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ABSTRACT

In order to cvidenoe the different intermediate steps of the thermolysis of
uranyl formate, a study has been made of the different parameters which influcnce
tais decomposition. The wse of mass spectrometry and of gas chromatography
alfowed uvs to identify CQ, CO;, H,O and HCQOH as evolved gascs and to measure
their respective amounts. The ~“primary™ products arc CO ard HCOOH. It is shown
that these two specics react in the presence of the solid 2-UO; formed by the primary
rcaction. Carbon monoside reduces the solid 1o the lower oxides U,0;. U.0, and
finally UO,. HCOOM is sclectively decomposed by the catalytic action of the solid to
CO and H,0. These results allow us Lo put forward a mechanism of decomposition in
which, after the decarboxylation

UO.(HCOO), — 7-U0O; -~ HCOOH -~ CO

the two reactions

HCOOH — {O + H,0

UO, =+ xCO —» xCO, = VO,_,

take place, the kinctics of which have been measured and shown to be in agrecment
with that of the overall reaction.

INTRODUCTION

Carboxylates, and especially formatcs, have long been studicd with respect 1o
their thermal stability and the nature of gases evolved during their thermal decomposi-
tion. Howcver. relatively few rescarches have been devoled 1o determining, among the
reactions occurring during this thermolysis, which are the primary and which the
secondary oncs, although the importance of this distinetion has been pointed out in
this laboratory in the case of thorium formate’. As a maler of facl, the poimary
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products are zenerated in the presence of a finely divided solid. and may yicld a great
variety of sccondary products. as amply demonstraled by the diversity of the results
reported for the formates®~ %,

More specifically. uranx! formate has been decomposed by Lyvden” in a CO.
atmosphere. The products ebtained are CO. CO,. H.O and a black oxide. U,0;,
which is considered as a primary product. Buttress and Hushes'® followed the
desomposition by thermogravimetric analysis in air and in arzon and found thar the
green solid formed between 243°C and 340°C consisted mainly of z-UQ, and 2 small
amount of UO(OHYHCOO) which decomposed only above 370°C. The kinctics ol
the decarboxylation of uranyl formate obeys Prout-Tompkins law with an activation
cncrgy of 4.4 (= ) keal mole™ ' At 380°C, under reduced pressure, these authors
obtained CO, CO., Ha, H.O and HCOOH. so that they wrotc the overall balance

3 UO,(HCO0O), — 3 2-UQ; -+ 2 HCOOH -+ 4 CO + H,0

The deteciced hydrogen would come from a sfight dehydrogenation of formic acid. The
evolution of CO, is claimed 10 be due 10 the formation of UO(OHYHCOO) as a
by-product. .

More recently. Russell and Hyder'! observed. during the decomposition of
UO.(HCQO), - H.0, a braak in the thermogravimetiic corve at 200°C, This break
was ascriboed to U0, {OHNHCQO). bul without any identification of this compound.
The sceomd] break observed in the curve was at 283°C and conresponded o UO, -
0.3 H,0. thc cvelved gascs being mainly CO with traces of H; 0. When UO (HCOO),
was decomposed below 300 °C under the pressure of the evolved sasex only. CO, was
found in the zas phase, and the solid was claimed to be UQ, - H,O.

EXPERIMENTAL

Srarting moterial

Uranyl formate monochydrate was prepancd a2ccording to the procedure by
Sahoo et al. **, i.c. by reacting formic acid with uranyl nitrate. The anhydrous salt was
obtained by heating the monohydrate at 150 °C under continuous pumping at 10~*
torr for I h. For the sake of reproducibility, we restricied our invesligation to samples
of the starting matcrial the grain diameter of which was between 125 and 160 pm.

