectrum was more similar to Cu{gly),
. Excess glycine was found to desorb the Cu. ' ;

Motschi(27) studied the adsorption of Cu(II) aquo
complexes on A1203, Sioz\and Ti0,. He found the ESR
spectrum for Cu on tht various oxide surfaces to be
considerably different from that of frozen Cu(H,0)7".

He pointed out however, that EPR on its own is insufficient
for éstablishiné an unequivodal assignment of the structure
of thé surface complex. The usé of model compouhdé was

found to be very important in the interpretation of the
o . >

‘spectra. - |
Other forms of spectroscopy are~§otentially useful

for studying the adsorption surface. X-rdy photoelectron

.spec§roscopy. (XPS), has been used 1n this regard(za)

and in partlcular on mlneral surfaces(29). The chemxcal

'shifts obtained from XPS are large enough to yield clu

Af the oxidation18§até of a p?rticular adsorbate (30)

They are not generally large enough .to yield detailed

bonding Jjnformation. . ‘ .




NEW PHASES: The conv‘nCLng evxdence of surface, reactlonpk_f
as opposed to surface comlexatlon, is .the formatlon of

new phases at or near the solid/solution interface.
Scanning electron microscopy (SEM), might show up new

(30)

crystallites or amorphous agglomeratlons on the surface.

Where the reaction has pr0ceeded far enough, powder x-ray

diffraction might indicate the presence of new crystalllne

(10) Showed that the products of

*géaction between hydroxyapatite and zZn®* ions are hogeitg'

+ phases. Misra and Bewen

(204(P0,) ,+4H,0) and Zn-libethenite (Zn,(0H)PO,).

Clarke et ai.,(31) ound that Fe(II) salts react with

calcite in okidizing‘ upous environments to produce
+  crystalline PFe(IIl) oxides; (lepldocroclte) These results
- should not be surpr151ng. .

. : In those cases where ;nsufficient material has . %

l ' .accumulated, information about the surface distribution
!‘ © of new ph;ses can give plueé‘abopt the adsorption process.
§ | Ion-imaging b? secondary i1o1 mass spe;tromet;y (SIMS)
§ . can yield Sutfage element distributions on surfaces(le
i when thé.samhle is of sufficient sizF and shape, (i.g}. fiat) }

.» and the adsorbate concentration is ﬁigh éhough that it
can be detected before it is “etched away by the. primary
beam.§ .

. Autofadiography is useful when dealing with low surface

concentrations of radioaéti&e‘e;emgnts. KnowléQge of the

components and their distribution in rock samples for °

example, can be used to rationalize the distribution
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of-radionuclides(33'3“). Adsorption was found to be
greatest on mafic minerals, for the radionuclides

2MAm. Adsorption was minimal

75se, Osr, 137%s, *7pn and
on K-.and plagioclase felspars, and negligible on-quartz(3u).
rhére was some evidencé‘fdr preciplitation of Am and Pm.

N *
EXTRAPOLATION FROM SOLUTION CHEMISTRY: Because the surface

layers in an adsorpt M experiment are so difficult to *~

. see and characterize, a great deal about the nature of the
. . - )
adsorption procgés must-be inferred from other known

reactions in §olutlon.

° Beall and Allard 33) and Stryker an! Mgtljev1c(35)
. ) in;erpreted the adsorption of_Am(II;), Pu(Iv) and Np(Yi.‘
and HEf(IV), respectivély, in terms of metél\ﬁydrolysis.
The:adasfption was measured as a fun&tidn of pH, éndithéﬁ

with the known hydrolysis behaviour of the metal

the adsorption as essentially a precipitation reactien,

(3

-y compare

’ : ion in question. But whereas Beall and Allard interpreted
i

§

(where Sther adsorption processes could be ruled out)f
f -/idf Stryker and MatljeV1c 1nterpreted the results in terms
: . of the adsorptzon of mononuclear Hf(OH)u

i : " The other rgactions referred to by Beall and Allard
‘involved the reaction of metal ions w1th phosphate and
E carbonate minerals occurring in.the subsirﬁte,lto form

'.insol@ble'precipitaféé. Kﬁowledée of the iﬁsoldbility of
the ;;rious actinide salts lead to'Epis interpretation

o ‘\\\ ‘of the .radiography results.
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5.2 Rationalefor the Surface Reaction Zxperiments’

The first objective in the following experiments was
to discover whether adsorption-like reactions occﬁr at.
all in the case of REE phosﬁhates. The second objective
.;;é to di;cover the tidq scale for these reactions, so
'téatrdetaileé kinetics experiments could be planned at
a i?ter date. The third objective was to discover the
{pr$cess or processes involved with the adsorption
reactions. A parallel objective, mentioned in chapter !
was to evaluate surface analytical techniques, such as
SIMS and XPS. for their ability to yield information
about surface réactions. -

As the introduction to this chapter.shows, thers are
many proce;ses-which might be going oh. and many ways
of studying these processes. It was suspected that in
épe case of REE phosphates, dis§olution might be important
in determining or nedifying the adsorption reacfions.

