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Abstract:

Uranium compounds were investigated as catalysts for hydrodesulfurization reactions. Kuwait diesel
oil containing .about 1.835% sulfur was used to test desulfurization activity. All catalysts were tested in
a bench scale, continuous flow, fixed-bed, catalytic reactor.

Upanium compounds did not act as promoters for a cobalt-molybdate catalyst. Uranium oxysulfide was
shown to have some activity when supported on low surface area supports. Uranium oxide and sulfides
were shown to have activity on higher surface area,supports with uranium oxide showing the highest
activity. The activity of uranium oxide catalyst was shown to increase with an increase in uranium
concentration.

In general, all sulfur conversions with uranium catalysts were significantly lower than with
cobalt-molybdate catalyst.
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ABSTRACT

Uranium compounds were Investigated as catalysts for hydro-
desulfurization reactions. Kuwalt dlesel oil containing about 1.835%
"sulfur was used to .test desulfurization activity. All .catalysts were
tested 1in--a bench scale, continuous flow, fixed-bed, catalytic reacter.

‘Uranium compounds did not act as promotors for a ecobalt-molybdate
catalyst. ‘Uranium oxysulfide was shown te haye some activity when sup-
ported.on low surface area supports. Uranium oxide and sulfides were
shown to have actiylty on higher surface area,supports with uranium
-oxide showing the highest actiyilty. The activity of uranium oxide
catalyst was shown to increase with an increase in uranium concentra-
.tion.

In general, all sulfur. conversions with ‘uranium catalysts were
significantly lower than with cobalt-molybdate eatalyst.
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- INTRODUCTION

Large stoeckpiles of uranium .depleted in U235 have accumulated.as a
byproduct of national defense and,guplearfenergy deyelopmeht.llThe‘U, S.
Atomic Energy Coﬁmission.is interested in develoéing uses for this material
-and .is sponsering research in several possible‘areés of use. Theresearc’h~
from which thils thesis 1s taken was part of a project to.examine;uranium
compounds. as hydrqdesulfurizétion,and.hydrodenitrogénation,catalysts,
‘The project was concelved at the suggestion.of USAEC personnel at Oak'
Ridge, Tennessee;_and”performed.at the Chemlcal. Engineering Departmgnt;
Montana State-College. -

- There. is increasing intgrest in.hydrqdesulfurizafion_and hydro-
denitrogenation reactions in the petroleum industry. and.development.of a
good .catalyst would open the way to a large potential_usé of depleted
Juranium: - Uranium and uranium compounds haye been.shpwn,to_haye.caﬁéiytic
effects for many.different.reactions. Some of the more prdmising,HSes
_reported have been for po;ymerization of .olefins (4)},dehydrogenat19n of -
propane (11L* alkylatien (15)§,and.catalytic erackiﬁg of petroleum |
fractions (12). -Recent litergture surveys on uses Qf'depléted_uranium
ilist.many,other»catalytic.applications (253).

‘This thesis 1s a .report on .and discuséion qf the .catalytic activity
Hof.various.uranium.compqunds in. the hydrodesulfurization of a Kuwait

diesel oil fraction containing 1.83 - 1.84 welght percent sulfur.
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-Uranium compounds were investigated as promoters on a cobalt-molybdate
-catalyst and as catalysts supported.on alumina, silica, silica—alumina; i

magnesla, and magnesia-alumina cétalystrsupgorts.
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PROCEDURE . AND APPARATUS
The initial treatment.of each catalyst was essentlally the same and
for that reason will be discussed here. All of the cobéltymolybdate

catalyst and catalyst supports used were in pelleted form. .On the basis

of .information in the literature regarding catalyst preparation. techniques

(5) 1t was decided to deposit uranium on the pellets as a. water soluble
salf. - Uranyl nitrate UOg(NQ3)2 : éHgO was chosen since 1t is water
soluble to a highudegree;,easily obtained,, aﬁd readily-coﬂverted to an
insoluble oxide. :Immersion of the pel;ets in a uranyl nitrate solution
was the. impregnation method used. - The welght .percent water.adsorbed by

the catalyst or support was determined by immersing the pellets in water

and superficlally drying them by gentle rolling.onuabsorbenf paper .prior’

. to. weighing. After.determining water adgorption data,_ﬁhe following
procedure waé-used.to.calculate the concentration of uranyl nifrate
required in the lmmersion solutilons.

‘Example: 10% uranium desired in finished .catalyst
©+ ywater adsorbed by.support = 45.7g/100g
11.1g U/100g support = 10% .U
atomic weight uranium = 238
mol welght U0o(NOz)z + 6H20 .= 502

(502) 11.1.= 23.4g U0 (NOs) 2. 6H26/100g support
(238) -
234  x
I5.7 = 100

x = 51.38 U02(NO3)g ‘- 6H20/100g water
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-A .uranyl nitrate selution of the concentration prescribed by the above
calculation was prepared,_thé pellets immersed, éuperficiallygdried, and
then air dried at 110-120°C for 5 hours. A-check.on,this ﬁethod{:by deter-
méningnthe Weight increase .of fhe support after treatment,Jshpwed_that
the expected amount.of uranyl .nitrate was.added.

Treatment of the various catalysts differed.substantially. from this
point .on and‘wiil be»discussed.separately;under'Resﬁlts. A:schematic
diagram of the épparatus used for further treatiﬁg 1s shown on Figﬁre_l,
ﬁage.30: - This apparatus consisted of a-Vycor .tube heated byvan:eleqtric
- furnace. The atmosphere in the tube éould,begvaried‘from purefair!:nitrogen,
methane,.or. hydrogen sulfide; to any. mixture Qf'these,,through an arrange-
ment of valves.. In some of the treatments,:CH%,was;saturated wiﬁh CCl,
vapor by passage through a sintered glass disk and,fhen through.alcolumn
of 1iquid CCls.

-Thé‘cafalysts were tested for hydrodesulfurization activitytin a
fixed-bed. flow reactor as shown.on.Figure 2, page 31. Kuwait diesel oll was
chosen as the feedstock because information was desired on a typical com-
mercial product. | :

“The fixéd»bed reacter consisted of a vertical section of 3/4 in. ID
stainless steel pipe 30. in. long.. -The.outside -of ?he plpe.was wound with
five nichrome heating .coils and,coyéredwwith.magnesia insulatient Power

was supplied to the heating coils.through variable autotransfermers

(Variac)..
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Temperature in the reactor was measured by.fqur irondconsfantan
thermocouples placed within ; 3/16-in. stainless steel thermowell which -
extended down .the center of the reactor. The reactor was packed with
inert alundum balls at each end and the catalyst.under study In the
.central portion. '

Liquid feed .was supplied to the ﬁop of the reactor by.a Hills-McCanna
pump. Hydrogen was péssed through. a DeOxo unit, driedy metered through a
rotameter, .and mixed with the liguid feed stream at the reactor top.
Commercial bottled hydrogen was used.and no attempt -was made.to recover
or reuse it.

The reaction products 1eaving the bottem of the reactor were con-
densed under pressure,,depressurized_through a Grove back-pressure regu-
lator, cooled in a secondary condensery and the liquid and gasequs portioens
separated.

Samples of liquid product were briefly stripped with commefcial
bottled nitrogen to .remove any dissolved HoS and then analyzed for sulfur
content with a combustion tube sulfur determination apparatus.

No attempt .was made to. identify any of the sulfur compounds in either
the feed or product and the performance of each catalyst was based on

the weight percent sulfur removed.
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-RESULTS

A total of 36-runs are reported in thié thesis which include 8 con~
trol runs and 28 different catalyst treatments. .The resultant catalysts
may be divided into three}groups as shown below:

1. ' Uranium promoted cobalt-molybdate (10 runs)

2. Low surface area uranium oxides and oxysulfides (16 runs)

3. Higher surface area uranium sulfides and oxldes (10 runs)
:The treatment and. hydrodesulfurlzation results will_bg.presénted,by

groups in the order listed above.

QEBEB&E' UraniumnpromptedrCobalt—molybdate

The purpose -of this part of the investigation was to.determine if »
uranium compounds In small concentrations had any beneficial effect upon
commefcial cobalt-molybdate catalyst. The catalyst used was Petér Spence
Comox catalyst, (calcined 1/8" stearate tablets, CoO, 2.5%; MoOsy .14%;
.supported on actiyated-alumina). -This laboratory hasvhgd considerable
experience with this catalyst and 1t was known to be a gpod\desulfuriza;
tion catalyst.. A total of ten runs are included in this group .and are
.designated.dwl to C-10.