Gas phase analyyis

The reaction cell was included in a loop allowing the recycling of the gases with
the help of a circulation pump*?. Their total pressure was determined manometrically
and their compaosition by gas chromatography. The carrier zas was helium and the
cofumn was packed with Porapak Q. 30-100 mesh. The amount of a2 gascous compo-
nent is expressed as the number of moles. 7. per mole of the anhydrous salt UQ,-
(HCOO).. The resulis concermmmg formic acid, which in the gas phase is partially
dimerized**- *%, are expressed for the sake of clarity in “‘monomeric cquivalents™.
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Solid phase analysis

Thermogravimetric (TG) analysis was performed with a 4102 type Sartorius
balance. Programs of temperature rise and rozulation were controlled by 2 Pyrectron
type Corear apparatus.

Differential thermal analysis (DTA) was carried out with a BDL M3 appamatus
on 10 mg samples at a heating rate of 3°C min~ ! in a nitrogen atmosphere.

The tofal uranium content of the solid cbtained from the decomposition of
UQ.(HCOO). was obtained by calcination to U,04 (ref. 16) and the U(I'V) content
by spectrophotometry®*. For the latter analysis, the solid was dissolved in a warm
107, H,PO; solution under a nitrogen atmosphere, in order to maintain the degree
of oxidation of uranium. For the oxide U,0;. which contains two U(V) jons for onc
U(Vi)ion'?  *% thec quinquivalens uranium dispraportionates into U(VI) and U(1V),
the reaction rate increasing with the solution acidity *°_ If the global composition of the
oblained uranium oxides is expressed by UQy . xis the ratio of the weight percentagse
of uranium(1V) to the weight percentage of total uranium,

Classical organic analysis gave the amounts of the other clements. X-Ray
difiraction patterns were obtained with a Knstalloflex 11 Siemens diffractomcter
provided with a copper anticathode and a nickel flter. Infrared absorption spectra
were obtained in the range 625-4000 cm™ ' with a 257 type Perkin-Elmer spectro-
photomcicy.

RESLLTS

Afain features of the decompositian of UO,(HCOO ).

TG curves have been obtained at a heating rate of 5*C min™ ' under continuous
pumping (pressure of about 10™> 10rr) and alse under the residual pressure of the
evolved gases not condensed in 2 liquid nitrogen trap. In both cases, dehydration is
achieved at 180°C, decarboxylation beginning at 280°C and continning up 10 about
250°C. At this temperature, the two TG curves diverse: that obtained in vacuoum
becomes horizontal and is located above the continuously decreasing curve oblained
under the residual pressure of gascs. Tiis latter curve tends to a plateau at much
higher temperatures.

The solids abtained at 450 °C arc diffcrent: that from the vacuum decomposition
is dark green and its X-ray diffraction patten reveals the presence of U,04 and
2-U O, while that formed under the residual pressure of evolved gases is black and its
X-ray diffraction patlcrn corrcsponds to UQ,.

These results show that the decarboxylation of UO.(HCOO). yields reducing
gascs which more or less reduce the remaining sofid, depending on their contact time
with it

The DTA curve exhibits two wcll-scparated endotherms. Previous approximate
standardising of the DTA sct-up zllowed us to cstimate roughly from their respective
areas, the cnthalpy variation for dehydration, 4F/, = 15 (= 3) keal mole™ !, and the
enthalpy variation for decarboxylation, AH, = 40 (=- 8) kcal mole™ . These figures
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comparc well with thosc recently obtained by Bousquet ¢t al. with a home-built
calorimeter>'. These authors found, for the standard variations of cnthalpy of
formation, AH’ = —320.6 (- 0.1) kcal molc™ ' for the hydrate. and air, oy, =
—3471 (= 0. I)Lcal molke ! for the anhydrous salt. Henee, using —57.8 keal "mole™ !
for the standard heat of foymation of water=3, the value 4/, = 15.7 kcal molc™*
may be calkculated, in agreement with our resplt. Likewise, using —292 keal mole ™!
and —26.4 kcal mok™" for the standard heals of formation of x-UO, and CO
respectively ™, the value 4H. = 38.2 keal moke™ ' may be calculated, again in agree-
ment with our rough estimation.