It was suspecfed that although the compounds were quite
!nsoluble:.ihe surfaces of the REE phosphate cfystals
would be, or tend to be, in dynamic equilibrium with

the surrounding solution. This suggested that the
adsorption process might take the form of gh exchange
reaction. Because mineral replacement reactions .are
common in naﬁure.l(indeed, some of the synthesis methods

in this thesis work are replacement reactions), examples

must also exist of incipient replacement reactions.



SRS s it o hadk e ¥

o
PR

for adsorption studies was SIMS depth-profiliné.

dependihg on the primary beam cusrenf} the nature of *

[ 2
$.3 Introduction to SIMS Depth-Profiling
One of the surface analytical techniques evaluated
Section 3.I of the thesis—outlined the SINS technique.
In this section an introduction to depth-profiling will ;
1

be given. Because SIMS 1is an inherently destructive

technique, the sampling feglpn changes. with time,

the sample;'and the area sampled. Rastering reduces the’
rate at which the third dimension in the samPle is
analyzed. In any case by sampling a portion of the mass
specerum at reBular intervals as the priﬁfry beam etches
away at the sample, a recofd~of the abu&dsnce of that
partlcular 1sotope with depth is obtalned. . y o~

There are experlmental dlfflcultles which llmlt the
quality of lnfo;matlon yhlch can be galned, howevér.
If %he primary beam.is not rastefed acqoss‘an.area'of the .
sample[.the crate; fgrmbé‘tepds to Belsteepland narrow, '
allowing for a simult;seous sampling of the speoimen.all_

the way down the crater walls. Even if the ‘beam is

ragtered. the primary beam tends to collide with atoms

in the sample, knocklng these atoms deeper 1nto the sample.

‘only to be. sampled by the mass snectrometer at a later

time Ln the analysxs. Both these effects result Ln an

L

averaglng of'the composition, of the sample’ over- the depth

of the analysis. . . A

-p




The effects of "knock-on" are ‘demonstrated in figure

5.1. Here the beam was rastered o%ver an area of 250 by
250 pm. This sample happened to be gold-coated, and is

therefore particularly good for demonstrating this effect.
. . , 4
The carbon is an ubiguitous surface contaminant. Initially

the signals due to Ho and C are seen to rise as the Au

L4 .

coating .is penetrated. Thereafter, the signals due to C’

and Au continue to remain significantly above'background{ !

long afte; %he Ho signal has stabilized. It wpuld'be

diffic&lt to estimate the thickness of the goid layer

from this depth péd‘ile. o ' .
Another experimental problem is-due to fluctuations

in’ primary beam éurrent, Figure 5.2 shows a record of the

primary beam current for five minutes, obtained on the same

>

day as was the depth profile. This day the beam current

was fairly stable. A lesg'gtable beam can lead to severe

.
.

artifacts in the depth profile.

An anortunate'aspect of the depth profiling procedure *
used "in this study is that there is a considergpLé "dedd"
time when the profilingogtarts.'Mass-numbers'must be

sampled sequentially, which means that the material
closest to the surface is_etched away before its ~

d v

composition can be fully measured.

Surface roughness of the sample cép also lead to .

bl

pfbblems. Fortunately, the crystals used in the subsequent

-

studies had fairly flat crystal faces paturally.

Further information can be found in beférénpes~35 and 36.
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.-gure 5 l Depth pro:x’e of HoRO,
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sing*e crystal.

:how;ng the ability of the prlmary beam to Knocx

Au and G from the surface layers lnto the bul< of

the crystal. ‘This effact sewere-y

llmlts the

ability to estimate layer-thicknesses in SIMS.
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Figure 5.2 Record of primary teanm stability for o .
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cable 3.3 Results of 2TA 7GA (132Y =min and isochronal

vihr} heating for hydrated phosphates, =EEF) .xH.2.

REE rp(%p‘ 1T, x T, I, 7
a 100 M 100,230 2.7 ta’ --- N
25 R 108,23¢ .6 {a) 300 M
c€ 10C M+R 8C,200. .6 ~O0w 633 b
60 R 100,25C 1.0 Tlsvw 5CC ™
Fr 130 X 120.250 2.7 (a “CC o
Nd 10C R 180.23C CO.7 7TQo0vw ol ¥
100 R 110,230 0.7 6BOvw ~Q7C o
Sm 100 R 80,220 .0 BCOm ~aC N
Gd 100 R 210 0.8 &iss BOC ol
oy 60 X*R BC,:18C 1.0 95Cw QOC‘ X«
Ho 100 X 110 1.4 --. --- X
=r 100 X 110 3.8 --- --- X
Yt 10C X £5 1.1 --- --- X
Nat. ° R*M 120,230 1.” a’ bl W
Tp = preparation temperature. *
I = initial phase, {(by powder XRI.@.
T, = endothermic psak temperature, + <9
T; : exothermic peak temperaturs, * scc
T, = isochronal heating experimen:s, * 32°¢
¥ = final phase.
¥ = monazite; R = rhabdophane; X ={xenotime
{a) = absent; (b) = not determined; vw - very weak:;

w = weak; m = medium; s = strong.
X* = unique transformation: R to M to X at temperatures
above 90¢°C.
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5.4 X-Ray Photoelectron Spectroscopy, (XPS) s