The catalyst treatment and.average percent conversion of sulfur for
these ften runs are glven in Taple I, page -25. The initial eatalyst treat-
ment of impregnation and drying, as discussed under Procedure .and
Kpparatus y pages 6-8, was used in runs .C-2, =3, -5, -6, =7, -9, and -10,
.and the concentration of uranium varied from 0.25-2.0 weight percent.

‘Runs C~l¢-*4, and -8 were control runs in which no uranium was -used.
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-The Hz/HzS treatment used in runs C-4 through. C-10 consisted of pas‘si'ng, a
.commercially prepared’mixture of 95% Hz, 5% HzS over the catalyst in the
reactor at 200 psig, 288°C for 24 hours. This treatment had proved to be
berieficial to=é@baltsmolybd;te-c?talyst.in previous ﬁorkudone at this
laboratory. lTheselrﬁns were made. at . the follbwing cqnditi@ns:.

:Feedngtgck:, - Kuwait diesel oil (15855%‘Sulﬁﬁr)

Catalyst charge: .65 ml ;

Space veloclty: 5.0 ml feed per ml.catalyst per hr

Reactor pressure:.200 psig '

Reactor temperature: 371°C (700°F)

Hydrogen flow rate: 1000 SCF.Hgz per 'l_.)bvl feed
- Runs C-~1 %hrqughUC—T were of 12 hours durat;qnaand,run570+8 thrqugh.C—lO
were,of-zﬁ.hqurs.duration.: The first 4 hours of eéch_run was considered
to be lineout time and was ﬁot-iﬁcluded.in the conversion dataf The
catalysts for runs C-5 and C—7idiffer‘only in'thaf C-T7 égtalyst was im=
pregmgted‘four,times with very dilube solution and dpied 5 hours at 110-
- 12Q0°C aftef each imﬁregnationJ However, the final ﬁraniumsconcentration
(0.5%) was the. same 1n both caﬁalysts. - This wés_done to .determine if the
decrease in aetiyity,of the.uranium.promotedAcatalysts could be attributed
to a.mechanicél.blpckingfof,the.catalyst‘pQres. This possibility is.dis~’
cussed by Folkins,amd.Miller (5). |

The .catalyst for run C-10 waq‘cglcined in air.at 450°C for one hour .
.after the initial impfegnationfaﬁd_drying, but prior to.themHZ/Hgs treat-

ment , in;ammattempt to produce a.more active form of uranium. +The eon-

PR —p—
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versions listed in‘Table I are-.average qonﬁersions 6vervthe entire run,
after lineout time. Samples ﬁere‘takén every hour-durihg runs .C-1. through
Cauy,evgry second4hourodur1ngﬂruns"g<5:thrqugh ¢=74 and every fourth hour
during runs“CﬁSS,—9{,énd.~10. ~-Representative plots of conyersion versus
time for both .12 hr.and 2l hr runs are shown on Figures 3.and k4, pagés
52-33.

‘An examination of the:epnversion_values indicates that.for any giVen
serdes-of catalyst treatments the cqnversion)decrgases as the percent
auranium increases.

- (Example: .C-4, 0% uranium, 63.2% conversion; C-5,

0.5% uranium, 59.8% conversioni C-6, .2.0%
uranium, 59.0% conversioen.) '

- The uraﬁium‘cqmpounds present.on the catalyst do not appear to be
extremely peilsenous to_tﬁe catalytic activity since low percentages -of -
Juraﬁium had very l1little effect,‘ The poisoning is probably .caused b&
mechanlcal bloéking.gf;the catalyst pores by formatidn-af large crystals '
arouﬁd,the pore openings. Immersion in more .dilute solutiens .may tend'td
-reduce the size crystal_formed%.as evidenéed.by the~ﬁolloﬁing results-:

- C=5, 0.5% uraniumy 1 immersioQ; 59.8% conyersion;

C=7,.0.5% vuranium, 4 immersions, 63.3% conversion.

Calcining at 450°C (C-10) appéars to decreaée.the activity silgnifi-

cantly, probably by sintering the -cobalt-molybdate catalyst slightly.

.7 .
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gggggﬁgg. 1Low Surfacé-Area Uranium Oxldes aﬂd‘OxysulfiAes.

‘The sixteen runs reported in this growp (L-1 through L-16) were made
to evaluate uranium compounds when deposited on various inert catalyst
supports. -Four. catalyst supports were obtained from the Norton Company.
- These. Include silica-alumina, silicaﬁ maghesia-alumina, and maghesia
- supports. -Their.chemicélianalyses and physlcal propetties as given by

;
the manufacturer are in Table II, p..26. In general, these were high
service temperature maferials with low.surfgce area ranging from less
than 1 t9¢6ﬁ8 m?/g, -The high temperature characteristic .was desirable so
that\the.éatalyst could be freated with HzS 2t high enough temperatufe
to form uranium oxysulfide.

Each of these four catalyst supports were first tested without uraz
nium or treatment. Three tests on each were run with 10% uranium. -The
treatments after impregnating with uranyl nitrate (as outlined in Pro- .
cedure and Apparatus; p. 6. ) was eilther .drying in air. at’ 110°C, .drying
at 110°C and calcining in an electri¢ oven Ffor 100 fidnutes at 1000°C;4 or
-drylng at-110°C and passing 100% HzS over the catdlyst at.1050°C.
‘(Schematic flow. dlagram shown on Figure 1, p.}by;) ‘

A thermodynamic study shows that the héatihé of uranyl nitrate to-
1000°C in the presenke of air would result in a mixture of UO;?:U308$

:U4O9,;and.U02 with the equilibrium betweén these -oxldes favoring the

formation of Uslg. (See Appendix , page 24.)
The treatment of uranyl nitratée with HoS at 1050°C (the .limiting

temperature of existing equ;pment) 1s a relatively low temperature for
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the formation of .uranium.oxysulfide (U0S) according to Picon and .Flahaut
(1%). They predict that at these temperatures U0z will be formed prior
to formation of U0Sy, as illustrated.in the following stepwise reaction:

: UO-;‘( NOs).2"6Hz0.—3 - U05 — U50g (elive)

. HaS .
R " UOz. (brown - black)
1050°C.",
HaS
B0z - > U0S. (black)
~ S ' .1050-1350°C ’

In this work it waé'npted that catalysts pf-different colors were
formed depending. on whether they were .coeled in air or HéSw ‘When..cooled
In ailr the catalyst was. of a .dark blue-green or black nature and was
-iﬁdistinguishable,from catalyst fommedlby the;ealcininé~o£ u:anyl,nitraﬁq
in air at lQbQPC (see above), While when eooled in HgS@ﬂthe,éabalyst was
about half 1light brown and half black:. Possibly the catalyst eooled. in
air énded_up.as a,mixture-of_U3Q8 and. U0z and the cétalyét cooled“;nZHgs
ended up_ as a.mixture.qf U0z and UOS. It was never‘determiﬂed,anaiyticaliy'
which compounds were present but in-any event the latter treatment (HgS’
eooled) was used,in.allﬂfqurlrﬁns. | |

The treatment of each ca%aiyst:and percent .conversilon fpr.eacﬁ,run
is given in.Table IIIy p. 27. -The reactor conditions for -these runs were
Adentical to .those for runs ¢-1 through\Crlo.except thét‘the space velocity
waé lowered to 2.0 mi feed per ml catalyét per hr. Ali the funs were '

24 hours long except L-7, which was terminated after.l1¥ hours because of
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mechanical:diﬂfiqulty. 'The conversions in Table III are based.on samples
takenjduring the eighteenth hour of eperation except for I-7 which. was
based on fthe twelfth hour.

All conversion. values are very,low.and,frbm Table-III it 1s difficult
to see 1f the tréatments had any effect on the-conversion. The same
results are ﬁresen$ed‘in,Table-IY£ p- 28,vin such a manne¥ as to be -
easier to compare £he various treatments.

-The mo$£.significant improvement in conversion appears teo be with
the high temperature HsS treatment: (U0S) of uranylnnitrate-supported4on
alumina-siliea (LA~623) and alumina-magnesia (LMA—?OS).;rBoth.of these
carriers .are of considerably‘ﬁigher surface area than the other two and
therefore could be expected to petter show any trends.

An alternate conclusion which might be drawn from Table IV is that
the.combination.Qf’alumina.and uranium might be the reason for any
increagsed activity since alumina was a major constituent in the caéalygts
which showedﬁimprovement;’while belng absent in those which showed no

“improvement.

