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Equilibria of the aqueous Ln + 0 + SO4 (k = La, Pr, Nd) system have been investigated at water 
pressures of 120 t 20 MPa and temperatures of 450 2 50°C. At low sulfate contents, the UCll-type 
trihydroxides coexist with the otthorhombic dioxide monosulfates. A second two-phase region, 
Ln202S04 + Ln(OH)S04, appearing at higher sulfate concentrations is followed by a third two-phase 
region, Ln(OH)S04 + &(SO& . nHzO. Whereas the monohydroxide monosulfates all have the same 
monoclinic structure, several new hydrate compositions and structures form in hydrothermal media. 
k-ray diffraction data indicate that the n = 7 hydrates of La and Pr and the monohydrate of La have 
closely related orthorhombic structures similar to that of the anhydrous La2(SO& phase obtained by 
decomposition of the hydrates at low temperature. The n = 5 sulfate hydrates of Pr and Nd have also 
been characterized, and a metastable La2(0H)B04 phase has been identified. Lattice parameters and 
diffraction data obtained by powder and single crystal methods are reported, and the thermal decom- 
position reactions of the products are described. o 1988 Academic press, ~nc. 

Introduction 

The hydrothermal phase equilibria and 
crystal chemistry of the anion substitution 
phases formed by the reaction of lanthanide 
oxides, Lnz03 (Ln = La, Pr, Nd), with LnX3 
compounds containing monovalent anions, 
X, have been described in several reports. 
The general equilibrium behavior of sys- 
tems with X = NO;, Cl-, Br-, and I- (1-3) 
is best described as pseudoternary, Ln + 
OH + X. Several of the stoichiometric hy- 
droxide anion phases such as Lm(OHhX3 
and Ln(OH)zX have structures that are de- 
rivatives of UQ- or PuBrs-type parents 
(4-7). Thermally induced polymorphism is 
observed in some instances (4), and a gen- 
eral tendency for the smaller lanthanide 
cations to form oxide-containing quate- 
nary (Ln f 0 + OH + X) phases at high 

temperatures is evidenced by the formation 
of Gd30(0H)5Br2 (8). In some cases, such 
as the Pr + OH + NO3 system at 850°C and 
130 MPa water pressure, the nitrate ion re- 
acts to form Pro2 + N2 ( 9). Additional stud- 
ies of ternary systems containing stable an- 
ions are needed for a more complete 
definition of the chemistry and anion substi- 
tution processes of the lanthanide solids. 
Such results for commonly occurring an- 
ions may also enhance the understanding of 
lanthanide and actinide behavior in nuclear 
waste repositories having high water con- 
tents. 

The present investigation was performed 
as the initial study of an effort to define the 
hydrothermal and crystal chemistry of 
Ln + OH + divalent anion systems. The 
sulfate ion was selected because of its im- 
portance and frequency of occurrence. Af- 
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ter data for sulfate-rich preparations (e.g., 1 M (NH&S04, 1 M.NH4N03, and 6 
showed the presence of several new hy- M HNOj) were used for heating periods of 
drated sulfate phases, the scope of the up to 4 weeks. 
study was expanded to include a cursory The solid products were washed with dis- 
investigation of sulfate chemistry in hydro- tilled HZ0 and were characterized by chem- 
thermal media. ical analyses and by powder and single 