In XPS a beam of photons at a particular x-ray engrgy.'
(in this case Al K radiation was used), is interacted
with a portior’ of the surface of a solid, and the énergy

- .
- distribution of the photoelectrons measured. Assuming

no other processes occur during the photoelectric
interaction, the differeﬁce between the energy of the
incident photon¥and the kinetig-energy'of the emitted
'electron is the binding energy of the electron in a
particular étomic orbital of a particul;r atom in the
solid, (Koopmann's theorem). Molecular orbitals‘are
generally more efficiently studied using UV-energy photons.
Auggr electrons are also seen:the energy spectrum, but
can usually be quickly identified by their energy and theé
fact that Auger electron peaks are often much bfoader
than photoelectron ﬁqa@s.

Normally the-vﬁlence electrons are not seen.using xﬁs.
but thé 4f electrons of the REE are ah exception. This
effect is greatest for the, K later°REE, since the cross-
section for phbtoelectrpn emission increases sharply as
the 4 shell is filled,(37). This fact. has allowed the
valence shell in REE~oxides to be modelled on the bas{E
of XPS spectra,(38’39).“ ‘

The strength of XPS 'lies in its ab;lity t0 measure
binding energigg of co;e-level orbitals of atoms, hpwever.
This‘allows'XPS to‘bg used as an analytical tooi for

detecting major elements on surfaces, and for

174




7 estimating thgir concentrations through the usg of

. known orbital dross-sectidns.(ho). Further, the core-

level biﬁding energies are not entirely insensitve to

the chemical environment of the respective atom. Thus

chemical shift data can yield information about the

oxidation state of that atom. A problem with measuring

chemical shiftg is that ﬁ;n—condgcting samples tend to

tecome electrically charged during analysis, which tends

to shift photoeleétron peaks. Most of the - XPS spect}a \
obtained in this study were obtained using an electron

] ' flood-gun to help neutrglize"the charge. Purther, because
carbon is always present on the surface, other peaks in

‘ the spectrum can be related to.the C 1s peak.

- - In this study, the principal use of XPS will be to

idgnfify elements on the specimeh surface, and to gain

‘a rough estimate of the element's concentration in the

upper few atomic layers of .the specimen. All XPS spectra

reported here were obtained on a Surface Science

Laboratories SSX-100 ESCA épecrometer.




5.5 Reaction of PrC13 with Apatite, CaS(POu)B(F.OH)

In chapter &4 reactions were written between dissolved

* -

REE ions and apatite "in ordér to estimate seawater REE
concentrations. In order to test whether in fact such a
reaction prbc;eds, a sample of clear green fluoro-

apatite was reacted with a solution.oﬂ 0.05M PrCl3 at
100° C for two weeks. The apatite block was .then removed,
washed with deionized water and dried at 80° C for four
days. Figure 5.3 shoﬁs_a broadscan XPS spectrum of the
apatite syrface after exposure. Peaks with binding energies
characteristic of F, P, 0 and Pr were all found, but those
of Ca were all lower than the background signal. The

spectrum of unreacted apatite was also run for control.

‘The results suggest that the surface layer is at least

the thickness corresponding to the sampling depth of the
instrument, (5-10 atomic layers), in the case of'reacted
apatite. The results are also consistent Qith thosé of {he
Zn/apatjte experiments mentioned in section 5.1.

" The exact nature of the surface layer of Pr/apatite

is not clear from this experiment, however. h"éubsequeqt
reaction was therefore carried out between a REE salt
solution and commercial bone meal, (fine-grained hydroxy-

apatite).
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5.6 Reaction of NdQl3 Solution with Bone Meal

?he commercial bone meal w;s shown by XRD to consist
largely of poorly crystalli;ed apatite. A suspeﬂsion of
the bone meal was prgpared by miking 1 g of the material
with 60 mL of a solution of 0.1 M NdC1, and 1.0 M NH,CI.
The bone meal was wetted initially with a few drops of
methanol. The NH,Cl was added to control the pH. The

&lution was sampled from time to time and analyzed by

. spectrophotometry for the Nd concentration after

filtration through 0.45 um Millipore filters. After
analysis the solution was returned to the reaction flask
to maintain a Ponstant solid/solution ratio. The Nd
concentration dropped to 0.08 M after three days, and
remained at that value for the duration of the experiment
The pH of the solution dropped from 4.8 to 4.5 during

this period. After 130 ﬁays the solution was filtered

‘and the'res%pue washed yith deionized& water. The dried

powder was analyzed by powder -XRD, and showﬁ to contain

siénificgnt am?unts'of poorly erystallized rhabdophané.
These results supplement the previous surface ;eaction

results in that 'they show the dissolved REE ions react

with apatite to form new phases.

