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ABSTRACT

Bench scale experiments were conducted to determine the oxidative
dissolution kinetics of metamorphosed sandstone-type uranium in dilute
H,SO, solution with H,0, as oxidizing agent. The kinetics results showed
that, the rate is controlled by diffusion through the “product” layer
composed of the associated concomitants. The leaching process follows
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the kinetic model 1-2/3X—(1-X)?*=kt with an apparent activation energy
of 22.803 kJ/'mole. It wasfound that both sulfuric acid and hydrogen peroxide
have significant effects on theleaching rate of uranium species. Thereaction
ordersof H,SO, and H,O, were determined as 1.073 and 2.084, respectively.
Itisalso found that particle size presentsaclear effect on uranium leaching

rate, and the rate constant (k) is proportional to d2.
© 2013 Trade ScienceInc. - INDIA

INTRODUCTION

Sandstone uranium depositsare characterized by
medium to coarse-grained sandstones depositedina
continenta fluvia or margina marinesedimentary envi-
ronment. It constitutes about 18% of world uranium
resources. Orebodies of thistypeare commonly low
to medium grade (0.05-0.4%). Wadi Sikait area be-
longsto theseresources. It islocated about 95 km SW
of MarsaAlam town in the south Eastern Desert of
Egypt. Itishighly tectonized andcovered by ophialitic
mélange, metamorphosed sandstones, gabbros and
porphyritic granites.

The metamorphosed sandstone (20 million Mt.
aboveW. Skait level) representsthetarget for uranium
and associated mineralss. It extends NW-SE for about
2.0kminlengthand rangesfrom 100- 400 minwidth'®,

Knowledge of thechemistry and kineticsof U(IV) dis-
solutionisnecessary for leaching processesareto be
understood and optimized.

Oxidative U(IV) dissolutionratesunder various con-
ditions have been reported in numerous publications.
Thestudiesconsdered hereweredl performed a room
temperature/ 25°C in the presence of O, or H,0, and
include batch experiments?9, flow experimentsand
el ectrochemical experiments®19, Shoesmith et al .1*4
have performed H,O, experimentson UO, el ectrodes.
They havefound that the oxidation rateis higher with
H,0, than with O, saturated solutions. De Pablo et
a " haveshownthat, the oxidation mechanismof UO,
by H,0O, isthought to occur viaOH and HO,. In the
presence of carbonate they have found that the disso-
lution rateisdecreased, which isinterpreted asare-
duction of theefficiency of the oxidant, dueto radical
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scavenging. Thereactivity of thisradical towardsthe
UO, surfaceisexpected to beidentical to thereactivity
of thehydroxyl radicdl, i.e. thereactionisdiffusion con-
trolled™,

Thedissolution kineticsof U(IV) usingvariousoxi-
dantsinalkali metal carbonate solutionsat room tem-
perature hasprevioudy been reported by Peper et al™.
Of the oxidantstested in that study, hydrogen peroxide
(H,0,) exhibitedthemost rapidinitia dissolutionrate.
This result was attributed to H,0, acting as both an
oxidant and aligand under akaline conditions. More-
over, the apparent initial rate of U(IV) oxidation in-
creased with increas ng peroxide concentration. Pierce
et al™ reported the rate of UO, dissolution increased
by an order of magnitudewitha30 °C increase in tem-
perature. The alkalinedissolution of UO, (pH 11-13)
in the presence of H,O,, without taking into account
added carbonate or H,0O, consumption, was modeled
viaapseudo first-order reaction!*®l. Gogolevaet al™*”
reported theleaching kinetics of branneriteorein sul-
phate solutionwithiron (111) the results showed that,
Theleachingrateincreased with anincrease of H,SO,
concentration, and it was proportional to 0.69 power
of H,SO, concentration, also the leaching rate of
branneriteincreased withincreasein Fe(l11) concen-
tration, and followed a half-order with respect to the
ferriciron concentration up to 0.01 M. This paper re-
portstheresultsof initial rate experimentsdesigned to
determinethedissolutionrateof U(IV) indiluteH,SO,
sol ution containing H,O, asoxidizing agent.

