
Kinetic study of the oxidative dissolution of metamorphosed
sandstone-type uranium in aqueous H2SO4 solution

INTRODUCTION

Sandstone uranium deposits are characterized by
medium to coarse-grained sandstones deposited in a
continental fluvial or marginal marine sedimentary envi-
ronment. It constitutes about 18% of world uranium
resources. Ore bodies of this type are commonly low
to medium grade (0.05-0.4%). Wadi Sikait area be-
longs to these resources. It is located about 95 km SW
of Marsa Alam town in the south Eastern Desert of
Egypt. It is highly tectonized andcovered by ophiolitic
mélange, metamorphosed sandstones, gabbros and

porphyritic granites.
The metamorphosed sandstone (20 million Mt.

above W. Sikait level) represents the target for uranium
and associated minerals. It extends NW-SE for about
2.0 km in length and ranges from 100 - 400 m in width[1].
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Knowledge of the chemistry and kinetics of U(IV) dis-
solution is necessary for leaching processes are to be
understood and optimized.

Oxidative U(IV) dissolution rates under various con-
ditions have been reported in numerous publications.
The studies considered here were all performed at room
temperature/ 25°C in the presence of O

2
 or H

2
O

2
 and

include batch experiments[2-5], flow experiments and
electrochemical experiments[6-10]. Shoesmith et al.[11]

have performed H
2
O

2
 experiments on UO

2
 electrodes.

They have found that the oxidation rate is higher with
H

2
O

2
 than with O

2
 saturated solutions. De Pablo et

al.[12] have shown that, the oxidation mechanism of UO
2

by H
2
O

2
 is thought to occur via OH. and HO

2
.. In the

presence of carbonate they have found that the disso-
lution rate is decreased, which is interpreted as a re-
duction of the efficiency of the oxidant, due to radical
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ABSTRACT

Bench scale experiments were conducted to determine the oxidative
dissolution kinetics of metamorphosed sandstone-type uranium in dilute
H

2
SO

4
 solution with H

2
O

2
 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
the kinetic model 1�2/3X�(1�X)2/3=kt with an apparent activation energy
of 22.803 kJ/mole. It was found that both sulfuric acid and hydrogen peroxide
have significant effects on the leaching rate of uranium species. The reaction
orders of H

2
SO

4
 and H

2
O

2
 were determined as 1.073 and 2.084, respectively.

It is also found that particle size presents a clear effect on uranium leaching
rate, and the rate constant (k) is proportional to d-2.
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scavenging. The reactivity of this radical towards the
UO

2
 surface is expected to be identical to the reactivity

of the hydroxyl radical, i.e. the reaction is diffusion con-
trolled[13].

The dissolution kinetics of U(IV) using various oxi-
dants in alkali metal carbonate solutions at room tem-
perature has previously been reported by Peper et al[14].
Of the oxidants tested in that study, hydrogen peroxide
(H

2
O

2
) exhibited the most rapid initial dissolution rate.

This result was attributed to H
2
O

2
 acting as both an

oxidant and a ligand under alkaline conditions. More-
over, the apparent initial rate of U(IV) oxidation in-
creased with increasing peroxide concentration. Pierce
et al[15] reported the rate of UO

2
 dissolution increased

by an order of magnitude with a 30 °C increase in tem-

perature. The alkaline dissolution of UO
2
 (pH 11�13)

in the presence of H
2
O

2
, without taking into account

added carbonate or H
2
O

2
 consumption, was modeled

via a pseudo first-order reaction[16]. Gogoleva et al[17]

reported the leaching kinetics of brannerite ore in sul-
phate solution with iron (III) the results showed that,
The leaching rate increased with an increase of H

2
SO

4

concentration, and it was proportional to 0.69 power
of H

2
SO

4
 concentration, also the leaching rate of

brannerite increased with increase in Fe(III) concen-
tration, and followed a half-order with respect to the
ferric iron concentration up to 0.01 M. This paper re-
ports the results of initial rate experiments designed to
determine the dissolution rate of U(IV) in dilute H

2
SO

4

solution containing H
2
O

2
 as oxidizing agent.

EXPERIMENTAL

Characterization of the working material

The studied sample used in this investigation was
obtained from Wadi Sikait area which is located in
South Eastern Desert, Egypt. it was crushed to+250
ìm and then ground to the required particle size of (-

74 ìm). It composed mainly of 80.03 % SiO
2
, 2.11%

Al
2
O

3
, 0.49% Fe

2
O

3
, 2.81% CaO, 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

4
)

1-X
(OH)

4X
), molybdenite (MoS

2
)

bseide quartz (SiO
2
).

Analytical procedures

The sample was analysed for its major and minor
elements using the proper analytical methods[19]. Analysis
of uranium was determined spectrophotometricaly[20].