Stwdy of the gas phase

The pressure increase. dP. due to the evolution of gascs is represented as a
function of time at different temperatures by a2 monotonically ascending curve which
reaches a platcau (obtained after about 20 h at 242°C). In the following, we fixed at
24 h the duration of an isothcrmal cxperiment and analysed the compaosition of the
2as obtained after this kngth of time. Under these conditions, whatever the thermolysis
wemperature may be. the only gascous producis are CO, CO; and H,0. When
the temperature increases, .o, decreases conlinuously and reaches the platean
neo = 1 (Fiz. 1). The same nend is observed for CO,. Thus, wien onc mole of
formate has been decomposed. two mokes of the mixture CO - CO. have been
formed. On the other hand, ny,_o ¥ancs very hittle in the temperature range 240-300°C
and does not reach the expected value (i, = ). This can be explained by the
retention by the oxide of part of the water formed, an already reported phenomenon 2,
that we cxn cheek by submitling the solid to a sccond heating at 400°C for 12 h and
observing that 30907, of the expected amount of waler desorbs. As we shall scc
below, chemiczl analysis of the solid residues also confirm this point.
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Fig 1. Infhcnoe of decomposition remgeraturc on the gas phase composition. — — — —_ Without
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Fig- 2. Gas phasc composition as a funciion of time at 279 C.

it is also possible. at a given lemperature, Lo follow the composition of Lthe sas
phase Ieft in contact with the solid obtaincd from the decomposition, as a function of
the duration of this contact. Figure 2 represents the obtained resulis. It can be seen
that, at the beginning of the decomposition, the rate of CO appearance is very great in
comparison with that of the other components. A1 a tume of about 100 min, #.,
passcs through a2 maximum and later decrcases. HCOOH forms only at carlicr times,
and vanishcs completely at 130 min, which corresponds to a plateau for 7o and to a
slow incicase of n.g.- The rate of this increase is roughly equal 3o the rate of decrcasc
of nco- This means that there is simultanecous production of CG, and consumption of
CO when the contact between the gascs and the solid is prolonged.

In a third serics of experiments, the duration was fixed at 24 h. but the cvolved
gascs were contacted with a liquid nitrogen trap. Chromatographic analysis of the
non-condensed gas shows that it consists only of carbon monoxide. Again, ngo passcs
through a maximum. WWhen the decomposition temperature increases, the rates of CO
appcarance and of CO disappearance increase and the maximum is depressed.

We checked the presence of HCOOH in the condensed gascs. Its amount
increases with the decomposition temperature, whersas that of H,O decreases.
Comparison of these results with those obtained without the liquid nitrogen trap
(Fiz. 1) shows thal 7.4, increascs more rapidly, but tends towards the same limit
(nca. = 1) and ncn decreascs more rapidly. crosscs the value |, and scems to tend
towards zcro for higher decompeosition tcmperatures.

To sum up, the elimination of condensable g2ses influences the amounts of all
the componenis H.O. CO. CO,. HCOOH. The presence of HCOOH may be corre-
lated with an appreciable decreasc of the CO and H.O contents, but docs not seem Lo
affect the CO; conteni. As a matter of fact, abeve 300°C, n¢o. remains practically
conslant, whereas a temperature rise causes an increase of 7y;cgon and a decrease of
ncq and ny, o
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The nature of the pnmary gases may be detected by mass spectrometry, by
carrying oul the decompasition at a lower temperature (220°C) in order to restrict the
interference of secondary reactions. At the beginning of decomposition, the peaks
characteristic of CO and HCOOH appcar and later decrcase simultancously with the
manifestation of the peaks of H,O and CO,. This confirms that the first two 2ases are
primary products, and the I3st two sccondary products.

Srudy of the solid phascs

We have measured x by chemical analysis and compared the results with nen,
previously found. As shown in Table I for the lower decomposition temperatures 7,
the agreement is excellent. The discrepancics zrow when the oxide reaches a composi-
tion closer to UO.. This is duc to the fact that the vory finely divided oxide reoxidiscs
immediately it is brought into contact with air®>.

A very good agreement between x and fiqg, 15 also found when the latter gas is
condensed in 2 liquid nitrogen trap du:ing the thermolysis.