crystal X-ray diffraction. Powders were an- 

Experimental Procedures 

Hydrothermal equilibria of the Ln + 0 + 
SO4 systems of La, Pr, and Nd were inves- 
tigated along the 120 +- 20 MPa isobars and 
the 450 ? 50°C isotherms of the phase dia- 
grams. The equipment and procedures used 
in the study are similar to those described 
previously (9). Anhydrous dilanthanide tri- 
sulfates were prepared by reacting the ox- 
ides of La, Pr, and Nd with excess H2S04 
and condensing the solutions before filter- 
ing the solid and drying at 350°C in air. Hy- 
drothermal samples (0.1-0.5 g) were pre- 
pared by combining the anhydrous sulfates 
with the respective trivalent oxide in vari- 
ous stoichiometric ratios. For praseodym- 
ium, the sulfate was combined with PI-(OH)~ 
prepared by the hydrothermal reaction of 
Pr12022 with water (9). The ratios of 
oxide to sulfate varied from pure LnzOs 
to pure Ln2(SO&. The solid reaction mix- 
tures and distilled water were welded in 
containers constructed of thin-wall gold 
tubing. In each case the quantity of water 
was calculated using the density of water at 
the reaction conditions. In attempts to pre- 
pare certain products, reaction tempera- 
tures as low as 250°C were employed. The 
stability of the sulfate ion in hydrothermal 
media was investigated by heating selected 
samples to temperatures in excess of 850°C. 

Single crystals of several products were 
prepared by mineralization techniques. 
Crystals of certain hydrated sulfates and 
of products obtained at the 1Ln203 : 
2Ln2(SO& stoichiometric ratio were 
obtained by extending the reaction time 
to 3 weeks. For products at other stoi- 
chiometries, several mineralizer solutions 

alyzed using a 1 I4.dmm-diameter Guinier- 
Haegg camera with CuKol, radiation and 
silicon (a0 = 5.43062 A) as internal stan- 
dard. Single crystal diffraction data were 
obtained with an equi-inclination Weissen- 
berg camera using CuKcv radiation; how- 
ever, in one instance the crystal system and 
lattice dim-ensions were determined with a 
Syntex PI autodiffractometer. Composi- 
tions of crystallographically pure products 
were verified by gravimetric determination 
of Hz0 loss on heating and of lanthanide 
and sulfate contents by oxalate and barium 
precipitation, respectively. Additional anal- 
yses were obtained from thermal decompo- 
sition data obtained with a Perkin-Elmer 
TGS-1 thermobalance. Samples (5-15 mg) 
were pyrolyzed in Pt containers under flow- 
ing dry N2 at temperatures up to 900°C. 
Heating rates were linear at 2.5 or 4 K * 
min-l. Since sulfate decomposition was 
slow at 9OO”C, that temperature was main- 
tained until a constant mass was achieved. 

Results and Discussion 

Phase Equilibria 

At 450°C and 120 MPa, the reactions of 
the oxide + sulfate mixtures with water 
were generally rapid. The products have 
colors characteristic of the respective tri- 
valent lanthanides. Single phases are ob- 
served at the following four stoichiome- 
tries: pure oxide, 2Ln203 : 1Ln#304)3, 
lLn203 : 2Ln#30&, and pure sulfate. Pow- 
der X-ray diffraction results show that the 
products at all other compositions are di- 
phasic mixtures. Since these results are 
consistent with prior work (9) which shows 
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TABLE I 

LA’ITICE PARAMETERS OBTAINED FROM POWDER X-RAY DIFFRACTION DATA’ 

Phase Space group6 a (A) 6 (fo c (4 Degree 

La*o*so4 
~2WO4 

Ndz0#04 
La(OH)S04 
Pr(OWSO4 

Nd(OH)SOd 
La2(SO& . 7Hz0 
ni(SO4h . 7HzO 
L&334)3 . H20 

Immm 

P2,lc 

Unknown 

Pccn 

13.720(6) 4.286(l) 4.191(l) - 
13.429(4) 4.247(l) 4.141(l) - 
13.333(6) 4.226(l) 4.116(l) - 
4.542(4) 12.642(8) 7.198(5) 111.09(4) 
4.500(S) 12.52(l) 7.117(8) 111.10(5) 
4.469(l) 12.426(8) 7.066(2) lll.lO(2) 
9.971(4) 9.570(3) 17.384(6) - 
9.918(g) 9.476(g) 17.31(2) - 
8.544(8) 6.856(5) 17.30(l) - 

0 Uncertainty in the last digit is given in parentheses. 
b Space groups were determined from single crystal data. 

that the lighter lanthanide oxides form 
UCl3-type trihydroxides at these condi- 
tions, only the results for sulfate-containing 
products are described. 