EXPERIMENTAL

Characterization of thewor kingmaterial

The studied sampleused in thisinvestigation was
obtained from Wadi Sikait areawhichislocatedin
South Eastern Desert, Egypt. it was crushed to+250
im and then ground to the required particle size of (-
74im). It composed mainly of 80.03% SO, 2.11%
Al,O,, 0.49% Fe,O,, 2.81% Ca0, and 0.65% MgO.
Beside the presence of 5081.31 ppm molybdenum
and 506.59 ppm uranium. X-ray diffraction (XRD)
analysis of the working ore showed the presence of
coffinite (U(SIO,), ,(OH),,), molybdenite (MoS,)
bseidequartz (SI0,).
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Analytical procedures

The samplewasanalysed for itsmajor and minor
dementsusing theproper andyticd methodd™d. Andyss
of uranium was determined spectrophotometrical yi?.

L eaching procedure

For each run, 70 mL of H,SO, solution of prede-
termined molarity wascharged into 0.25 L conical flask
and heated to therequired temperature. Theresfter, ud-
ied sample (5 g) wasadded to the conical flask and the
contentswerewell stirred. After leaching, theleaching
res duewasfiltered; thefiltrateandleaching resduewere
andyzed for uranium spectrophotometricaly.

RESULTSAND DISCUSSION

Kineticanalysis

Increasing attention isbeing paid to thestudy of the
chemical kineticsof nonhomogeneoussystems. Inthe
classic homogeneous systems, the usual ratelaws of
first- and second-order kineticsare often sufficient to
explainand andyzetheexperimentd data. Leachingis
acentral unit operationin thehydrometallurgical treat-
ment of ores, and the reactions occurring during the
leaching process aretypically heterogeneous. Thus,
leaching reactionsdo not often obey smplefirst- and
second-order kinetics. A kinetic analysisof thesekinds
of reactionsisgenerdly performed by noncata ytic het-
erogeneousreactionmodels. A kineticanalyssof leech-
ingreactionsisrequiredfor theeffectivedesgn of leaching
reactorsfor usein ahydrometallurgica plant.

Theleaching reaction of minera particlesby are-
agent (asolid—fluid reaction) can be represented by the
followingreaction:

Aguig + 0B g4 = fluid and/or solid products (@

whereA, B, and b represent thefluid reactant, the solid
undergoing leaching, and stoichiometric coefficient, re-
spectively. Thekinetic of leaching reactionsis often
described by the shrinking core model . According to
theshrinking coremodd, it isthought that thereaction
between solid and fluid reactants takes place on the
outer surface of solid. Thesolid reactant isinitially sur-
rounded by afluid film through which masstransfer
occurs between the solid and thebulk fluid. Asthere-
action proceeds, the unreacted core of the solid shrinks
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toward the center of the solid, and a porous product
layer formsaround the unreacted core. However, itis
assumed that theinitial outsideradiusof the solid does
not changewhiletheleaching reaction continues*@.

Theleaching rate of solidisgoverned by physical
and chemical factors. Thegoverningfactorsaretherate
of transport of fluid reactant to and productsfrom the
particlesurface (i.e., diffusion through thefluid film),
therateof diffusion of fluid reactant and productsthrough
the porous product layer that formson the unreacted
coreof solid (i.e., diffusonthrough the product layer),
and therate of thereaction at the surface of unreacted
core (i.e., surface chemical reaction). Each of these
phenomenaaffectstherateof theoverdl leachingreac-
tion. One or more of these factors might control the
rate of reactionl*9.

For each step mentioned, theintegrated rate equa
tionsderived fromtheshrinking coremodd aregivenin
theliterature. Theserate equations can bewritten as
follows

If theleaching rateis controlled by thediffusion
throughtheliquidfilm, thentheintegrated rate equation
is

X=k,t )

If thereaction rateiscontrolled by thediffuson through
the ash or product layer, then the integrated rate ex-
pressonis.

123X (1-X)"* =Kt ©)

If theleaching rateiscontrolled by the surface chemica
reaction, then theintegrated rate equationis.