EEEEQ.Eiﬂ' Hlgher Surche Area Uranium Sulfides and Oxldes.
"The ften runs 1ln this section are comﬁosed.qf one contrel run (H-1);y
éix sulfide runs (H+2 through H-T7), and three oxide runs: (H-8, .-9,.and
~10). - The suppert used in these runs was ayailabie in the'Labofatpry—
but its origin is unknown and therefore the manufacturer!s specifications
were unavailéble;- Chemiecal analysis (emmission.spectrometry),by the

Chemiétry Department,, Montana State .College, shows it te be 99+%,glumina

\
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wlth traces of barium, cadmium, copper:y 1rgn;ﬁmagnesium%-sodium;¢and
potagsium compounds. - Physical properties determined in our.laberatory

are as follows:

: Bulk .density:. ; 0685g/cc
'.Water-adsprptibn; 37.2%
Max. service tempz: )jQO“C

The surface area of this support was not experimentally determined but

was known. to, be higher thaﬁ those obtained from Nerton. -This was evidenced
by'a,noticeablé:amouﬁm.of hgat‘being-eV0lved\when this. support was wetted
while no heat‘ﬁasuevblved by.any of the Norton supports.

.The sulfide and oxide runs are reportediand.diSeussed.geparqtely in.
this section with -the samé-control”ruﬁ (H—l) being,used;as.a‘comparisbn
witﬂ both types. -The conditions under which these .runs were ﬁade are
as follows:

. Feed Stock: . Kuwait .diesel oil (1.835% sulfur)

.Catalyst charge: 80 ml |

Space veloclty: .0.75 ml feed per ml catalyst per hr
Reactor pressure: 200 psig ‘ '
Reactor temp: -371%C (700°F)

,Hyergen.fLOWJréte: 500Q .SCF ‘Hz per bbl feed
A1 runs.were 8 hours long except-H-10, which was extended po.lé hours .
- All.comparisons. were madé;@n.the basgls .of average cqnvefsion during the

seventh and eilghth hours.
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Part A. Uranium Sulfides

‘Uranium sulfides. were. examined because one of the possible méchanisms
for.cobaltamolybdate catalyst in hydfodesulfurization,'postulated from
previous work done in this laboratory,.ils as follows. (1):

:€00 + HaS —> CoS + Hx0
CaligS + 2008 ———-CooS5 + CyHy
CozS5 +-C4H4—£2—> CoS + HaS + CgHyp

While this may not be the actual'mechanism, 1t represents a
mechanism .in which the sulfur from the hydrocarbon fraction combines
first with the active catalyst (i.e.?,CoO,,MoO;} which 1s In turn reduced
by hydrogen. -Investigation of uranium sulfides from this point .of view
was further justified. on phe,basis~of work- done by Picon and Flahaut (;4)
who. noted a change in uranium sulfide compesition in the presence. of- HsS
at the temperature range of our reactor qperatién (370-380°C).

Six separate uranium sulfide catalysts (lo%uuranium).were prepared
and tested”(H=2,tﬁrough H-7). The initial treatment .of impregnation
and drying was the same as outlined in Procedure and Apparatus;-p. 6

- Uranium sulfide can be formed in various ways. - The method. chosen
in this study was (1) conversilon..of uranyl nitrate to an exide by heating,
.(2) conversion of the oxlde to fthe -chloride, and (3) .conversion of the
chloride to the‘sulfidé as shown below:
T02(M035)2 - 6H20-2 5 105 or U0,

CCly
U0z or Y0p ———» TUCl,
CHz8
.U0ly ————> U3z
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This treatment was done in the apparatus shewn -on. Figure 1, pi 30 .

‘The first treatment tried was passing pure CClg vapor.over the uranyl
nitrate (or-therma; decompoaition product) at 400°C in an attempt to form
UCly. This methed was suggested by Katz and Seaborg (9) but proved
"unsuceessful-as the reaction tube plugged within minutes. The next
approach tried was to. pass CHy. saturated with CCl, vapor over the catalyst,
at 400°C. -This treatment proved.-successful and was continued for 5 hours
because -at the CH4.Paté usedg,this_length,of time was necessary,to,ineure
an, excess -of- CCly being contacted with the uranyl nitrate. . Methane was
used.as a carrier gas for two reasons{.Ll)_availability at low,pressﬁre
and. (2) evidence by Katz and Seaborg (9) that under. these conditions, CHy

or Hy produces .a reactiyve form of U0gz.

UOE(NO_-_:,) 6H20 % U002
400°¢C
. CCly :
UOE —H U014
- 4o0°C '

The resultant_product'from the aboye -step. was next treated Eghgltg
-by a.stream of HoS;.the temperature being raised from 400°C. to 500°C in-
about 2 hours. -The temperature was raised in this menner in an.attempt
| to form a,stable'crystalline form-of USz as indicated by Eicop and Fla-
haut (14).. This catalyst was then used in run H-2. .

:Variatipns‘of this treatment tsed&were.(l)-doubling the. time of .CH4 +
- CC1ly.treatment - (10 hrs; H-3).3.(2) treating with CHg and,CCi4_;ﬁsing nitrogen
as\carrier gasy -separatelyy . (5 hrs each JH-4) 5 (3) raising the-CH4l+ 0014

treatment temperature from 400° C to 500°C (H-5y =6,-and -7) 3 (4) doubling
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the HzS treatment time (4 hrs, H-6) ,.and. (5) reising the HsS treatment
temperature to 500-600°C, (H-7).

Examinatlon of these treatments and results (Table.vé p. 29) showus
no significant Increase in activity with any catalyst over the first
treatment used (H-2). A significant decrease in H-3 and a slight decrease
in H-4 are appareﬁt,,however. -The .decrease in H-3 may be explained by
mechanic¢al blocking of catalyst pores caused by a carbon laydown from
the decomposition of CCly

ol —2 5 ¢ & 2010

as evidenced by a black layer on the outside of the catalyst pellets.

-In general, all sulflde treatmenis increased sulfur conversion oyer
the support .aloney with four. of the six treatments increasing it 3-U

times. No significant differences were noted in these four runs.

‘Part B. Uranium Oxide of Varylng Cencentration

.The effect of yarylng uranium concentration from.0-15% was studied
by runs H-l; ~85 -9, and -10. These catalysts were prepared by impreg-

natien and drylng as before, and subsequent caleining at 450-500°C for

.one hour. -The calcining temperature was chosen arbiltrarily, the main

consideration being to keep 1t below the sintering point.of the .support.
As ean be seen on Figure 64_@. 35, activity of this serles does in-
crease wlth uranium coneentration, seeming to approach a value of about
20% conversion asymptotically.
Run H-10 (15% uranium) was extended to 16 hr to determine if activity

decreased with time. As can be seen from Figure 5, p. 34;-activity.de~
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creased sharply.affer.aboutulz hr onlstreamu‘~This decrease 1n activity
does not figure in the conversions plotted on Figure 6, howevergfthése
conversions. were calculated from samples taken during the seventh .and

eighth hours -of operation.
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SUMMARY AND RECOMMENDATTONS

-The hydrodesulfurization activity Qf‘theucatalysts studied.was
determined.by,attempfingﬂto remove sylfur from a Kuwailt dlesel oil fraction
containlng 1.835% sulfur. The reaction was carried out at 7Q0°F and
200 psig in a fixéd:beql‘continuqus flow; catalytig reactor.

The additien of small amounts df uraniym compounds to cobﬁltr
molybdate catalyst as.a promoter decreased its.activity. Thé percent con-
-versiom.experienced.for.sulﬁur removal with uranium.on low surface area

o carriers.was quite low, with uranium oxysulflde somewhat better than
uraniumﬁpxiaes.

Sulfur removal with higher Suxfa&elarea catalysts (ufanium(Sulfides
and, oxide),wgs congiderably higﬁer-than with the lowAsurface.area:suPpQrts@
Jbut thig was accomplished with more Severé:operating conditions. -Assuming
a first order .reaction - (8) a .comparison .was made between”conversion.gt
these .conditions. and at the conditions used with the low.surface area
.Supperts. -Theanllowing.relationsﬁip was used:

.hﬂLﬁﬂ,=i§Q2~hl(hﬁﬂ
‘ (8V)1
where:

'sulfur-cqnyersion"at (1) operating conditions

It

X1

Xz = sulfur converslon at (2) operating conditions

- (SV) 1 = space yelocity at (1), operating conditions
- (SV)z. = space velocity at (2) operating conditioms
According to this comparison,. the maximum observed conversion .of 20.8%

-would be equivalent to about 8.5% coenversion at the less severe conditions.