Ln20&Y04) and Lnz(OH)dSOd Phases 

The stable phases formed at the 
2LnzOs : 1Ln.2(S04)3 ratios are the dioxide 
monosulfates. The Ln202S04 products 
were identified by their powder X-ray dif- 
fraction patterns and by single crystal dif- 
fraction data which showed orthorhombic 
symmetry. The lattice parameters pre- 
sented in Table I agree with those reported 
for products prepared under anhydrous 
conditions (10). 

The dioxide monosulfate structure has 
been investigated by single crystal X-ray 
diffraction methods. Rectangular crystals 
up to 1 x 1 x 0.1 mm in size were obtained 
by mineralizing powdered Pr20#04 in 6 M 
HN03 for 3 to 4 weeks at 400°C and 120 
MPa and then cooling the product to room 
temperature in 1 to 2 h at constant pressure. 
Systematic absences consistent with space 
groups Zmmm, Zmm2, Z2,2,2,, and 1222 
were observed. An attempt to fully refine 
the structure using an extensive intensity 
data set obtained with an autodiffractome- 
ter was unsuccessful (II). Refinement of 
the structure in space group Zmmm yielded 

metal, oxide, and sulfur positions similar to 
those derived by Fahey (Z2), but the posi- 
tions of the sulfate oxygens could not be 
determined. Although the powder patterns 
were sharp, Weissenberg photographs 
showed streaks characteristic of disorder, 
and electron density maps showed that the 
oxygen charge was distributed over spheri- 
cal shells surrounding the sulfur positions. 
The presence of rotational disorder is at- 
tributed to the quenching-in of sulfate posi- 
tions existing at 400°C. 

A metastable dilanthanum tetrahydrox- 
ide monosulfate formed when the 2La203 : 
1La2(SO& mixture was reacted for 25 h. 
Metastability of the La2(OH)4S04 was indi- 
cated by its conversion to pure La202S04 
during attempts to prepare single crystals 
by mineralization in ammonium nitrate 
solution at 400°C. Results of thermal anal- 
ysis show that La20$04 was formed by 
the loss of 2 moles of Hz0 at approxi- 
mately 350°C. The low-angle X-ray re- 
flections observed for polycrystalline 
La2(OH)$04 are presented in Table II. At- 
tempts to index the reflections on an or- 
thogonal crystal system or to identify an 
isostructural phase were unsuccessful. The 
products obtained in all efforts to prepare 
the Pr and Nd analogs of La2(0H)&O, by 
heating reaction mixtures for short periods 
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TABLE II 

LOW-ANGLE X-RAY REFLECTIONS OF La2(OH)$04, 

Nd2(S0.& . 5H20 AND HIGH-TEMPERATURE 

La2W4)3 

High-Temp. 
LadOHWh Nd@O& 5H20 LadSOd 

Intensity” d(A) Intensity0 d (A) Intensity” d (A) 

w 8.509 w 9.052 w 
s 6.956 m 6.945 w-m 
w-m 6.432 s 6.109 s 
m-s 5.057 m-s 6.041 w-m 
m 4.436 w 5.966 w 
m-s 3.2% m 5.299 w-m 
w 3.233 m 4.828 W 

m-s 3.197 m-s 4.504 W 

w 3.058 m 3.805 w 

m 2.981 S 3.128 VW 

w-m 2.901 W 3.456 m-s 
W 2.791 m 3.418 m-s 
w 2.479 m 3.3% m 
w 2.394 W 3.167 m 
w-m 2.311 m-s 3.042 w-m 
w-m 2.277 w 2.995 W 

w-m 2.260 w 2.989 W 

w 2.0% W 2.971 w-m 
w-m 1.972 w-m 2.924 W 

w-m 1.951 m 2.719 S 

7.280 
6.187 
5.010 
4.921 
4.845 
4.374 
4.128 
4.039 
3.875 
3.847 
3.745 
3.462 
3.406 
3.308 
3.288 
3.167 
3.096 
3.006 
2.910 
2.874 

* s, strong; m, medium; w, weak; v, very. 

of time at various temperatures and pres- 
sures were the dioxide monosulfates. 