-
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5.7 The Nd2*/HoPO,.xH.0 and Hoo" /NdPO,.xH,0 Exchange

React}oa Experiments

In this'§xperiment. two solutions were made up

: .
consisting of 0.15 MANHuCl'+ 0.025 M Nd013 and- 0.15 M
NH,Cl1 + §.025 M H0013 which were then allowed to react

with Ho-XENOTIME and Nd-RHABDOPHANE, respectively. The

.NHuCI was added to keep the pH around %.2. It was inten?ed

that the pH of each solution would be the same. It later
turned -out "that the pH of the Nd3+/H5P0u.xHé0 system was

2.3. Fer this reason the experiments are not directly

>‘comparable. But ;he'results afe non-the-%ess~interesting.

The-éolution composition was monitored by.visible
spectrophotometry for’ close to two years. For seven
mqnths. no ev1dence that the ' REE 1n the Solld phase was

dlssolv1ng. in either experiment, was found. After 133
/‘

_— + . s . .
“months, the H03 concentratien in the first system had

increased from below ‘the detection limit to 0.002 M. N §

The use of ESCA showed the presence of Nd in “the HoPO,
solid. o L

- In the cOﬁblimentary gsystem,” no trace of'Nd3+'éoqld'

- .
- . . P

“be. found'in"the solution phase, and no trace of Ho could

be.seen in the ESCA spectrum of the NdPOu dolid.

After 18 months, the Ho3 concentratlon in‘the first

solution was still 0.002 M: the Nd3 concentratxon in the

second solution was still below the detection limit.
- . . AN




After 19 months the powhers wqré again filtered offgv
washed.and analyzed by powder x-rady diffraétion. Ihé' : ”&.
Qiffraction pattern of the first powder contained peaks
characteristic of rhabdophane, in addition to tho;e of” .
the expected xenotime. The diffraction pattern of the _ .
second powder was entirely that of rhabdophane, suggestlng
that only the original NA-RHABDOPHANE was present.

In the absence of powder diffraction data, ‘'one might /

have concluded from the ESCA data and solution data that
adsorption of Na3* onto HoPO, . xH,0 had occurred, ‘'and that
Ay ) -

some of the substrate had dissolved. The presence of

N
v Aenemem

dlffractlon peaks characteristic of rhabdophane in the

- ' dxffractlon pattern of HoPou.xH 0 proves that the substrate

had reacted with Nd3+ to form a new phase. ) >

.

- Unfortunately, because the PH's qf the two solutions
were §ifferent. one g¢annot conclude from thesé.exberiments
. that NA-RHABDOPHANE is less soluble than Ho-XENOTIME.
| .Hoﬁeven, the experiment done more carefully would provide
- a more reliable ordering of sq@lubility products for pairs’
| ' of REE phosphates, than the values of the solubility
prpducts themselves. (Recal; fhe.variation of solubility
- brodudt.values for Nd-RHABDOPHANE for example). .,
| ' The other conclusion to be drawn from these experiments
is‘fhat these exchange reactions are.quite slow, so that

if the experlments had been termlnated after a couple of

'months one would have erroneously concluded that the

A ]

-‘REE hydrous-phosphates are kinetically inert.

‘

‘I




Figure 5.9 Depth profile of LuFQ, crystal reacted
with 0.005 M ErCl, for 12 months. (The slightly
ffferent appearance of the curves reflects a

different data plotting program.)

-

3 ‘ Ll

-4 ¥o)
s

log intensity {counts]’




5.8 Exchange Reactions with LuPO, Single Crystals

Y The LuPO, crystals were a convenient substrate for

carrylng out surface reactions. First a large number were .

4

avallable with smooth, flat cryé/al faces. Second the |
: cross-section of 4f electrons }n Lu are partlcularly

high, and the .peak positions uniquely located at very

low binding energies. This allowed the presence of Lu_
. in the spectrum to be easily detected. | ‘

{

In the first ‘two experiments LuPO,, crystals were

reacted with O.QO?S‘M YCl3 solution at_25° C for 31
months at~!y's‘of 3.2 and 5.5, respectively. The XPS
* -spectfa are given in figures 5.5 and 5.6. In both spectra.

seJefa;Apeaks charsszgpistic of'Y are present. The
YiLu ratios estimated from the two spectra, using known
f ' cross—secyiohs for the relevant peaks, are 1:1 and 1:5
' wfor pH's 3.2 and 5.5 respectively. Though the errors '

'~
\

! ; ~ associated with the concentration estimates are not

é . . small, (10-20%), the ratios are different enough that
the difference is significant. Even a visual examination

of the relative helghts of the P 2p and Y 3dgqPeaks in

e the two sgpectra proves a s;gniflcant relatlve dlfference
. - .

inyY concentratxon.
* THese results are at variance thh results of othex

. (3
adsorption experiments, which typically show an ;ncreqse )

of sdsorptioﬁ with. increasing pH.'The effect observed in

.
o
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.the above two experiments is consistent with a dissolution

precipitatioﬁ or surface-exchange process, in vhich

the extenf of exchange at a éertain boini,in the reaction
depends on the solubility of the substrate. Since the
solubility of REE phosphates increases with dec}easing PH,
the extent of surface exchange also increases with

L4

decreasing pH.