It is worthy of note that part of the evolved water remains adsorbed by the
solid. As a matier of fact. calcination into U, 0y, allows us to determine the ratio OfU
for the oxide. This ratio is always egreater than the expected value of (3 — x). This
discrepancy is ascribable to water remaining on the solid. If we call its value 4 and
add it to my, o 35 previously determined, we obtain a result close to | at any decomposi-
tion temperature 7 as indicated by Table 2.

TABLE |

CHEMICAL AXD N-RaY ANALVIES OF THE SOLID RESIDUES

—— ) TR % T © - - Ihme eI TEPToE S eSSE TR ——— — e

T neo, x Orxerall FPhases detected Colour of
composition by X-ray diffroction sodied resice

242 03% 0= UOez U205, z-UOa Groon

353 03g 0.3 U cn UsQu 2-UOs. U0 Dark green

266 053 055 L3{= T U U0-U0: = 2-U0: Grey

pd & 065 064 UQ- xc UiOx-U0: 5 s -+ x-UO Dark grey

M 073 073 UO- = UiO-UQs < U=0s Black

2938 092 053 U=z V0 UO- Black

311 099 091 YO UO- Black

TABLE 2>

WATER EVOLYID AXD REMADING O TIE SID

T mMm_a e ) L - ol
e - v J 0x0 048 a9s
252 052 043 Q95
266 036 043 1.0}
13 035 04} 099
M 062 010 1.02
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The X-ray difiraction paticrns obtained for cach solid residue arc gencrally
quitc complex. Comparison with literature data allowed us o identify four phases,
2-UO, (ref. 24). U0 (ref. 25). U0, (ref. 26) and UQ. (rcf. 27). In the fifth column
of Table I. the detected phases arc reported in the decreasing order of their amounts
estimated from the intensity of their diffraction lines. It can be deduced that oxides
form in succession z-U0,;, U,0,. U0, and UO,. this order corresponding 1o a
progressive reduction of the solid. Operating in the presmce of a liquid nitrozen trap
docs not bring any change except that the cubic phasc U,0, alrcady appears at 240°C.

In using krypton as adsorbate. we measured the specific arcas of UQ,(HCOO)..
H:0 and of UO,;(HCOO),. and found 0.09 m* g~ " cnd 0.16 m? 2~ ', respectively.
For the oxidcs, we used nitrogen as adsorbate and found 36 m® =~ ! for the solid
UO; ;s obtaincd under continuous pumping at 330 °C during 24 hoursand 43 m* g~ !
for UQ,;. It thus sccms that the specific area increases with the reduction of the oxide.
This phenomenon has already been observed by Dell and Wheeler® and may be
autributed to the increase of porosity., which varies proportionally to the density of
the sohd.

Kinctics of UO.( HCOO }; decompasition

Isothcrmal thermolyses of UO:(HCO0); have been carried out in the presence
of the evolved gascs. All the TG curves exhibit the same peculiariy, i.c. the absence of
a final platcau, owing to Lhe continuous reduction of the solid by gascous CO. In an
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Fig. 4. Limcar tramforms of experimental cunves. according to the Prout and Tompkins law.

attempt flo take into account the reduction occurring duning decarboxylation, we
noticed that the former cormespondced, after the compiction of the latter. to a lincar
weight decrease. Therefore we extended this straight line to the region of decarboxyla-
tion and oblained the comected curve by subtracting the straight line from the
experimental curve, as indicated by Fig. 3.

it has thus been possible to obtain the values of the fractional decomposition
2 of UO.(HCOO0), into U0, at dificrent temperatures. Among the numerous laws
which have been put forward, we checked that the best fit was given by that of Prout
and Tompkins

for 0.10 < = < 0.80 as shown by Fiz. 4. From the straight lines obtained at cach
temperature, we can deduce &, and, hence, an activation energy equal 1o 39 (= 2)
kcal mole™ %, in good agreement with the value of 40 (- 1) kcal mok ™! found by
Buttress and Hughes'®.