-
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'This 1s sighificantly higher than the maximum conversion with low surface
area supports (3.75%). Thils was a definite improvement over low surfaée>
area supporys and may be explained by the surface area. difference.

Actiyity was:-definitely shown with both higher .surface area oxides
and sulfides, with the oxide being somewhat higher. Activity.was shown
to incredse with an incréase—in uranlum .oxide concentration in the éréa
inyestigated (0~15% wranium).

In general,.all uranium compounds showed less activity than the
commercial catalyst used, cobalt-molybdate.

It is recommended that any further work done in this.areaAef research
should begin with a study. of hydredesulfyrization activiﬁy as a funetlon
-of catalyst surface érea. -Onle.a, correlation has been established, .a
further study of high surface area oxides, sulfidesi‘and_oxysulfides may
.be yarranted. -Before this can be .doney however, high temperature, high
surface area supports must be made available because of the high tempera-

tures required to form uranium oxysuylfide.




_22.L
ACKNOWLEDGEMENT

The auihgrhacknowledges}-with,thanks$.the support giyen this project
by ‘Union Carbide -Nuclear Company, Division of Union Carbide Company,
.under Subcontract 1483, .U. S. Government Contract wr7405—gng;26.

- The guldance.of Dr, R.: L. Nickelson and the-assistance of K. E. Cox.
are gratefnlly acknowledged.

The éuxhor,also wishes to. thank the Chemilcal - Manufacturing Compapy —
for.supﬁlﬁing the copalt-molybdate -catalyst, the Norten Company for
supplying the catalyst supports, and the Chemiétry Department%,qutana

]

State Collegey for the analytical work -done.




6.

10.

A1,
2.
213

14,

15,

23
* LITERATURE (CITED
Benson,-D. E., .Ph.D. Thesis; Montana State College, (1959)

Breese, J. C., et al., "Nonnuclear Uses for Depleted Uranium",

 ORNL-2889, (Mar. 2, 1960).

Donahuey -J. -E., and Higinbotham, A. E.; "Uses of Depleted Uranium",

MIT-OR-5, (Nov. 5,.1959).

-Fleld; E., and Feller,: M., "Conversion of Gaseous Olefins to Solid
‘Polymers with -Group. 6 a Metal Oxides and Alkaline Earth Metals",

U. 3. -Pat. 2,726, 234, (Dec. 6, 1952)

Folkinsy H. 0.y and-Miller, E.y."Preparation and Properties of
Catalysts", Ind and Engr. Chem‘, bhg.241 (1957).

" Hodgman, C. D.y et al.,."Handbeok of Chemistry- and Physics'y Chemieal

Rubber Publishing Company, Cleveland, Ohio, (1954).

-Hodgmany, C. D.y et al., "Handbook of Chemistry .and Physics",

Chemical Rubber Publishing Company, Cleveland, Ohlo, (1958).

Jacobsony R. L., Ph.D. Thesls, Montana State College, (1958).

. - Katz, .J. J.y .and Seaborgy G. T.y.'"The Chemistry of the Actinide

Elements", John Wiley and Sonsy .Ine.y -New York, (1957).

Kelley;-K. K.y United States Bureau of Mines Bulletin,584j.(l960).

‘Kurokaway M., .and Takenake,-Y.; "Formation ef Prepylene by Behydro-

genation of Propane", J. Soc Chem Ind.- Japan: suppl., D. 45 (1941).

- Millsy G. A., "Catalytic Conyversion of Hydrocarbons", Y. S. Pat.
2 4531152y (Nov.. 9, 1948).

Perryy J. H.y "Chemical Engineers' Handbook", MeGraw-H11l Book Co.

.Inc.y New.York (1950).

Picon, M.j.and Flehauty J.y "The Sulfides of Uranium"gy Bul. Chem.
Soc. Francey p. 772 (1958).

Stahlyy E. E., and Hattoxy E. M.y. "Catalytic Reaction of Qlefins”,
U. S. Pat..2,278, 677 (April Ts. 1942)




Table I

Table. II

- Table.I11

-Table-IV

zTable-V

Figure 1

- Figure 2
Figure 3
- Figure Y4
Flgure 5

Figure 6

-2U-

*APPENDIX

Promotion of Cobalt-molybdate Catalyst
with Yranivm - - .-

Properties of Catalyst Supports . . . .
Uranium Catalyst on Low Surface Area Supperts .

Percent Conversion for Various Treatments on Low
Surface Area Catalyst Supports .

-Higher Surface Area Uranium Supports . . .

Schematic Diagram.of Catalyst- Preparation
Apparatus . e e e e e

Schematic- Flow Diagram.of Catalyst Evaluation Unit
Plot of Sulfur Qonversion.vs Time for Run C-7 .

Plot of Sulfur Conyersion .ys Time foilr Run .C~10.

' Plot-of Sulfur Conversion vs Time for Run H-10 .

Plot of Sulfur Conversion vs Uranium Cencentration
for.Higher -Surface Area Uranium Oxide .

Thermodynamle Study . -

Abstract

~Introduction .

Results

.Conelugions .

page

25
26

.27

28
-29

30
31
32

33
34

35
36
37
38
39
T3




~25-

-TABLE .T, . PROMOTION QOF COBALT-MDLYBDATE CATALYST WITH:DRANIUM

*Run MNo. :%JUranium Catalyst Preparation % Sulfur Conversion
c-1 - 0.0 Dry 110°C, 5 hr 512
C-2 0.5 Inpregnate; Dry 110°C, 5 hr 4.3

- C-3 2.0 . Impregnate; Dry 110°C, 5 hr 36.2
o : 0.0 Dry 110°Cy 5 hr; 63.2

Ho/HoS at 288 C, 24 hr

C-5 0.5 ‘Impregnatej Dry 110°C, .5 hr; 59.8
Ho/HoS at 288°C,.24 hr -

c-6 2.0 Impregnate; Dry.110°C, 5 hrj 59.0
Ho/HoS at 288°C, 24 hr

C=7 0.5 - Impregnate oy times with very 63.3
: dilute solution and,
- Dry .110°Cy4 5 hr .after eaech;
Hg/HsS at 288°C, 24 nr

c-8 0.0 Dry 110°C, 5 hrj 67.5
‘Ho/HoS at 288°C, 24 hr

C-9 0.25 Impregnate; Dry 110°C, 5 hr; 62.6
' Hz/HoS at 288°C, .24 nr

c-10 -2.0 - -Impregnate; Dry 110°C, 5 hrj 52.8
: Heat 450°C in air, .1 hr;
. Hz/H=S .2t 288°C, 24 hr
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TABLE .II. -PROPERTIES. OF CATALYST SUPPORTS

- Chemical Analysis

:Alagz
$105
uFeQ3.
7104
Naz0, K20
- Mg0

.Cao

-Physical Properties

Porosity, %

Water Absorption, %
»*watef Apserption, %

Bulk Densityi,g/ec

App. Sp. Gravity, g/cc

Packing Density,
1b/fe3

Surface Area, M%/g .

Max. - Service ‘Temp.,. °C

.Catalyst Designation

. LA~623

77.0%
21.2
0.2
0.5
0.7
0.2

0.2

60-65
51-56
H5.7
1.1-1.2

3. 0-‘32

46
6~ 8

11000

- LMA=703

79.50%
0.01
.0.08
.0.01
.0..12
29.30
.0.05

50-54
3557

L 27.0
1;4,1.5

3.0-3.2

55-60
3

1400

LM-705 Ls-438
0.13% k.58 -
2.69 9.0
9.05 0.5

- 03
0.01 0.3
96.99 6.1
0.13 0.3
A3 - 30-35
22-2U i8r23
18.5 148

1.92 1.5-1.7

3.49 2.3=2.4

15 56~-58

less than 1 less
than 1

1200 1200

*Ye .determined thls water apsorption data experimentally. and, used
1t as the basls for calculating the concentration of the uranyl

nitrate solutions.




TABLE ;III. - URANIUM. GATALYST ON. LOW SURFACE AREA

Bun No.  -Support = %G,
L1 LA-623 0
‘L-2 LMA-T703, 0
L-3 LS-438 -0
E-U -LM-T05 .0
L=5 -LA-623 10

L-6 LMA~703. 10
LT  1iS=l438 10
L=8 - LM=T05 10
L~9 LA~623 10.
L-10 LMA~T703 10 -
L-11 -LS-U438 10
L-12 - LM-T705 10
L-13 LA-623 10
L1k LMA~703 10
~L-15 LS-438 10
- L-16. LM~705 10.