Ih.tpe next experiment inﬁglving'LuPOu cryét;ls;
a dozen LuPO,, crystils were placed in a solution of
composition 0.01 M HNOB, 0.1 M KC1 and 0.205 M ErClB.;\
The crystals were allowed to react at room temperatufe,
At certain intervals, one of the crystals would be
removed, washed with déignized watef, drigdaand stored
for surface analysis. It was hoped that kinetics daté
could be obtained in this way.

Five crystals were removed over-a period of 47 églg.\
and examined By XPS. No evidence of Er on the sufface
was found. However the fifth crystal was studied by
SIMS depth‘pfofiling. The results are shown in® figure
5.7. It would appear that the suffﬁce of the LuPOu
crystal was enriched with Er by as much és two orders
of magnitude in cpncentrafion, with r@specf to buik
concentrations. As a control experiment, aj@gpth profile
of unreacted}LuPOu was also obtain;d. This is §hown in

figure 5.8. The bulk concéntrations of Er in the two

crystdls agree, within error. -

v

’



Figure 5.7 SIMS depth profile of = L4FQ.
- ~
soaked in 2.005 M ErCl3
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Figure 5.8 SIMS
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Figure 5.9 Depth profile of LuFo,, crystal reacted
with 0,005 M ErCl, for 12 months. (The slightly
A fferent appearance af the curves reflects a

different data plotting program.)

-

i
QO
(Te)
v~

3
~ QA
un -
[ ™ .

log intensity (counts]”




Thus it seemed that SIMS depth profiling would be a
more sensitvé surface ahalytical techniqug than XPS.-
However, when a crystal was analyzed by SIMS which had
been reacted for 12 months, the surface concentration of
Er was not higher than that of the previous saﬁple.
Comparison of the Er:lu ratio for figures 5.7 and 5.9
shows that in fact the EBu:Lu ratlo for the 12-month
crystal is lower than that of the 47-day crystal

It was difficult to decide whethgr the difference
was real, or an artifact of the SIMS method. Replicate'
depth profiles obtained for several reglons of the same
crystal agreed with each other. in terms of the Er:Lu
ratio. (Absolute ion-intensities vary .from one run to
the next). ' ’

. The SIMS results did explain why XPS failed }o detect
any Er on the 47-day crystal. The maximum Fr:Lu ratio
obtained by SIMS was 0;004, or &4 ppt._Bécadée the signal
to noise ratio in XPS rarely exceeds 20 for the REE, the
Er would have to be present in percent quantities on the
surface, even to be;thected. |

When a 17-moqth crystal was analyzed by XPS, only a
hint of Er was hetected: the intensities in the eneggy
regions characterigtic of Er were no more than twicé
background. ' - »

The principal objective of the exﬁeriment was not .

' realized, namely to obtain quantitative kinetics data.

The reason was, of course, éhatAthe surface anaijtical

189

.




tools, namely XPS and SJAS, were being evualuated at the

same jtime as they were being used to obtain analytical -

results on surfaces.

Lesser objectlves were realtized, however. Er was shown

to adsorb on or react with LuPO,, surfaces. but at a

slovw rate. SIMS depth proflllng is a sensitve tool for

surface studies, but needs much optimization and further

study before quantltatlve results can be obtained, at

least in the case of REE phosphates. XPS can 'yield
’;;mi-quantitativé results, if the surface species are’

. present in percent quantities.

.




‘ 1591

) - {
5.9 Single Crystal Mutual Exchange Studies

The preV1ous experlments had supported the hypothesis
that adsorptlon reactlons 1nvolv1ng REE and phosphate at
reduced pH's, involve surface reactlons in which the
substrate dissolves to some degree, .allowing foreign
spécies to get caught up ih,the disso;ution/pfecipitation
reactions at the surface. The next étep was thereforeto:

deﬁbﬁstrate that these reactions -are driven by

[l

thermodynamlc forces. Speélflcally,\lt had to be shown N

that ngen €w0\ e;cperments, one mvolv:.ng the reaction
t

of REE "a" Wiin a phospﬁ;j:;ﬁf REE "b", the other involving
REE "b" ‘the‘phosﬁi§§g REE "a“{ that the extént T
of réacti @ wodl be greatest after a certain reaction

. time for that reactlon with tha\greatest'free energy
change. If REE(Db)PO,, was less soluble than REE(a)POu,
the former shodld react moée'siowl%iiif‘at'all, than

the. latter, €iven reversible kinetics. : |
S T ‘Q"

e - . " "

4
>

Two qxperimenféfwere carriéd;out. In both;cagés the
pH of the solutions was controlled by 1 M.NH,Cl. The
reactions were carried out at 65° /p~($r five days. -

The respective solution concentr{izogf of REEClj'were

- - -

set initially at 0.05 M.% ’ « P
In the first‘eiperimeqi, a crystal of SmPOh was i
placeq in a salution of NdPO,, and a crystal of NdPO,

was placed in a similar s8iut¥on containing SmCl5.