Ln(OH)SOd Phases 

The products obtained for La, Pr, and Nd 
at the 1Lnz03 : 2Ln~(S0~)~ stoichiometry are 
monohydroxide monosulfates. As shown 
by the lattice parameters presented in Table 
I, the products are isostructural. Polyhe- 
dral-shaped single crystals (co.5 mm in di- 
ameter) of the La and Pr phases were ob- 
tained by mineralization in 6 M HN03 and 
in distilled water, respectively. The powder 
X-ray diffraction data were indexed on 
monoclinic symmetry with the aid of Weis- 
senberg data which showed P2,/c symme- 
try. The composition of the lanthanum 
phase was established by the mass loss 
(3.7 f 0.3 mass %, 3.57 mass % theoretical) 
observed on dehydration at 550°C and by 
the measured sulfate content (37.4 & 0.4 

mass %, 37.81 mass % theoretical) of the 
phase. As expected, X-ray analysis of the 
decomposition residue showed it to be a 
mixture of La,(SO& and La,O#O,. 

The identity of Pr(OH)S04 has been veri- 
fied by a full structural refinement which 
defined the coordinates of all atoms (13). 
Unlike the Ln + OH + X systems in which 
the structural backbone consists of infinite 
sheets of [Ln(OH)& with m monovalent 
X ions inserted between the sheets, the 
Pr(OH)S04-type structure consists of infi- 
nite chains of [Ln(OH)2+], which are sur- 
rounded by m sulfate ions. Although the 
metal hydroxide chains may be viewed as 
fragments of the [Ln(OH)i], sheets, the 
results show that a simple anion substitu- 
tion process is not operative with the diva- 
lent sulfate ion. 

Ln@O& . nH20 Phases 

For samples in which the Ln203: 
Ln2(SO& ratio was less than 1 : 2 and for 
those prepared with pure sulfate, the prod- 
ucts contained hydrated sulfate phases, 
Ln2(SO& * nH20. Two different hydrates 
were observed for La and Pr and a single 
hydrate was found for Nd. Whereas n = 7 
and n = 1 hydrates were identified for La, 
the n = 7 and n = 5 products were charac- 
terized for Pr. Only the n = 5 product was 
found for Nd. Unlike the hydrated sulfates 
obtained by condensation of aqueous solu- 
tions at room temperature, these products 
did not dissolve on repeated washing with 
distilled water. The morphologies of the 
products were unaltered by drying and ex- 
tended storage in air. Although the forma- 
tion of heptahydrate phases was generally 
correlated with higher hydrothermal pres- 
sures, the precise preparative conditions 
for the different hydrates are undefined and 
attempts to duplicate experiments did not 
always yield the same hydrate. 

The La2(S04h * H20 phase was obtained 
at water pressures less than 120 MPa. Poly- 
hedral-shaped single crystals were pre- 
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pared by mineralizing the product for 3 the preparative procedures for these sulfate 
weeks in 6 M HN03 or in 1 M NH&SO4 at hydrates cannot be defined. Single crystals 
the same pressure. Pccn symmetry was in- of the pentahydrates were not obtained, 
dicated by Weissenberg data, and the and the powder X-ray diffraction data for 
orthorhombic parameters in Table I were the isostructural phases have not been in- 
obtained by refinement of the powder re- dexed. The low-angle reflections observed 
flections. The monohydrate stoichiometry for the Nd product are listed in Table II. 
was verified by the measured lanthanum Comparison of these data with those re- 
(48.1 2 0.5 mass %, 47.57 mass % theoreti- ported for Ndx(SO& * 5H20 prepared by 
cal) and sulfate (49.1 5 0.4 mass %, 49.35 condensation of aqueous sulfate solutions 
mass % theoretical) contents and by the ob- at room temperature (15, 16) show that the 
served loss (3.1 + 0.5 mass %, 3.08 mass % hydrothermal product has a different struc- 
theoretical) on heating to constant mass at ture. The pentahydrate composition was 
550 or 700°C in air. Attempts to prepare the established by the results of thermogravi- 
praseodymium analog over a wide range of metric analysis described in a later section 
temperatures were unsuccessful. of this report. 