- Impregnate

-a7~

Latalyst Preparation

-None
None
Noene

None -

-Impregnate; .

Impregnate;

;Impregnate;
- Impregnate

- Impregnate;.
-Heat. in ailr

Impregnate}
Heat in alr

Impregnate;
Heat in ailr

Impregnate;.
Heat in air

JImpregnate;
Heat in HpS

Impregnate;
Heat in -HsS.

Impregnate;

- 'Heat in HgzS.

Heat in HoS

Dry .110°C,
Dry 110°C;
Dry.110°C,
Dry 110°C,

Dry 110°C,,
at 1000°C,

Dry. 110°C,
at 1000°C, .

Dry. 110°C,
at 1000°C,

Dry 110°C,
at 1000°C,

Pry. 110°C,
at 1050°C,

Dry 110°C,.
at 1050°C,

.Dry 110°C,

at 1050°C,

Dry 110°C,

at 1050°C,

SUPPORTS
%. Cenyersion
2.07
1.80
1.31
3.00
5 hr. 2.45
5 hr 11.58"
5hy 1.52
5 hr 1.96
5 hrj 1.80
100 min.
5.hr; 1.03
100. . min
5 hrj .1.90
100 min .
5hry . 11.03
106. min
> hry 3.75
1 hr
1 hr
5 hr} . 1.25
1l hr
5 hry 2.45
1l hr




- TABLE.- EV.
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. PERCENT . CONVERSION .FOR. VARIOUS. TREATMENTS ON

LOW SURFACE AREA CATALYST SUPPORTS

Catalyst Supperd Prepgrations
None Impregnate Tmpregnate Impregnate
' Dry - Dry Dry
) Heat in HoS Heat in Air
 LA-623 2.07 2,145 R -3.75 1.80
‘LMA-T03 1,80 1,58 2.45 - . 1.03
LM~705 3.00 1.96 2.45 1.03
LS-438. 1.31 1.52 1.25 1.90
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TABLE V. HIGHER SURFACE.AREA URANIUM SULFIDES

Run No. % U Catalyst. Preparation % Conversicn
H=1 0 ~None ' 3.8
H-2 10 CCl4 + CHgy simultaneously, 13.3

400°C, 5 hr;. HgS 400-500°C, 2 hr

H-3 10 CCly + CH4y simultaneously, 7.5
) 400°C, .10 hr; HeS 400-500°C, .2 hr .

. H-U .10 CHa, 400°C, 5 hr; GCly (nitrogen = 12.1
: carrier gas), 400°C, 5 hr;
HoS 400-500°C, 2 hr

~H-5 10. CCls 4 CHy, simultaneously, 13.1
500°C, 5 hrj HzS 400-500°C, 2 hr |

H~6. .10 + CCly + CHgy simultaneously, 13.3
‘ 500°C, 5 hrj HaS %400-500°C, U4 hr

JH-T 10 CClg + CHyq,; simultaneously, 500 Cs. 13.7
5 hr;.HzS 500-600°C, 2 hr




pyrometer

Vycor tube Catalyst

Vent

Electric Furnace
Scrubber

CH4

sintered glass disk

Figure 1. Schematic Diagram of Catalyst Preparation Apparatus.



thermowell
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pggﬁggre reactor
500 ml feed variacs
reservoir
. to
heating
pressure filter 50 ml coils
regulators burette
condenser
pressure / h
gauges M
Grove — " vent

regulato.
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Figure 2. Schematic Flow Diagram of Catalyst Evaluation Unit.
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t =36~

THERMODYNAMIC STUDY
| of
HEATING URANYL. NITRATE
| from
298 to .1300°K
by

- ROGER- D, , JENSEN.




_.3’7 =

ABSTRACT
This thermodynamic study of heating uranyl nitrate shows the
following: -

1. At 120°C. (393°K) the most. probable product. is.
U02(NO3) o+ 2Hz0. ‘

2. At -1000°K and 1300°K the most probable product- is Us0g .
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INTRODUCTION
This Investigation was made. to determine which uranium compound
exlsts at each of several temperatures after the heating of uranyl
nitrate. - This problem arose dﬁring the preparation of'qatalysts in
which inert supports were iﬁpregnated.with uranyl nitrate‘solution,.
subsequently dried and heated.

-§§gg‘£, The first step in the investigation was to determine the
feasibility. of producing every known’compound,céntaining uranium -and/or
oxygen, nitrogen and water of hydration, from uranyl nitrate (UOz(NOs)s
-6Hz0) at ;20°C (393°K). This temperature (3%93°K) was chosen -because
1t is the temperaturé to which each batch of catalyst was initially
heated.

gﬁgﬂljg(u,The.secqnd step in the investigation was to.determine what

compounds are formed upon heating the resultant.compound from Stepll;

from 393 te 1000°K. After determining which compounds ceuld be formed

at 1000°K or above, the equilibrium of these compounds was studied.

-This was. done at lOOO°K, which was chosen arbitrarily, .and 1300°K which

was the maximum temperature .attained in the actual catalyst treatment.
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RESULTS
Values:used 1n the calculations are showri in Table AI, leuaand
wTéble.ALIJ_p. 6k ‘Values which could net bé,obta;ned_in(the:literature
were estimated. The entropy of UO4%2H20%was estimated by plotting entropy
of the Variqus-oxides-ber-uraniumwatom‘vefsus ratio of_atoms-of.oxygen
to atqmsiof.uranium (Figure Al, p. l+3 and then using the value from.fhis
plot (U04 = 27,8),asfthe initial poiﬁf on a plot of the entropy of |
hydrated .oxides .versus moles of watéf.othydratian(F@gure A35-p;44 ).
- The. values for'entropy,of.UO3;H20_and-U03n2H20 were.pbtained in-a similar
manner from Figure A3. | _ -
-The heat .content (A H) of U409 was estimated by plotting AH for the
.other oxides and.interpolating, (Figiure A2, p.“&l).
The hesgt éapacity (qp) of_UjOg andnU409'as.a:funqtionﬂof,temperature

was estimgted_by plotting .C for.Uog'andHUO3}.dpawihg in parallel

b
curves for U$Q8Hand7U409 (per uranium atom), and then/fitting polya
nemials to the resulting curves (Figure A8, p. 66).

- Free energies and temper@tures of.peutrgl equilibrium were cal-
~culated for equations 1-12. (See,pagesu5-5d). ‘Results of these
calculatlons are shown in Figures A#JandlA5. (Note: :Equation. 12 does
not appear on these figures because the free energy and temperature of
neutral.equillbrium were so high as to put it off -the. scale.)

.0n-the basis of results from this first step, equations 1-U were

investigated at 393°K. ' The equilibrium of hydrated nitrates was studied

at 393°K (equations 13-15) ard these.resuits.appear.on_page_ﬁ&, Figure A6.
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The study..of heating UOgz(NOz).o2HZ0 from 393°K to 800°K (equations
16~22). 1s shown on pages 55-58. As a result of this study, the heating
of UO332HéO from 800-1000°K was -studied (equations.23-31). -Results of

thls study appear on Figure A7, p. 63.
1

.Heat capacity data on the oxides of uranium was used to study thelr

equilibrium at 10009K,and”l500°K“as precisely.as possible (equation A-F,

P.- 71). -Results -of this study are shown on Figures A9.and Al10, p. T2.
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Investigation of the Heating,of Uranyl Nitrate

U02(NO3)z 6H0(s) + heat

(1) IR

(2) ——

U02(NO3) 2" 3H20(s) + 3Hz0(g)

U02(N05) »:2H20(s) + UH-0(g)

(3) —————> U0z(NOx)2-Hz0(s) + 5He0(g)

(#) ———— .V02(NO3)a(s) + 6Hz0(g)

A5) —m——

U04-2H20(s) .+ HH0(g) + 2NOz{g)

(6) —— 5 Y05'2HZ0(s) + 4Hz0(g) + 2NOz(g) + 1/2 0z(g)

(7) ~———

(10) ——
(11) ————

(12) —>

Y05 Hz0(s). + 5H=0(g) + 2N02kg)\+‘l/2 -2(8)
U0s(s) + 6Hz0(g) +2NOz(g) + 1/2 0z(g)