'After the five days had passed, -the crystals were
removed, washed and drled before analysis was done by
SIMS depth proflllng and XPS The SIMS data were corrected
for 1sgtop1c.abundances and replotted ld f:gure 5.10. The .

filled circles'refer;ﬁd“tpe experiment with NdPO,, while

open circles reTer to the experiment wij
results euggest that the Sm had reacted ha
w1th the NdPOu, than_the- Nd had reacted w1th

The XPS data are presented in flgures 5.11 and 5.12.

The peak areas were mea ed. cJ’rected for the .

N
.

- *

appropriate cross sectionsdangd tabulaﬁgd in table 5.1.
The results suggest ‘that the Nd ‘had reacted more,
exten31vely W1th the SmPOu than the .Sm had reacted with

¥ s -

the NAPO,; the reverse of ‘what the SIMS data showed!
Again, the éIMS depthjprofile data seems difficult to
interprgt dlrectlyu g L - |

The solublllty products obtalned in section k.3 for o
the hydrqus phosphates of Nd.and Sm at 25° C are
e VNdxpE 545and24.8and5mpK-256and257+/-02.

~

-?ﬁ@ sﬂﬁbu.xﬂ 0 1s about an order of magnitude Iess soluble
‘;:”ghAi the Nd analog. I this Ls-also true for the anhydrous
,ﬁzz’ phosphatee theg\thermodynamxcs ﬁould predict that the Sm
et "j; - would react more exteneively with NdPOu than vice-versa.
;i : :This is opppsite to what was actually observed- by XPS.

Because of this result, fqrther.eichange experimenfs.were

‘planned. " .

-, . “‘""oﬂm- bl ot LU At L Y N .
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Table 5.1 Quantitagive XPS data obtained for the surfaces

of SmFO, reacted with Na°' and NdPO, reacted with Sm>*.

One of the Sm peaks and two of Nd were used for the-.

analysis. Cross-sections, 07, are for AlKg radiation.

-

case peak area/cross-section © . ratios best
ol

Nd:SmPOu‘)Sdes/Z ‘Nd3d3/2 Nd3d5/2 Nd/Sm  Nd/Sm
T .o=M0o.4  o=24.3 O=35.3

region 1 ~ 0.25 0.74 0.7 3.0 3.0 3
2 0.17 0.45 0.54 2.6 3.2
Sm:NdPO,, ; - . Sm/Nd Sm/Nd
region.1  0.37 0.41 0.45 0.90 . 0.82 1
R 2 0.45 0.29 0.48 1.6 0.9

.

Peak areas were measured by counting squares under
. L ] '
each peak.
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}n the second single crystal mutual exchange experiment
Ho Qas reacted with ErP0, and Er was recated with HoPQ,,
in separate test tubes. Again, the reaction was carried -
! ’ _ out at 65° and for five days.

The SIMS data were again corrected for Isotopic

abundanceé, and ratioed in terms o; adsorbing-REE over

! | substrate-REE. The results are presented in figure 5.13.
It would appear from the SIMS results that the Ho had

i & reacted more extensively with ErP0, than vice-versa.

The XPS results for the Ho-on-ErP0, reaction showed
evidence for the presence of Ho on the surface. But sihce
the peak infensities for both REE were low, atomic ratios
could not be calculated. (Unfortunately, the peaks with
the highest cross-sections of Ho and Er lie beyond the
energy range of .the instnﬂment)..The XPS results for
the Er-on-HpPOu reaction were even less informative.

The solubility data from section 4.3 suggest that

WMLy v ke
-

. ErP0, is less soluble than ﬂoPou. The resulting prediction
for the surface exchange reaction is thereforeopposite to

that observed by SIMS.

1N B T TY

A4

In both tﬁese experiments, no clear support for the

hypothesis of thermodynamic control of surface reactions

was obtained.
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for the reaction of apatite with Zn ions

5.10 Conclusions

The surface exchange reactions could not be quantified-
at this stage because of difficulties inherent in the
surface analytical techniques used to measure surface’
concentrations. Though the XPS technique is reasonably
quantitative, it is not sufficiently sensitive to allow
study of the early stages in a surface reaction. Though
SIMS in the depth profiling mode does héve considerable
sensitivity, it does not readily give quanti;ative results.

" Several surface reaction experiments were carried out,
but the detailed processes involved with the surface
reactions cofld not be identified in a manner outlined
in séction 5.1. However, severfl lines of evidence point
to a process in which the durface exchange or adsorption
depen@s onwthe dissolution of the substrate. Bone meal
reacted with dissolved Nd to form rhabdophane. Apatite
surfaces reacted with Pr to form multilayer coatings
depleted in Ca. Xenotime reacted with Nd to form rhabe€phane.
The exchange weactions involving REE phosphates were .very
slow. The kinetics for exchange and dissolution were
found to be of the same order of maghitude.

These results are all consistent with thése observed
(10) mentioned
in section 5.1.‘Because thegse "adsorption" reactiong ="

result in the formation of new phases, they are important

for immobiliziné ions, such as those of the REE, for
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considerable lengths of time in nature; For example,

McArthur and Walsh(ul) found that the abundances of the
REE increase in marine phosphorites with tﬁe geological
age of the bhosphorite, that is with increasing time of
exposure to REE-bearing sélutions. such as seawater and

"
sediment pore-water.