1(1-X) =K t 4

whereX isthe conversionfraction of solid particle, k; is
the gpparent rate congtant for diffusionthrough thefluid
film, k  isthegpparent rateconstant for diffusion through

the product layer, k_ isthe apparent rate constant for
the surfacechemicd reaction, andtisthereactiontime,

Effect of temperature

Theeffect of temperature on reaction rate was ex-
amined in therange of 298-368°K under the condi-
tionsof -74umparticlesize,25M H,SO,, 0.6 M H,0O,
and 1:14 solid: liquid ratio over aperiod of 120 min.
Theresults, shownin Figure 1, indicatethat tempera-
ture has significant effect on therate of leaching and
overdl extraction efficiency of uranium. To determine
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the kinetic parametersand rate-controlling step of the
leaching of uranium in sulfate solutions, the dataob-
tainedin Figure 1 were andyzed based on the shrinking
coremodel usingtherateexpressongiveninEgs. [2]
through[4]. By applyingtherateexpressonin Egs.[2]
through [4] it wasfound that, Only thefollowing diffu-
sion-controlled kinetic equationwasfoundtofit thedata
best from 0to 120 min:

1 2/3X (1-X)** =K t ©)]
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Figurel: Effect of temperatureon leaching rateof uranium
at (25M H,S0O,,0.5M H,0,, -74um).

The relationship between [1-2/3(X) — (1-X) 29
valuesand leaching timefor uranium at varioustem-
peraturesareplotted in Figure 2), regression anaysis
showsall R squaresfor the equations at thefivetem-
peratures are greater than 0.99. Such resultsindicate
that thelinear relationship between [1-2/3(X) —(1-X)
23] and leaching time(t) issignificant and suggest that
theleaching rateof uraniumin presenceof H,0, iscon-
trolled by diffusion through the “product” layer. Since,
from the abovediscussion, noinsolubleproduct forms,
itisinferred that theinsol uble oxide minerals (quartz,
etc.) associated with uranium play theroleof the “prod-
uct” layer.

The apparent activation energy was determined
based ontheArrheniusequation:
k=Aexp(-Ea/R-T) (6)
Or Ink =InA Ea/RT )
Wherek isareaction rate constant, A isthefrequency
factor, Eaisthe gpparent activation energy and Risthe
gas constant. thelnk versus /T datafor thefivetem-
peraturesaregraphedin Figure 3. Theregression anay-
sisshowed that thelinear reationshipisaso sgnificant.
The apparent activation energy (Ea) was, hence, de-
termined to be 22.803 kJ/mal.
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Figure2: Relationship between [1-2/3(X) — (1-X)?°] and
leaching timefor uranium leaching at varioustemperature
at (25M H,SO,,05M H,0,, -74 um).
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Figure 3 : Arrheniusplot for uranium leaching at (2.5 M

H,S0,,0.5M H,0,,-74 um).
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Effect of H,SO, concentration

Theeffect of H,SO, concentration wascarried out
by varying the concentration from 1to 2.5 M under the
conditions of -74 um particle size, 0.5 M H,O,, and

2-2

1:14 solid/liquidratio. Theleachingresultsarein Figure
4. The corresponding resultsof [1—2/3(X) — (1-X)?9]
vauesagainst timeat various concentration are shown
inFigure5. It can beseenthat, increasein H,SO, con-
centration causesadigtinct increaseintheleachingrate
of uranium. Aninitial H,SO, concentrationof 25M is
necessary to obtan ahigh dissolutionrate of uranium.
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Figure4: Effect of H,SO, concentration on leachingrate of
uraniumat (0.5M H.0O,, 95° C, -74 pm).
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Figure5: Relationship between [1-2/3(X) — (1-X)¥] and
leaching timefor uranium leaching at variousH,SO, con-
centrationat (0.5M H,0,, 95° C, -74 um).