1/3 Ux0g(s) + 6Ha0(g) + 2N02(g) +2/3 Oa(e)
1/% Ug0g(s) + 6H=0(g) + 2N0z(g) + /8 0=(g)
UOa(s) + 6Hz0(g) + 2N02(g) + Oz(g)

UN(s) .+ 6H20(g) + NOz(g) + 302(g)




Compound

U02(NO5) 2 6Hz0 (s)
U05(NO5) 2" 3Hz0(s)
U02(NO5) 2+ 2H20 (s)
U0z(NO3) 2" H20(s)
- U0z(NO05) 2(s)
UO4;2HgO(s)

- V05" 2H=0(s)
.U0=Hz0(s)

005 (s)

Us0g (s)

"U40g (s)

‘U0z (s)

‘UN (s)

He0 (g)

NOz (g)

. 02 (&)

-

TABLE .A.1. Thermodynamic Values

S298 AHyog
E.U./mole kecal/mole
120.85 + 0.6 (a) . T =T64.3 (a)
(94) (a) -552.2 (a)
(85) (a) -480.0 (a)
(76) (2) 4ok.8  (a)
(66)  (a) -329.2  (a)
(43.8) (%) -436.0  (a)
- (40) (*) bh6h . (a)
(3L (%) -375.4  (a)
23.57  (a) -291.6%3 (a)
(66) (a) -853.521.6 (a)
80.29+1 (a) (-1081).  (*)
~18.6 (b) -259.220.6 (b)
(18) (2) (-80)  (a)
45.11  (c) ~57.7979  (b)
57.57  (e) 7.96  (b)

49.00%3 (c) 0.00

Note 1: All the values in parentheses are estimates.

‘Note 2: . See Literature Cited, page 23, for references below.
Note 3: . (*) Estimated on following pages, _

-a) . Katz, Joseph J., The Chemistry of the Actinide Elements. 1957.

b) Perry, John H. - The'Chemical Engineers' Handbook, 3rd Ed.- 1950.

¢) Handbook of Chemistry and Physics, -36th Ed. 1954-5.

d) Handbook of Chemistry and Physics, 40th Ed. 1959-60.
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Figure A2_. Heat Content of Uranium Oxides.
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Figure A3. Entropy of Hydrated Oxides.
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Equation 1.

U02(NOs) 27 6Hz0(s) ——> U0z (NOs) o+ 3H0(s) . + 3Hz0(g)

AHygg  -T6H.3 ~552.2 3(-57.8)
'5298 120.85 oL . 3(45.1)
AH,gg = 38,700 cal/mole " Tyg = ~20090 _ =-356°K
- 108.5
‘ A3298 = 108.5 -E.U./mole
AF,qg = 38700 - 298(108.5) = 6300 cal/mole

-Equation. 2.

| U0z(NO3) 2" 6Ho0 — 3 U0o(NO5)2-2H20 » i+ .  4Hz0

AHygg ~T64.3 -1480.0 4(-57.8)
8508 120.85 85 4(45.1)
AH,gg = 53,100 cal/mole ~  .TIyp.= 337100 = 364°K
BSygg = 1.6 EU/mole
A.F29.8 = 53100.— 298 (14%4.6) = 9700 cal/mole




G-

Equation.B.
U02~(1\I03)2’ 6H20 e 'UOE(NOB»)-Z'HEO + 5H20
Dlygg  =764.3 -0k 8 5(-57.8)
8298 120.85 76 5( 45.1)
AH298 = 70,500 cal/mole ~Tyg-= 70500 - 390°K
. 180.7

A,swé = 180.7 EU/mole

AE298 = 70500 --298(180.7) = 16700.cal/mole
Equation I
. Y02(NOz) 5" 6Hz0 ————>  U02(N03)2 4 6H=0
AH298 C =643 ~329.2 6(-57.8)
5298 120.85 | 66 6( 45.1)

ZkH298 =,88’300 cal/mole g = ggg?o = UY09°K
ASygg = 215.8 EU/mole
AF = 88300 -.298(215.8) = 24100 cal/mole

298
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‘Equatien 5.
U02(NOs) o' 6H20. 3y U0422HZ0 +  4H:0 + 2NOo
8,08 120.85- 43’.8 Ch(45.1) 2(57.5)
AR,gg =-113,000 cal/mole Tyg = 15\,000 = 516°K
A3298 = 218.4 EU/mole
AF,gg = 1134000 - 298(218.4) = 47@§oo
Equation 6.

U0z(NO%) 2* 6H20 ey - Y05-2H0 + HHz0 ~ .+  2NOz + 1/2 O

Z;H298 ~T64.3 TR L4 (-57.8) 2(7.96) 0.
5508 -120.85 40.0 4(45.1) 2(57.5) 1/2(49.0)
Al = 102,600 cal/mole T = 102,600.- = 429°K
298 NS
ASZ% =.239.1 EU/mole

A
Fo08

1]

102,600 -.298(239.1) = 31,400 cal/mole
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Equation 7.

- U0g(NO5) o' 6Ho0 — U0 5! H0 + SHz0 '+ . 2NOs 4+ 1/2 05

Z;H298 ~T64.3 -375.4 | 5(-57.8) 2(7.96) 0
8208 120.85 340 5(45.1) 2(57.5) 1/2(49.0)
AH = 115,800 cal/mole Togm = _115”8ob,= 514°K
‘ 298 ' _ NE -§7§73-
438298v='278.6 EU/mole
Z§F298 = 32,700 cal/mole

Equation.8.

UOz(NO3)z*6HZ0 ———— 'UO5 + 6H20 + 2N0p + 1/2 O

Alygg  =T64.3 ~291.6  6(-57.8)  2(7.96) 0
8,93  120.85 . 23.5T  6(45.1) | 2(57.5) 1/2(49.0)
A = ; g / = ¥ L= 20
.H298 141,800 cal/mole TNE - ;;izégo 453°K
Z35298 = 312.9. EU/mole
AF = 141,800 -.298(312.9) = 48,600 cal/mole

298




Equation 9.

4o

U02(N03) ' 6H20 —— 1/3Us0g  + 6Hz0 .+ -2NOp
ABygg  =T6%.3 . 1/3(-853.5) 6(=57.8)" 2(7.96)
5298 120.85 -1/3(66) 6(45.1)  2(57.5)
Z&H298 =.148,900 cal/mole ‘TNE'='12§§?20' -
D8yog = 319.5 EU/mole
AF,g8 = 148,900 - 298(319.5) .= 53,700 cal/mole

Equation 10.
-‘Uoz(N03)2'6;'120

AH298 ~T64 .

S 120.

298

A'H298

——> 1M U0y 4 6HN 4 2N0p

30 1/M4(-1081) - 6(-57.8)  2(7.96)
85 - 1/4(80.29) 6(45.1)  2(57.5)
=.163,400 cal/mole Tyg = 163,400 =
= 327.8 EU/mole |

163,400 -.298(327.8) = 65,900 cal/mole

+2/3 02 .

0
2/3(49.0)

466°k

-+ 7/802
0

7/8(49.0)

499°k
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Equation 11.-

U02(NO5) o' 6H20 ——— U0  +  6Hz0  + 2NOs 4+ Oz

AHygg -TEH3 - 259,22  6(-57.8) .2(7.96) 0
8508 120.85 18.6 6(4571) zk57.5) 49.0.
AI_J129.8- = ,.174,,200 cal/mole — _1?;?,283 = 523°K
A8298 = 332.4 EU/mc‘Dle y
. AF,gg ;.174,2‘00 - 298(332.4) = 75,000 cal/mole |
Equation 12.

U05(NOx) o 6Ho0 —— 5 UN + 6HZ0 + NOg 4+ 302

Allygg -T64.3 =80 - 6'(_'.57‘8)" 7:96 0

' 5298 120,85 .18 6(45.1) " 57.5  .3(49.0)
AHygg = 545,500 cal/mole TNg = %2"?‘%2 = 1105°K
A3298. = 312.3 .EU/mole-

!