It is well to point out that these studieé were carried
out at pH's less than 7 or 8. Above these~pH values other
reactiors become important. This'.i,s illustrated by a
recent stﬁdy of the movements of various rédionuclides
in shallow seepage trenches at Oak Ridge National

(uz). Intermediate radioactive liquid waste

Laboratory
dumped into these trenches was kept at a high pH to
ensure the précipitation of Sr. The ph&éphate concentration
in the initial waste was 150 ppm. The bedrock consié;ed
of shale and mudstone temented with‘calcitec Cesium was
quickly immobilized by irreversible exchange with illite.
Curium, however, thch would be expected to resemble the
REE, Qas found ‘to be very.mobiles'more mobile than Pu,
for example. The authors suggested that -low moiecular
weight comple*es of Cm with Brganic and inorganic ligands
were probably responsible for the mobility of Cm.

This study alsg brings up a ﬁoiﬁt-about adsorption .
made in section 5.1, namely that different processes.d§\~_l'

adsorption can result in entirely different geochemical
13

behaviours of chemical speciesﬁ Cesium is quickly and



irreversibly immobilized by ion-exchange with illite.

Other chemical species are eventually mobilized by rain
and gr?undwater. even though they are also expected to

" be involved in adsorption and ion-exchange reactions with

'the clay minerals present in the ground. Species such as
complexed-Cm and Tcoa are mobilized very rapidly; Sr is
imm?bile as long as the surrounding solutions have a
high pH, (that 1is, as long as SrCO3 is insoluble).
Clearly, in order to. understand and model the movements

. of radionuclides in ground waters the processes of

adsorption and other surface reactions must be clearly

" distinguished and understood.

¢
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6. GENERAL DISCUSSION

In terms of applications to nuclear waste disposal,
the thesis wo;k has demonstrated that REE ions can be
precipitated from”aci&ic. aqueous solutions bf\the
hydrolysis products of pyrophosphoric acid_to form easily
filtered, highly insoluble phosphates. These solids are
refractory to at least 1200° ¢, and underge no chemlcal
reactlons during heatlng, aside from water loss and solid
state phase_changesg Ev1dence‘was prov1ded to show that
the trivalent actinides would behave similarly, -and ‘that
the tetrvalent actinides would be caught up in the

Though all the radionuclides resulting ffom nuclear .
waste treatment deserve careful study and handling, the
actinides are 6f‘particular concern(1’2'3) both because
of their chemical and radio- toxicities, and because
several isotopes, namely 237Np. 239Pu and 2["21?’11 have
particularly long half-lives. Othefs decay to daughters
with long half-lives. .

~

In terms of geochemistry, a study of the REE phosphates
should help to increase the understanding of the
environmental behaviours of lanthanides and actinides.

Transuranium elements are now routinely introduced into

" the environment. Windscale alone introduced an average of

1200 Curies per year of piptonium isotopes into the sea

: 206
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during the period from 1971 to- 1978{%). Recenfly!5)new
limits were placed on the low level dischargef into the
Irish Sea from.Sellafield, (Windscale). No more than
306 000 curies of beta/gamha wastes may be dumped per year.
S ] The dorresponding limit for alpha wastes is set at
6000 curies pe;.year. The reprocessing plant at Sellafield
is only one of several in operation in the world .today.
' Further, of the many methods proposed for the disposal
of spent fuel and reprocessing waste, deposition of Y
sealed containers onto, or into, the sea bed in zones
away from continental margins, oceanic trenches and
* midoceanic ridges, is one of the more promising under .
»consideration(1’2'3). Clearly, the oceans constitute an
important environment for the containment and dispersal
of radionuclides, and therefore deserve considerable study.
The calculations done in this thesis on the basis of
measured REE phosphate solubiiity products demonstrate
the importance of these phases in limiting, if not
controlling, the conEentrations 6f the REE in seawater.
Furiher. because the lanthanides are good geqchemical
analogués for the trivalent actinides(é),‘the concentration.
of these-spécies is no; expected to exceed 10-to 100
pmol/L. .

Many predictions of equilibrium concentrations of
chemical species in the. environment are based on

thermodynamic data and-assumptions. This implies that
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that the mineral surfaces controlling the solution

‘concentrations are in dynamic equilibrium'with the solution

__ bhase. The mineral surfaces are therefore not static, or
Lnert but rather change with time, and changlng chemlcal
conditions in the solution. This naturally leads to the
expectation that mineral surfaces are in a‘state of
"incipient mineral replacement"”. Where the changes in tﬁe
solutions chemistry are drastic‘enough. this ultimatel&
leads to complete mineral replacement. The thesis work
has demonstrated the impértance of these replacement
reactions in the case of REE phogphates, for time scales

as short as weeks or months. In natural environments,

where time scales can be as long as geological time itself,

such mineral replacement reactions are at-least as

important as adsorption processes for retarding and

"halting the solution transport of chemical species in

rocks and sediments. : -

208




209
REFERENCES

1. Marshall W. (Ed.) (1983) Nuclear Power Technology

Vol.2. Fuel Cycle. Clarendon Press. . - K

. 2. Gilmore W.R. (Ed.) (1977) Radioactive Waste Disposal.
Noyes Data Corporation. )
3. Brookins D.G. (1984) Geochemical Aspects of Radiocactive

Waste Disposal. Springer-Verlag.
L. Staﬁhers ﬁ.A: and S.R. Aston (1984) Chem. Geol.
4, 19-32. _
5. Anonym. (1986) Nuclear News 29, 68. _
6. Krauskopf K.B. (1986) Chem. Geol. 55, 323-335."