Inorder to obtain thereaction order of H,S0, acid
thelog-log results of the rate constants versus the con-
centration of H,SO, acid areplottedin Figure 6. The
slopeof theling, or thereaction order of H,SO, acid, is
found to be 1.0733 Hencetheleaching rate of uranium
strongly depends on the acid concentration.
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Figure6: Log—log plot between rate constant versus total
H,SO, concentration at (0.500 M H,O,, 95.000° C, -74.000

272
pm).
Effect of H,O, concentration

Theeffect of H,O, concentration ontheleaching
rate of uraniumwas studied by varyingthetota initial
concentration of H,O, from 0.1 to 0.5 M under the
conditionsof 95°C, 2.5 M H,SO,, -74 um particle size.
Theleaching resultsareplotted in Figure 7. The corre-
sponding [1-2/3(X) - (1-X) 2% valuesagainst timeat
variousH,O, concentration areshownin Figure8.

Asmentioned above, thelog-log results between
the rate constant versusthetotal H,O, concentration
areillustrated in Figure 9. Thereaction order isdeter-
mined to be2.084 hencetheleaching efficiency strongly
depends onthe H,O, concentration. The mechanism
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of theoxidation of U (IV) by H,O, insulfuricacidme-  Effect of particle size

dium may be considered asfollows?:

U* +S0,? & U(S0,) " ®)
U(S0,)™ +H,0— U(SO,)(OH)* + H* 9
U(SO,)(OH)* +H,0, =» U(SO,)(OH),, +OH  (10)
U(SO,)(OH),, +OH — UO,(SO,) +H,0+H* (1)

2U(S0,)(OH),” = U0,(S0,) +U(S0,)"? +2H,0 (12)

UO_, +H,0,+H" - UO,” +H,0+OH (13)
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Figure7: Effect of H,0, concentration on leaching r ate of
uraniumat (2.5M H_SO,, 95° C,-74 um).
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Figure8: Relationship between [1-2/3(X) — (1-X)?°] and
leaching timefor uraniumleachingat variousH,O, concen-
trationat (25M H,SO,, 95°C, -74 pm).
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H,O, concentration at (2.5M H_SO,, 95° C, -74 um).

Effect of particlesize ontherateof reaction of ura-
niumintherangeof 250t0 74 um in presence of 2.5 M
H,S0,,0.5M H,O, and 1.14 solid/liquid ratio are pre-
sented in Figure 10, the obtai ned results showed that,
astheparticle szedecreasethe extraction efficiency of
uraniumincressed.
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Figure 10 : Effect of particle size on leaching rate of ura-

niumat (25M H,SO,,0.5M H,0,, 95° C).
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leachingtimefor uranium leaching at different particlesize
at(25M H,S0,,05M H,0,, 95° C).

272
0.0026

0.0024 A R*=0.9995
0.0022 1
0.0020 ~+
0.0018 4

-]
0.0016 4
0.0014 4

0.0012 A

0.0010 T T T T T T T T T
0.000000.000020.000040.000060.000080.000100.000120.000140.000160.000180.00020

1/d2, pm2
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Thecorresponding resultsof [1—-2/3(X) - (1-X) ?
3] values against time at various concentrations are
graphed in Figure 11. The apparent rate constant are
determined and plotted versustheinverseof the square

particle diameter, d2asin Figure 12. Theregression
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eguation isfoundto have R square of 0.995. Thedi-
rectly proportiond linear relationship of rate constants
to d? supportsthe conclusion that theleaching of ura-
niuminthepresenceof H,O, fromtheworking sample
isdiffusoncontrolled.

CONCLUSION

Theleaching kinetics of uranium from metamor-
phosed sandstone-type uranium show that, therate of
U(VI) leachingusing diluteH,SO, in presence of H,O,
iscontrolled by diffusionthrough a““product” layer and
followsashrinking corekinetic modd 1"2/3X”(1"X)?
3=kt with an apparent activation energy of 22.803 kJ/
mole. Thekineticsstudy a so showsstrong dependence
onacid and H,O, concentration with areaction order
of 1.074for total H,SO, concentration and areaction
order of 2.084 for H,O,,. Itisalso found that particle
Sizepresentsaclear effect on uranium leaching rate,
and therate constant (k) isproportional to d=.
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