Leaching procedure

For each run, 70 mL of H
2
SO

4
 solution of prede-

termined molarity was charged into 0.25 L conical flask
and heated to the required temperature. Thereafter, stud-
ied sample (5 g) was added to the conical flask and the
contents were well stirred. After leaching, the leaching
residue was filtered; the filtrate and leaching residue were
analyzed for uranium spectrophotometricaly.

RESULTS AND DISCUSSION

Kinetic analysis

Increasing attention is being paid to the study of the
chemical kinetics of nonhomogeneous systems. In the
classic homogeneous systems, the usual rate laws of
first- and second-order kinetics are often sufficient to
explain and analyze the experimental data. Leaching is
a central unit operation in the hydrometallurgical treat-
ment of ores, and the reactions occurring during the
leaching process are typically heterogeneous. Thus,
leaching reactions do not often obey simple first- and
second-order kinetics. A kinetic analysis of these kinds
of reactions is generally performed by noncatalytic het-
erogeneous reaction models. A kinetic analysis of leach-
ing reactions is required for the effective design of leaching
reactors for use in a hydrometallurgical plant.

The leaching reaction of mineral particles by a re-
agent (a solid�fluid reaction) can be represented by the

following reaction:
products solidand/or  fluid bB  A solidfluid  (1)

where A, B, and b represent the fluid reactant, the solid
undergoing leaching, and stoichiometric coefficient, re-
spectively. The kinetic of leaching reactions is often
described by the shrinking core model. According to
the shrinking core model, it is thought that the reaction
between solid and fluid reactants takes place on the
outer surface of solid. The solid reactant is initially sur-
rounded by a fluid film through which mass transfer
occurs between the solid and the bulk fluid. As the re-
action proceeds, the unreacted core of the solid shrinks
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toward the center of the solid, and a porous product
layer forms around the unreacted core. However, it is
assumed that the initial outside radius of the solid does
not change while the leaching reaction continues[18].

The leaching rate of solid is governed by physical
and chemical factors. The governing factors are the rate
of transport of fluid reactant to and products from the
particle surface (i.e., diffusion through the fluid film),
the rate of diffusion of fluid reactant and products through
the porous product layer that forms on the unreacted
core of solid (i.e., diffusion through the product layer),
and the rate of the reaction at the surface of unreacted
core (i.e., surface chemical reaction). Each of these
phenomena affects the rate of the overall leaching reac-
tion. One or more of these factors might control the
rate of reaction[19].

For each step mentioned, the integrated rate equa-
tions derived from the shrinking core model are given in
the literature. These rate equations can be written as
follows:

If the leaching rate is controlled by the diffusion
through the liquid film, then the integrated rate equation
is:

tk  X 1 (2)

If the reaction rate is controlled by the diffusion through
the ash or product layer, then the integrated rate ex-
pression is:

tK  X)-(1  2/3X  1 d
1/3
 (3)

If the leaching rate is controlled by the surface chemical
reaction, then the integrated rate equation is:

tK  X)-(1  1 c
1/3
 (4)

where X is the conversion fraction of solid particle, k
l
 is

the apparent rate constant for diffusion through the fluid
film, k

d
 is the apparent rate constant for diffusion through

the product layer, k
c
 is the apparent rate constant for

the surface chemical reaction, and t is the reaction time.

Effect of temperature

The effect of temperature on reaction rate was ex-
amined in the range of 298�368°K under the condi-

tions of -74ìm particle size, 2.5 M H
2
SO

4
, 0.6 M H

2
O

2

and 1:14 solid : liquid ratio over a period of 120 min.
The results, shown in Figure 1, indicate that tempera-
ture has significant effect on the rate of leaching and
overall extraction efficiency of uranium. To determine

The relationship between [1�2/3(X) � (1-X) 2/3]
values and leaching time for uranium at various tem-
peratures are plotted in Figure 2), regression analysis
shows all R squares for the equations at the five tem-
peratures are greater than 0.99. Such results indicate
that the linear relationship between [1 � 2/3(X) � (1-X)
2/3] and leaching time(t) is significant and suggest that
the leaching rate of uranium in presence of H

2
O

2
 is con-

trolled by diffusion through the ��product�� layer. Since,

from the above discussion, no insoluble product forms,
it is inferred that the insoluble oxide minerals (quartz,
etc.) associated with uranium play the role of the ��prod-

uct�� layer.