[5F298 = 345,500 - .298(312.3) = 252,300 cal/mole
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Figure A4.
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Free Energy vs. Temperature for Reactions 1-6.
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(Kcal/
mole) 40

T (OK)

Figure A5. Free Energy vs. Temperature for Reactions 7-11.
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Investigation at 393°K

Equation 1-at-393°K
U02(NOs) 5t 6Ho0 ———— U0o(NOz) o' 3H20  +  3HZ0

AF3g3 % 38,700 - 393(108.5) = -3900 cal/mole

Equation 2.8t 393°K
. U02(NO3) ' 6Hz20 ———> UQ2(NOs)2'2Hz0 4+  UHZ0

AFs595¥ 53,100 - 393(144.6) = -3700 cal/mole
Equation 3 at 393°K
" U02(N0s3) 2 6Hz0 ——> U0z(NO3)2-H=0 +  5Hz0
ZSF3934¥ 70,500 - 393(180.7) = -500 cal/mole

Equation U4 -at 393°K
.U05(NO3) 5* 6H0 ————> U0z(NO3) 2 +  6HZ0

AT393 % 88,300 - 393(215.8) = 3500 cal/mole

Equilibrium of Hydrated Nitrates at 393°K

Equation 13

UOZ(NO3)2'3H20-—~——*—§ UOZ(NO3)2°2H20 + H=0

AHygg  -552.2 - -H80.0 ~57.8
8298 94 85 . 45.1
A‘H‘298 = 14,400 cal/mole

A3298 = 36.1 EU/mole

AFgqs % 14,400 - 393(36.1) = 200 cal/mole
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Equation 14.

U02(NO5) 2 2Ho0 —————— U02(NOs) 2 Ho0 4 Hs0

AHpgg  =H80.0 -4ok,8 -57.8
8298 85 76 _ 45,1
AH298 = 17,400 cal/mole
| _ A5298 = 36.1 EU/mole

AF,393/=‘/ 17,400 - 393(36.1) = 3200 cal/mole

Equation 15

U02(NO5) 2° 3H20 ————  U02(NO3) o' HZ0 +  2HS0

AH298 -552.2 ' -404.8 2(=57.8)
© Sp98-  HH 76 : 2(45.1)
AHygg = 31,800 cal/mole

72.2 EU/mole,

28,598
AF393/‘=/31_-:.800' - 393(72.2) = 3400 cal/mole

Figure A6. -Results at 393°K

. U02(N05) 5 3Hp0 > U02(NO5) 2+ 2Hz0

N\

U02(N05) 2" Hz0
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. Investiga‘ti_on of Heating UQﬂNO;;)gZHJ_g_O (393-800°K)

Equation 16

U05(NO05) 2" 2Ho0 —————— U04 " 2H=0 + 2NOz

Alpgg ~ -480.0 | 436 2(7.96)
S,08 85 - 43.8 2(57.5)
ZBH298 = 59,906.ca1/mole

73.7 -EU/mole

A 8,08

AFgyq * 595900 - 800(37.7) = 900 cal/mole

Equation 17

U02(NO3) 2° 2H20 ——-} U052H=0 + 2N02  + 1/2 0z

Algg -480.0 -4lt6. 4 2(7.96) 0
8598 85 40.0 2(57.5) . 1/2(49.0)
ZSH29é = 49,500 cal/mole

A3298' = 94 .4 .EU/mole |

AFgy, = 49,500 ~ 800(94.4) = -26,000 cal/mole
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Equation 18

. U02(NO3) 2" 2H20 —— -U05"Hz0 + H0 + 2NOp .+ 1/2 0p

Alygg — -480.0 | -.-375.'4 - -57.8  2(7.96) 0
8508 85 4.4 ¥5.1 2(57.5)  1/2(49.0)
' 43298 = 62,700 cal/mole - |
A Sygg =133.9EU/mole

AFgoo? 62,700 - 800(133.9).= ~U4,300 cal/mole

Equation 19
U02(NOx) 5*2H20 e > U0+ 2Hz0 + 2NOz .+ .1/2 05

A -180.0 - =291, (-57.8) .2(7. 0
"8 . 2916 (2)(-57.8) .2(7.96) :

5298 85 23.6  2(45.1) 2(57.5) 1/2(49.0)

| - A"H298 -=.88,700 cal/mole

AS = 168.2 EU/mole

298

A 7~ 88,700 = 800(168.2) = -U45,800 cal/mole

F00
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Equation 20.

U02(NOs)z 2H20— 3 1/3'Us03 + 2Hz0 .+ 2N0x + 2/3 Op
OHygg  -#80.0 1/3(-853.5)  2(-57.8) 2(7.96) 0
5298 85 1/3(66) 2(45.1)  2(57.5)  2/3(49.0)
AH298 = 79,900 cal/mole
D5, = 174.8 EU/mole
AFgyo = 79,900 - 800(174.8) = -60,000 cal/mole

Equation 21

U0z(NO) o°2Ho0 —— 1/4 U9 + 2H0 +  2N0z + 7/8 05

AH298 -480.0 1/4 (1081) 2(-57.8)  2(7.96) 0
8598 - 85 1/4(80.3) 2(45.1) 2(57.5) T7/8(49.0)
AH298 = 110,300..cal/mole
A5298 = 183.1 EU/mole
AFg f;‘iilq,,zfoo. - 800(183,1) = ~-36,200 cal/mole

~*80o
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Equation 22

U0z(N0s) g 2He0 3 ‘U0z + 2Ho0 + 2N0p + Op

NHygg -480.0  -259.2  2(-57.8) 2(1.96) 0
‘329,8 . 785 18.6 o 2(45.1) 2(57.5) 49.0
QH298 = 121,100 .cal/mole
A8,gq =187.7 EU/mole ‘
AFggo =.121,100 = 800(187.7):= =28,;900 cal/moie

Investigation of Heating Hydrated Uranium-Trioxide (800-1000°K)
Equation 23

U0s'2Ho0 ——————)  U05'HZ0 + Hz0

AH298 ~4U6. Y -375.4 -.-57.8
Sp9g  40.0 34,4 S 45.1
£§H298 = 31,200 cal/mole
A8298 = 39.5 EU/mole
.A-F = .31,260_- 1000(39.5) = =~8300. cal/mole

~ 1000
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'Equation 24

U0 5 2Hz0 5 U054+ 2H0
AHyog TS -291.6 2(-57.8)
8598 40.0 : 23%.6 2(45.1) -
ZXH298 = 394200 cal/mole
AS_-298 = 73,8 EU/mole.
AFyg00 = 39,200 - 1000(73.8) = -34,600 cal/mole
Equation 25
U054 2Ho0 ——— 1/3_.u398 + 2H0 + . 1/6 .02
A'H-29,8 ST .1/3(853.5) 2(=57.8) 0
Syg  40.0 1/3(66) 2(45.1) 1/6(49.0)
Z&H298 = 464300 cal/mole
A S508. = _,8'Ov.4-EU/mo]_‘.e

OFqig00 = 464300 - 1000(80.4) = =34,100 cal/mole
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Equation 26

U053 2Hz0' ————  1/4 U0y + 2H0 + 3/8 02
AH298 U6 4 1/4(-1081) 2(-57.8) 0
S,08  40.0 1/4(80.3) 251) 3/8(49.0)
AH298 = 60,800 cal/mole
A5298 = 88.7 EU/mole
/_531006 = 60,800 - 1500 (88.,7) .= -24,900 cal/mole
Equation 27
05" 2Hg0 3. UOg + 2Hz0 + 1/2 0z
| AH298 4464 =259.2 - 2(-57.8) . 0
Spg8  40.0 - 18.6 2(45.1) 1,/2(49,jo)
A.H298 = 71,800 cal/mole
A8298. = 93.3 EU/mole

AF 0o = 71,800 - 1000(93.3) = -21,500 cal/mole
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Equation .28

U0 Hg0 _ y U0 * Hs0
: ZLH298 -375.4 ‘ -291.6 -57.8
Spg8 B4 23.6 45.1
z>H298 = 26,000 gal/mole
A>3298 =.34.3 EU/mole
DFigg0 = 26,000 - 1000(34.3). = .-8,300 cal/moig
Equation 29 /
U05-Hz0 —————>  1/3 Us0g +  Hg0 +  1/6 0z
453298 -~375.4. 1/3(~853.5) -57.8 ' 0
Spgg - .4 1/3(66) 45,1 1/6(49.0)
zx329é = 33,100 cal/mole
Zk5298 =..40.9 EU/mole

LFj000 = 33,100 =.1000(40.9) = '=7,800 cal/mole
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Equation 30

05 Hg0 ——> 1/4 U40g + Hz0 + 3/8-05

DHygg -375.4 1/4({1031),. : :957.8 , 0
5298 34y 1/u(‘-8.o.3v) 45,1 3/8(49.0)
DHygg = 4T 4300, cal/méle
Asé98. = 49,2 EU/molé
AFlOOO = U7,300 -.1000.(49.?').:_ ~-1900 cal/mole

Equation 31

U035 Hg0 ———— - U0z + H20 + 1/2.02

AR

g o -259.2 -57.8 o

Spgg  HH 186 0 ksa 1/2(49.0)

AH.298 = 58,400 cal/mole
A5298 = 53,8 EU/mole -

AFlooo‘ = 58,400 - 1000(53.8) = 4,600 cal/mole
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Figure A?. Results (10000K)



Compound
uos
U30g
U409
UOg

02

Equlllbrlum of Uranium Oxides
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(1000-1300°K)

Thermodynamic Values

uos = 1/J U308 + 1/6 0

U03 ——— » 1/4 U409 + J/8 O,

uos = U0g + I/2 Og

1/J U308 ————— > 1/4 U409 + 1

1/J U308 ————— » UO2 + 1/J Oi

1/4 U409——-—-—-> UO2 + 1/8 Oi
Table All.