DECARBONXYLATHON MECHANXISAS

Hypothesis on the reaction steps
In ordcr to account for the previously reported resulls, we suppose that the
primary decarboxylation step is

(1) UO,{HCOO), — z-UO, = HCOOH ~ CO ()

the products of which undergo a further cvolution according to secondary steps. It is
well known*?- *®_ that formic acid can decompose according to the three schemes:
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HCOOH — CO + H,0 (2a)
HCOOH — COQ, — H, (2b)
2 HCOOH — CO, -+ H,O -+ HCHO (2c)

As we never detected either acetaldehyde or hydrosen. we may retain only the reaction
(2a}. a dehydration selectively catalysed by the uranium oxides UQ, _, formed from
2-UQ,. This formation in turn is duc to the reduction

UO; + x CO — x CO, — UO;_, 3)

which explains th: good agrcement observed between the amount of evolved CO, and
the degree of reduction. x.

Under no circumstances did we find the intermediate phases UO(OHYHCOO)
put forward by Bultress and Hughes'” (its decomposition into 2-UO, scems unlikely
anyhow, at keast in a non-oxidizing atmosphere). or UO,(OHYHCOO) considered by
Russcll and Hyder although those solids have been prepared is our Jaboratory. but in
different ways?*™ 2,

To sum up. reactions (2a) and (3} appcar as logical consequences of reaction
(1). However, their intervention can only considered as prosen if they are dircetly
cvidenced and il it is shown that their kinetics agree with that of the overall de-
composition’*.

Caralytic dehydration of HCOOH (Fiz. 5)

We circulated in a differenual flow reactor an helium flux saturated with formic
acid vapour by passage through a saturator S, at a fixed temperature. 7. followed by
a condenser C also at a fixed temperaturce. 7. lower than 7. The value of T, deter-
mined the partial pressure of HCOOH as its saturated vapour pressure at 7. (This
pressyre was varied between 8 and 60 torr.) The gases flowed out through a trap T
cooled by an ice - NaCl mixture, in which water and lormie acid condensed. and
werce directed to a gas chromatograph. A preliminary study allowed us o detcrmine
the conditions under which the reaction rate, r.. {(expressed in moles of CO produced
per hour and per gram of catalyst) was independent of the flow rate and of the

lowords

4 <93
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Fiz. 5. Sct-up for the study of caralytic dehydration of formic acid. FR. Flow regulator: FM, flow-
mcicr: MS, molecular ticve: 5, satgrator; €, condenser; R, reactor; T, 1trRp.
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Fiz- 7. Determination of the activation encrgy of ailalytic dehydration of formic acid.

catalyst mass. The catalyst was 2-UO, obtained by uranyl formatc decomposition in
oxygen at 3530°C for 24 h. The catalysis temperalures investizated ranged (rom 240 to
300°C. Under these conditions, CO, was observed as a by-product (aboul 172 of the
amount of CQY). It has been checked that this CO, formation is due solely to a slight,
and expected, reduction of the catalyst, that we shall not take into account in the
following, owing to its very small extent.

The points representing logr. as a function of 102Pco0 fit a straight line. as
indicated by Fig. 6, which refers to a temperature of 2897C. The slopc of this stmight
line, i.c. the apparent order with respect to formic acid, i 0.73 (= 0.03). AL a fixed
partial pressurc of HCOOH. the catalyst temperature was vaned. A plot of logr, asa
funciion of the reciprocal absolute temperature gives a straizht line, the slope of
which allows uos to calculate the apparent activation encrgy, £;, equal 1o 18 (£ 1)
kel mole™ ! (Fiz- 7)-

Reduction for uranium trioxide by carbor monoxide

This rcaction has been studicd by TG at differcnt temperatures. 2-UQ; was
submitied to various partial pressurcs of carbon monoxide (the volume of the appara-
tus being Laree enoush to keep constant this pressure during the experiment). The
curves giving the extent of reduction. x, of the solid as 2 function of ime exhibit the
same feature (Fig 8, obtained at 280 "C). The neduction rate is very fast initially and
decreases at about x = 0.3. From x = 0.5 1o 0.8, the rate remains practically constant
and then sfowly decreases. The same rate decrease at about x = 0.3 has been noted
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Fiz- 3. Reduction of uranium trioxide by CO au T = 250 C.
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Fig 9. Varation of log ra as a function of log Pc at difficrent reduction extents of uranium trioxide
(T == 280°C).

and ascribed Lo the formation of U0, by the different authors®* ™37 who have
investigated the reduction of uranium oxides, cither with hydrogen or with carbon
monoxide At a given reduction, we find, as did Vlasov and Shalaghinov*”, a reaction
rate. ry, proportional (0 Pog (Fig- 9). At a given partial pressurc of CO, the apparent
activation cucrgy depends on x.