The &(SO& * 7HzO phases of La and 
Pr were obtained by heating the sulfate at 
water pressures near 140 MPa. Polyhedral 
crystals of the praseodymium product 
formed during the initial equilibration pe- 
riod of 1 week. The powder diffraction pat- 
terns for the products were indexed using 
orthorhombic parameters obtained from 
autodiffractometer data for a single crystal, 
but the space group was not determined. 
The refined lattice parameters presented in 
Table I are in close agreement with those 
reported for orthorhombic Cez(SO& * 
8H20 (a = 9.91, b = 9.50, c = 17.30 A, 
Cmca) (14). The presence of seven waters 
of hydration in the hydrothermal product 
was verified by heating samples of the lan- 
thanum phase to constant mass at 200 and 
850°C. The observed mass loss at the low 
temperature (16.1 ? 0.6 mass %, 15.62 
mass % theoretical) indicated conversion to 
the monohydrate, which was identified by 
the X-ray diffraction pattern for the pyroly- 
sis product. The heptahydrate composition 
was further evidenced by thermal decom- 
position to La202S04 (41.5 * 0.4 mass %, 
41.36 mass % theoretical) at 850°C. 

Anhydrous Ln$.SO& Phases 

&(SO& * 5H20 phases were identified 
for Pr and Nd. Since the pentahydrate of 
praseodymium sulfate was obtained at con- 
ditions which also yielded heptahydrate, 

Polycrystalline anhydrous sulfates of La, 
Pr, and Nd were obtained by thermal de- 
composition of the hydrates in the 300 to 
700°C temperature range, but only the lan- 
thanum products have been characterized. 
Powder diffraction data show that the 
La2(SO& product at 550 and 700°C differ. 
The low-angle reflections for the high-tem- 
perature product are presented in Table II 
and similar data for the low-temperature 
product are given in Table III. As indicated 
by asterisks, the more intense reflec- 
tions have been reported previously for 
La2(SO& (17). All observed reflections are 
assignable to an orthorhombic cell with a = 
9.86(l), b = 9.81(l), and c = 17.40(2) A, but 
good agreement is also obtained with te- 
tragonal cell having a = 9.84 and c = 
17.40 A. 

As evidenced by the similarities between 
the reflection intensities of the powder dif- 
fraction data in Table III, and by the close 
agreement of the orthorhombic cell param- 
eters for La2(S0& * 7H20 and La2(SO& * 
Hz0 in Table I, a structural relationship is 
suggested for the low-temperature anhy- 
drous sulfate, the monohydrate, and the 
heptahydrate. In addition, the diffraction 
pattern for the trihydrate prepared by heat- 
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TABLE III 

LOW-ANGLE X-RAY DIFFRACTION PATTERNS OF ANHYDROUS AND 
HYDRATED DILANTHANLJM TRISULFATE PHASES 

Low-temperature 
Laz(S04)3”,b La2(S04)3 . 7Hz0 

Intensity hkl d(A) Intensity hkl d(A) 

m* 002 8.750 
S* 011 6.464 
m* 111 5.256 
W* 103 4.930 
W 013 4.452 
W 004 4.352 
W 201 4.155 
W* 202 4.025 
W 203 3.587 
w-m* 005 3.493 