[




210

/
APPENDIX I

Powder ‘diffraction data for three REE pyrophosphates:

PrHPZO?.l-ZHZO: Y-pyrophosphate; HOH?207-3-5H20-

Pr s Y Ho

F

) d n/ng . 4 h/h d h/h
‘ 9.047 100 9.34 % 100 9.30 Sk
) ——-- — ———- -- 8.22 15
——- -- 6.49 24 6.51 100

5. 34 3 4.87 1 5.40 1
4.57 "33 L.74 14 L.67 _

4. 32 30 4,62 1 L.48 . 3
3.74 3 3.53 14 3.52 3
3.34 2 3.39 ~ 12 .3.37 17
3.19 5 - '3.25 18 3.24 48
3.13 167 3.17 17 —eem -
3.06 .30 . 3.04 15 3.03 6
2.95 4 1 eeee - 2.74 3
cmee —— .. 2.66 7 2.65 3
2.52 4 , 2-56 1 2.51 2
2.40 41 .2.36 16 2.36 13

2.29 2 | .- 2.30 6 )

-~ 2.26 12 - -- ---- --
2.17 2 2.17 5 2.16 18
——— - 2.14 6" reme -
———- -- 2.11 12 2.11 5-
2.01 6 - - 2.04 2
1.93 19 1.91 © 7 1.90 . 3
1.87 © &4 ———- - ——- --
1.83 b ---- -- 1.83 6
1.77 5 1.78 b '1.78 5
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APPENDIX II

Neutron activation analysis of natural monazite.

Analyses by Nuclear Activation Services, Limited.

—

element concentration method

Ag l.t. 100 ppm INAA

As - 250 ppm

Au 1.t.1000 ppb

Ba . interference .
Ca interference

Co 1.t. 50 ppm

Cr interference

Cs l1.t. 40 ppm

Fe l.t. 2 %

Hf l.t. 40 ppm

Mo 1.t.2000 ppm

Na interference

Ni 1.%.6000 ppm

P insufficient sample-

Rb l1.t. 800 ppm

Sb 1.t. 20 ppm

Sc 1.t. 15 ppm

Se l.t. 160 ppm

Sr 1.t.5000 ppm

Ta l.t. 50 ppm

Th 150000 ppm

U . 2000 ppm

W 1.t. 300 ppm

Y 7700 ppm DCP

Zn interference INAA

La 78000 ppm

Ce 143000 ppm

Pr 21000 ppm DCP

Nd 81000 ppm INAA

Sm 30000 ppm :

Eu 1400 ppm )
Gd 34000 ppm DCP .

Tb 8000 ppm INAA . .
Dy 20000 ppm

He 1400 ppm DCP

Er 1800 ppm -DCP .
™m 150 ppm DCP p
Yb 600 ppm INAA .
Lu 60 ppm :

1.t. = less than: DUP= Direct Current Plasma.

: .u_'...’ne RERE 98 s-sn-«ciw"-wlm?‘
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After 19 months the powders were again flltered off»~v;"‘.
washed.and analyzed by powder x-rdy dlffraetlon. jhe . i#; ‘
Qiffraction pattern of the first powder contained‘peaks'_ﬁ’Q.;
characteristic of rhabdophane, in addition to thoee of” .
the expected xenotime. The diffraction pattern of the
second powder was entirely that of rhabdophane, suggestlng
that only the original Nd-RHABDOPHANE was present.

In the absence of powder diffraction data, ‘one might /

have concluded from the ESCA data and solution data that
adsorptlon of Nd3+ onto HoPOu.xH 0 had occurred, ‘and that
some of the substrate had dissolved. The presence of
dlffract1on peaks characterlstlc of rhabdophane in the

A ' dxffractlon pattern of HoPOu.xHZO proves that the substrate

had reacted with Nd3+ to form a new phase. : S

- Unfortunately, because ‘the pH's of the two sclutions
were different, one gannot conclude from these.exberiments
. that NA-RHABDOPHANE is less soluble than Ho-XENOTIME.
| .ﬁoﬁeven. the experiment done more carefully would provide |
- a more‘reliable'orderiﬁg of sqlubility products for pairsA
of REE phosphates, than the values of the solubility
products themselves. (Recall the variation of solubility
- product values for Nd-RHABDOPHANE for example). .,
The pther concluslon to be drawn ‘from these experlments
is that these exchange reactions are quite slow,” so that °
if the experiments had been termlnated after a couple of

months one would have erroneously concluded that the

.. ‘REE hydrons phosphates are kinetically inert.
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