For0.l < x <03 E; = 20 (£ 2) kcal mole™?

For05<x <08 Ey = 33 (£ 1) kcai molke™ !
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Comparison of the rates of HCOOH catalytic dehydration and 2-U0, reduction with the
overall decarboxylerion rate

Let us call r; the rate of the ith step. The overall decarboxylation rate (as
measured by the number of mokes of CO appearing at a definile time, 7, per mole of
initial salt) is

r=ry —r—Xr

Let us consider the position of maximum formic acid production 1 = 90 min,
Pycoon = 6 torr, according to Fig. 2. At this point, ry = r3, r = 2.8 < 1872 mole of
CO min~" uand the rate of CO. appearance is x ry = 3.5 2 107 mole of CO, min~ !,
Accordingly, r. = 1.6 x 107% mole of CO min~*. Al this point, the extent of
decomposition of UQ.(HCOO0).. as given by half the sum of the number of moles of
gascous praducts containing at keast one carbon atom, may be cstimated as cqual to
0.64. The overall compesition of the corresponding solid is UO, ;. since neo, = 0.17.

Let us now compare the value of r, so calculated to that found during the
calalytic dehydration of HCOOH. AL 279°C, under Pycooun = 60 lorr. we find
{Fig. 7) 3.7 = 10" 2 moles of CO/h £ and hence taking into account the order 0.74
with respect to HCOOH, r; = 6.7 = 107 mokes of CO/h £. In order to convert r
into the samc onils as r,. we have to keep in mind that 7, is measured when only 0.64
mokes of UQ,(HCOO0), have been decomposed into an oxide UQ, 45 of molal weisht
AM_Thus

. 67 x107*

- =

% 064 x M =2 x 10°°2

mobkes of CO per min and per mole of the initial s3lt- Thus it can be scen that 3 is in
fair asreement with r; if 2l the approximations made are remembered.

Let us now compare the reduction rate observed dunng thermolysis with that
oblained dunng the dircct reduction of uranium trioxide. For Pip = 30tarrand x =
0.17, the latter is x r; = 3.2 = 107* moks of CO. per min and per moke of the
imitial oxide, thus x r; = 2 % 10”? moles of CO per min and per mole of the initial
salt, a value which compares well with x ry, = 3.3 ¢ 1077,

CONCLUSIONS

Study of the gac and solid phases obtained from UO,(HCOO), thermolysis
allowed us to show that three reactions took place. They were (1) the decomposition
of the salt into Lthe x vanely of uranium trioxide. formic 2cid and carbon monoxide:
(2) the dehydration of formic acid selectively catalyvsed by the uranium oxides; and
(3) reduction of uranium tnoxide by carbon monoxide.

It 15 worth noting that the second step cannol take place on uranium oxides
through the intermediate formation of a formalte, as suggested by different authors for
other oxides®*~*° since it is the reverse reaction of the passage from the formate to
formic acid which takes place under these conditions. A 10077 selectivity in favour of
the dehydration has been obscerved, which shows the strong acidity of the surface®'.



297

REFERENCES

L-R NN R R D

B- Mentzen, Aun. Chim.. 3 (1968) 361.