W 020 3.456 

m-s* 105 3.304 

m* 120 3.254 
W 213 3.186 
S* 122 3.060 

m 002 8.656 
m-s 011 6.377 
m-s 111 5.112 
VW 112 4.558 
W 013 4.425 
W 004 4.329 
w-m 201 4.147 
w-m 113 3.933 
W 210 3.627 
w-m 211 3.549 

020 
S I I 203 3.434 

- -- 
- -- 

S 213 3.072 

Intensity hkl d CA) 

m 020 8.721 
w-m 111 6.412 
vs 121 5.414 
W 200 4.989 
W 002 4.784 
W 012 4.616 
w-m 131 4.434 
W 040 4.350 
w-m 220 4.333 
w-m 202 4.453 

w-m 051 3.281 

m-s 

m 320 3.105 
w-m 311 3.090 

fl Sample prepared by decomposition of La,(S04)3 . Hz0 in air at 550°C. 
b Reflections listed for anhydrous La2(S04)3 in ASTM 3-0074 are marked 

with asterisks (27). 

TABLE IV 

COMPARISON OF OBSERVED AND THEORETICAL MASS Loss PERCENTAGES FROM 
THERMAL ANALYSIS DATA FOR CRYSTALLOGRAPHICALLY PIJRE PRODUCTS 

Hydrothermal 
product 

Residue 
composition 

Mass loss (%) 

Observed Theoretical 

La2(S04)3 : 7H20 

h(SO4)3 : Hz0 

La(OH)SO4 

La2(OHhS04 
fi2@04)3 ’ 5HzO 

NdzOzS04 

La2(SO& : 3H20 10.7 10.41 
La2(S04), : Hz0 15.9 15.62 
h(SO4)3 18.9 18.22 
La202S04 40.5 41.36 
LadSO4)3 3.2 3.08 
LazOzS04 29.8 30.50 
tLa2W4)3 + %a202S04 3.7 3.57 
bLa202S04 19.7 19.46 
La202S04 7.2 8.15 
%@04)3 . Hz0 2.9 2.73 
Pr2@04)3 13.9 13.65 
fi202so4 36.0 37.90 
Nd202S04 0.0 0 
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ing the heptahydrate at 75 to 80°C is very 
similar to that of the monohydrate. These 
observations suggest that the waters of hy- 
dration are accommodated in a metal sul- 
fate structure that remains essentially un- 
changed during dehydration. Except for 
Ce2(SO& * 8H20 (M), hydrates with or- 
thorhombic symmetries are apparently ob- 
tained only at hydrothermal conditions. 

Although differential thermal analysis 
data for La2(SO& prepared by decomposi- 
tion of the hydrate shows no evidence for a 
phase transition in the 500 to 800°C region 
(18), diffraction data for the anhydrous sul- 
fate obtained at 200°C by Pitha er ul. (19) 
suggests that other polymorphs exist. Two 
of the three strongest reflections reported 
by these authors have d values that are sim- 
ilar to those for the high-temperature prod- 
uct in Table II, but the correspondence of 
the two phases cannot be established. The 
present observations indicate the occur- 
rence of polymorphism for La2(S0.& and 
suggest that different forms of the anhy- 
drous sulfate are obtained by decomposi- 
tion of different hydrates. 

Thermal Decomposition 

Thermal decomposition curves for repre- 
sentative hydrothermal products are pre- 
sented in Fig. 1. Dashed curves are shown 
for mass changes at temperatures less than 
100°C because of uncertainties in the tem- 
peratures over this region. The behavior of 
La2(S0& * 7H20 is particularly uncertain 
because the loss of water began when the 
flow of dry nitrogen was started. The de- 
composition reactions to form Ln202SO4 
products were generally incomplete at the 
maximum attainable temperature of !3OO”C, 
but that temperature was maintained until a 
constant mass was achieved. The final per- 
centage of mass loss observed for each 
product is included in Fig. 1. The theoreti- 
cal loss for each intermediate composition 
is indicated by the accompanying horizon- 
tal arrow. The observed and theoretical 

16 - 
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0- 
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/i 16- 

5 

p 

8- 
. 