11000 a h 1300
Kcal/mole Kcal/mole
-275.6QD -2692 (@
-804.7 121 -782 .1121

2
—1022-J( ) -995 _2/n
Q)
-245.9QD) -2)9-7
5.40> 7.8QD

@ Kelley, K_K., Bureau of Mines Bulletin 584,

(@ Calculated from Heat Capacity Equations below.

S1000
EU/mole

50 .6 (1)
148.6(2)
179.5 ()

41.0QD)

58 2)

1960 .

31300
EU/mole

56 .67)

z @)
167.9

20J.6Q)
46.411)

60.4(D)
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Cp (UO3) = 22.09 + 2.54 x 10-3T - 2.97 x 105T*2 m
Cp(U30g) = 3(22.34 + 2.65 x 10-3T - 2.92 x 105T-2) ®
Cp (U409) = 4(20.40 + 2.35 x 10-3T - 3.14 x 105T-2) (©)

() Kelley, K. K.

(3 Estimated on following pages
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C per

U atom

(cal/mole/°C)20

1100

Figure AS. Heat Capacity of Uranium Oxides as a Function
of Temperature.
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'*1300

s1300

" 1000

H1300

31000 ™

s1300
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/1300
N + N deT
/1300
-291.6 + J (22.09 + 2.54 x 10-5T - 2.97 x 1053dT
nN298 T

-269.2 kcal/mole

/1300
s298 + opdT
tT
/1300
23.57 + / (22.09 + 2.54 x 10-5 - 2.97 x 1053dT
n298 T T5
56.5 EU/mole
/ 100° n c
AH,,"o + | (67.02 + 7.95 X 10-3t - 7.86 x 10?)dT
220 /298 n 2
-853.5 + 48.4 = -804.7 kcal/mole
"1300
(67.02 + 7.95 x 10-5T - 7.86 x 109)dT
/298

-782 .1 kcal/mole

/1000
(57.02 + 7.95 x 10-5T - 7.86 x 109)dT

5298 + .00 o :

66 +82.6 = 148.6 EU/mole

/1300
gg + (67.02 + 7-95 X 10-5T - 7.86 x 105JdT
98 t2 T

66 + 101.9 = 167.9 EU/mole
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: 71000 :
AHygop = -1081 + (81.60 + 9.40 x 10737 -.12.56 x 10°)dT
.= =-1022.3% keal/mole
/1300 | .
AHy a0 = <1081 +‘///h (81.60 + 9.40 x 10™2T - 12.56 x 107)4T
298 g2 :
= -995.2 kcal/mole
1000 ' ‘
S1000 = 80-29 + /(81,60 + 9.40 x 10777 - 12.56.x 107)dT
- 298 =z T
.= 179.5 EU/mole
' 1300 '
81500 = 80-29 +’/// (81.60 + 9.40 x 10777 - 12.56 x.107)drT
5 98 - ' 2 T
=.203.6 EU/mole
Equation A (l’OYOO°K) UO3;+1/3' Us0g + 1/6 0z
zsﬁlood, - +27536u" -263.2 - 0.9
. ;_;SlOOO . 50.6 49.5 9.7
zkﬁiSOOQ;JSBOO cal/mole
ASlooo = 8-6 IE,U/mO:_Le
AF = .~300. cal/mole

1000




.Equatlon A.(1300°K)

AH500

51300
A
A81300
AF

Equation B (1000°K)

T

SlOOO

AH

AS

‘1000

A¥1000

,Eduation B (1300°K)

Al 500

51300

Al 300
A

AFq300

H1300°

1300°

"1000°

51300

~69-
-269.2 - -260.7
56.5 56.0

9800 .cal/mole

9.6 EU/mole

Il

-2700. cal/mole

U0y ——— 1/4 U40g
-275.6 =255.6

50. 6  4k.9

22,000 cal/mole

16.1 EU/mole

5900 cal/mole

-269.2 ~248.8

56..5 50.9

23,300 cal/mole

17.0 .EU/mole

1200. cal/mole

o+

1.3

10.1

3/8 .02
2.0

21.8

2.9

22.6

'

- 118510
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Equation C (1000°K) U053 —3 U0z + 1/2 0p

ARy 000 . =275.6 - -245.9 2.7

'8 50.6 11,0 29.1

1000

AH

1000 - 32,1400 cal/mole

19.5 EU/mole

1]

AF

1000 - 12,900 .cal/mole

Equation. C (1300°K)

AHjy300 -269.2 -239.7 3.9
51300 .56.5 . 464 -30.2

A 33,400 cal/mole

1

21300

B81300

]

'20.1 -EU/mole

A = T200 cal/mole

F1300

Equation D, (1000°K) 1/3 Uz0g — 1/4 UsOg + 5/24 0z

- BH 00 ~268.2 . -255.6 . 1.1

SlOOO 4¥9.5 © W49 12.1

AX

1000 =.13%,700 cal/molé

7.5 EU/mole

DS81000°
A

]

FloOQ 6200 cal/mole

Eqpation D (1300°K) .
AHIBOO -260.7 -2U8 8 1.6
?1300 56.0 . 50.9 12.6

AHy300 = 13,500 cal/mole

7.5-EU/mole
3700 cal/mole

ASlBOO-
AFl}OO




Eguation E (1000°K)

281000 -2

51000

AFy600

Equation E (1300°K)

AHyo00

51000

AH_looo

AF1000.°

Equation F (1000°K)

BHq09 -

51000
A83000

AF1000

Equation F (1300°K)

AHy300
51500
AHyg00

AS1000
AF1000

1/3. U308 ——— U0z

-260.7

-T1-
68.2 =245.9
49:.5 41.0

23,900 .cal/mole

'10.9 EU/mole

I

.13,000. cal/mole

.=239.7
56.0 YR

23,600 cal/mole

1

.10.4 EU/mole

104100 cal/mole

/4 Uslg ——> U0z  +
255,6. -245.9
44,9 k1.0

= 10,400 cal/mole

= 3Y Eu/molé

= T000. cal/mole-

-2&8.8

-239.7
50.9 46.4
= 10,100 cal/mole
= 3.1 EU/mole

= 6100 cal/mole

+

1/3 02
1.6
19.4

2.6

~20.1

1/8 0z
0.7
7.3

1.0
7.6
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Flgure A9. Equilibrium Between Oxides at 10000K.

Figure AIO Equilibrium Between Oxides at 1300°K.
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- CONGLUSIONS

ﬁheﬁ.uranyiﬁﬁitrate,is héatéd to lgo°é'(393°K); the only.decom-
position thatjdcéurs ig'dehydratiOn. - Theé formula.change at this point
is probably from an_(mo3)2-6ﬁ.20 to U04(N0s) 2-2Hz0." |

: ﬁeatihg U05(NO5) z-2HS0- from 393-1000°K,resglts in loss .of the ﬁatér
of hydratiqn,:Npguééé énd_oxygen lééving_onlyuan oxlde of wuranium.
. Investigation of thé equiiibrium of uranium.oéides at iQOO°K-and.i3005K

shows .the compound most 1likely to be predominate is U308.




NA STATE UNIVERSITY LI

T

3 1762 10014569 5

w——— ' ;
mi
I;i;i ' 149510
cop.2

Jensen, R. D.
catalytic act

\ BAANCG WA -Quad A
. \ 1428
= - Lua’
ey 7
";u._l;wbﬁ’:\.i Tin ;!
J-2a =7 (? b
3N e
NEVE
J foe
2
{ 5/"‘ J
S
A ——