G. Diza-Mariadassou. A. Marques and G. Panncticr. Bufl. Soc. Chim. Fr_. 9 (1971) 3166.

R. Schuffenccker, Y. Trambouze and M- Pretire, Ann. Chim., 7 (1962) 127.

T. Mcasel. Z. Halmos, K. Scybold and E. Pungor, J. Therm. Aral.. T (1975) 73

A. K. Gahucy and D. M. Jamicson, J. Phys. Chem., T8 (1974) 2662

G. Rama Rao, K- C. Patil and C. M. R. Rao. Inorg. Chim. Acta. 4 (1970) 215,

D. Dollimorc and K. H. Tongx, J. Jnorg. Nucl. Chem., 29 (196T) 621.

5. Shishido and Y. AMasuda, Nippon Kagake Kaishi, 1 (1973) 185.

R. Lyden. Finska Kemistam Frmafcrs Medd-, 73 (1965) 37.

G. D Butiress and AL A. Hughes, J. Cliern. Suc., (1963) 1272

E. R- Russcll and AL L. Hyder, Inors. Nucl. Chens. Leri., 12 (1976) 247.

B. Sahoo. S. Panda and D. Paimaik, J. Indigns Chem. Soc.. 37 (1960) 394

J.S. Watsan, Cour. J. Teckmol., 34 (1956) 373.

A._ Covlidec, J. Am. Chem. Soc., 50 (1925) 2166.

H. C. Ramsperger and C. W. Porier. J. Am. Chem. Soc., 48 (1926) 1267.

B. Grundy and A. Hamcr. J- Inerg. Nacl- Chem., 23 (1961) 138.

C. J. Rovoex, Analytical Clhemisiry of the Mashartign Project, McGraw-Hill, New York, 1950,
p. 71

A_ F. Andresen, Acta Crystallogr., 11 (1935) 612

R.- Sato. Acra Crystallogr.. 7 (1961) 763.

A. Ekstrom, frore. Chem._ 13 (1974) 2237,

5. Bousquct, B. Bonnclol, P. Cla:dy, D. Mathurin and G. Turck, Thermochim. Acta, 13 (1976)
387,

0. Kubachewski 2nd E- L Esans, Metalhopical Thermochemisiry, Pergamon Press, New York,
1936.

P. Pcrio. Rapport CEA No. 363, 1955.

W_ Zachariasen, Acta Crystalloge.. 1 (1933) 265.

F. Gronvold, Noture ( Londan}, 162 (1945) T0.

B. Belbeoch, C. Pickarski and P. Porio. Acia Crxstallioxr., 14 (1961) 837.

F. Gronvold, J. [nmarp. Nuxl. Chem_, | (1933) 357.

R- M. Ddl and V. 3. Whecher, Trons. Faradax Soc.. 58 (19623 1590.

P. Sabaucr and A. Mailhe, C.R. Acad. Sci., Y32 (1911) 1212

H. Adkins and H- Nissen. J- Am. Chem. Soc.. 45 {1923) 809.

A. Navarra, Aen. Chim.. 6 (1971} 339.

B. Clawici, M. Feve, J. P. Puaux and H. Saulercavu. J. Phofockem.. T (1977 113

Al. Bideau. R. Bressal, B- Menizen and A- Navanre, C.R. Acad. Sci.. 271 (1970) 225.

M. Preture apd B. Claudd, Elrmenis af Chemical Kinctics, Gordon and Breach, New York, 1970,
p. 7l-

K-J. Notz and M. G- Mendel, J. Inory_ XNl Chens., 14 (1960) 55.

E. dc Marco and M. G. Mcnddl, J. Phoys. Chern, 63 (1960) 132

V. G- ¥hsoy and V. N. Shalaghinox., Zh. Priklad Rliim., 34 (1961} 27.

P. Mars, 1. J. F. Scholicn and P. Zwictoring, Advan. Caral-. 13 (1963) 35.

1. M. Criado. 1. Domingucz, F. Gonzakz. G. Munucra and J. M. Trillo, in J. V. Hightower
{Ed.). Proceodings of the Fourth Int. Cangr. Catal. Mascow, Vol. 2, Rice University, Hooston,
Texas. 1965 p. 676.

3. M. Tillo, C. Munucra and J- M. Criado, Caral. Rev., 7 (1972) 51.

G. Munuena, J. Caial ., 18 (1970) 19.