O- 

8- 
L 

0’ 

8- 7.2% 

1 1 ’ ’ ’ ’ ’ ’ ’ ’ 11 
0 x)0 600 900 

TEMPERATURE ?C, 

FIG. 1. Thermal decomposition curves for selected 
lanthanide hydroxide sulfates and hydrate sulfates ob- 
tained in hydrothermal media. (The theoretical mass 
losses for the indicated intermediate compositions are 
indicated by horizontal arrows. The constant mass 
losses attained at 900°C are shown in parentheses.) 

mass losses in Table IV confirm the stoi- 
chiometries established by other analyses. 
The results for Nd20#04 show that the hy- 
drothermal products are free of both water 
and hydroxide. 

The decomposition reactions of the hy- 
drates obtained in hydrothermal media dif- 
fer from those observed for hydrates 
prepared at room temperature (20, 21). 
Whereas the pentahydrate and dihydrate 
intermediates are obtained from the octahy- 
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drates, the heptahydrates form trihydrates 
and monohydrates. The possibility cannot 
be excluded that a higher hydrate than n = 
7 was formed under hydrothermal condi- 
tions. The decomposition temperature of 
the heptahydrate is low and the sulfate 
structure can apparently lose water without 
large rearrangements. Since precautions 
were not taken to prevent dehydration of 
the product during storage, a higher hy- 
drate may have been present initially. Al- 
though some uncertainty exists, the decom- 
position reactions further emphasize the 
differences indicated by the preparative 
results. 

Conclusions 

The equilibrium relationships and prop- 
erties of the quatenary Ln + 0 + OH + 
SO, systems in supercritical water have 
been studied over a limited range of tem- 
perature and pressure. The sulfate ion is 
stable up to 850°C in water and does not 
oxidize trivalent praseodymium to the tet- 
ravalent state as occurs with nitrate (9). 

Although the observed stability of the 
sulfate ion is not particularly surprising, the 
remarkable stabilities of the dioxide mono- 
sulfate phases in hydrothermal media were 
unanticipated. On the basis of chemical in- 
tuition, the formation of hydroxide sulfates 
might be expected, but only the metastable 
La2(OH)$04 phase is observed at the 
2Lnz03 : lLn2(S0& reaction stoichiometry. 
In contrast, the Ln(OH)S04 phases were 
formed at al 1 Ln203 : 2Ln2(S0& composi- 
tions. Insight into this behavior may be 
gained by comparing these observations 
with those for the Ln + OH + X systems 
(I, 2, 6). Since X is monovalent, it can 
readily substitute into the UC&-type 
Ln(OH), structures to form stable products 
with high hydroxide contents such as 
LndOH)lgX3. In contrast, the divalent sul- 
fate is not readily accommodated by the 
parent trihydroxide lattice and forms stable 

phases only at high sulfate contents where 
the structural framework of the UC&-type 
lattice is virtually destroyed. When the ap- 
parent stability of the LnpO$304 structure is 
combined with the instabilities of possible 
hydroxide sulfate structures, the oxide sul- 
fate is favored. As the basicities of the ox- 
ides decrease across the lanthanide series, 
increases in stabilities of oxide-containing 
phases are to be anticipated. 

Other unexpected observations of this 
study are the low solubilities of the hy- 
drated sulfates in water at high tempera- 
ture. Although the phases are very immo- 
bile in neutral media, mineralization is 
apparently promoted by acidic conditions. 
The behavior of the sulfates may well be 
altered by the appearance of new hydrates 
and polymorphs in hydrothermal media, 
but the equilibria and crystal chemistry of 
these materials remain largely uncharted. 
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