The apparent activation energy was determined
based on the Arrhenius equation:

T)-(-Ea/R exp  A k  (6)

or Ea/RT  lnA  lnk  (7)

Where k is a reaction rate constant, A is the frequency
factor, Ea is the apparent activation energy and R is the
gas constant. the lnk versus 1/T data for the five tem-
peratures are graphed in Figure 3. The regression analy-
sis showed that the linear relationship is also significant.
The apparent activation energy (Ea) was, hence, de-
termined to be 22.803 kJ/mol.

the kinetic parameters and rate-controlling step of the
leaching of uranium in sulfate solutions, the data ob-
tained in Figure 1 were analyzed based on the shrinking
core model using the rate expression given in Eqs. [2]
through [4]. By applying the rate expression in Eqs. [2]
through [4] it was found that, Only the following diffu-
sion-controlled kinetic equation was found to fit the data
best from 0 to 120 min:

tK  X)-(1  2/3X  1 d
2/3
 (5)

Figure 1 : Effect of temperature on leaching rate of uranium
at (2.5M H

2
SO

4
, 0.5M H

2
O

2
, -74µm).
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Effect of H2SO4 concentration

The effect of H
2
SO

4
 concentration was carried out

by varying the concentration from 1 to 2.5 M under the
conditions of -74 µm particle size, 0.5 M H

2
O

2
, and

1:14 solid/liquid ratio. The leaching results are in Figure
4. The corresponding results of [1 � 2/3(X) � (1-X) 2/3]
values against time at various concentration are shown
in Figure 5. It can be seen that, increase in H

2
SO

4
 con-

centration causes a distinct increase in the leaching rate
of uranium. An initial H

2
SO

4
 concentration of 2.5 M is

necessary to obtain a high dissolution rate of uranium.
Effect of H2O2 concentration

The effect of H
2
O

2
 concentration on the leaching

rate of uranium was studied by varying the total initial
concentration of H

2
O

2
 from 0.1 to 0.5 M under the

conditions of 95°C, 2.5 M H
2
SO

4
, -74 µm particle size.

The leaching results are plotted in Figure 7. The corre-
sponding [1 � 2/3(X) � (1-X) 2/3] values against time at
various H

2
O

2
 concentration are shown in Figure 8.

As mentioned above, the log-log results between
the rate constant versus the total H

2
O

2
 concentration

are illustrated in Figure 9. The reaction order is deter-
mined to be 2.084 hence the leaching efficiency strongly
depends on the H

2
O

2
 concentration. The mechanism

Figure 2 : Relationship between [1 � 2/3(X) � (1-X)2/3] and
leaching time for uranium leaching at various temperature
at (2.5 M H

2
SO

4
, 0.5 M H

2
O

2
, -74 µm).

Figure 4 : Effect of H
2
SO

4
 concentration on leaching rate of

uranium at (0.5 M H
2
O

2
, 95° C, -74 µm).

Figure 3 : Arrhenius plot for uranium leaching at (2.5 M
H

2
SO

4
, 0.5 M H

2
O

2
, -74 µm).

Figure 5 : Relationship between [1 � 2/3(X) � (1-X)2/3] and
leaching time for uranium leaching at various H

2
SO

4 
con-

centration at (0.5 M H
2
O

2
, 95° C, -74 µm).

In order to obtain the reaction order of H
2
SO

4
 acid

the log�log results of the rate constants versus the con-

centration of H
2
SO

4
 acid are plotted in Figure 6. The

slope of the line, or the reaction order of H
2
SO

4
 acid, is

found to be 1.0733 Hence the leaching rate of uranium
strongly depends on the acid concentration.

Figure 6 : Log � log plot between rate constant versus total

H
2
SO

4
 concentration at (0.500 M H

2
O

2
, 95.000° C, -74.000

µm).
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of the oxidation of U (IV) by H
2
O

2
 in sulfuric acid me-

dium may be considered as follows[20]:
2

4
-2

4
4 )U(SO SO  U 

 (8)


 H  )(OH)U(SO  OH )U(SO 42

 2
4 (9)

OH  )(OH)U(SO  OH  )(OH)U(SO 24224  
 (10)



  H  OH  )(SOUO OH  )(OH)U(SO 24224 (11)

O2H  )U(SO  )(SOUO  )(OH)2U(SO 2
2

44224 
 (12)

OH  OH  UO  H  OH  UO 2
2

2222




 (13)

OH  HO  OH  OH 2-222  (14)

2224

2 -24

OH  )(OH)U(SO
  OH HO  )(OH)U(SO









(15)

Figure 8 : Relationship between [1 � 2/3(X) � (1-X)2/3] and
leaching time for uranium leaching at various H

2
O

2
 concen-

tration at (2.5 M H
2
SO

4
, 95°C, -74 µm).

Figure 9 : Log � log plot between rate constant versus total

H
2
O

2
 concentration at (2.5 M H

2
SO

4
, 95° C, -74 µm).

Figure 7 : Effect of H
2
O

2
 concentration on leaching rate of

uranium at (2.5 M H
2
SO

4
, 95° C, -74 µm).

Effect of particle size

Effect of particle size on the rate of reaction of ura-
nium in the range of 250 to 74 µm in presence of 2.5 M

H
2
SO

4
, 0.5 M H

2
O

2
 and 1:14 solid/liquid ratio are pre-

sented in Figure 10, the obtained results showed that,
as the particle size decrease the extraction efficiency of
uranium increased.

Figure 10 : Effect of particle size on leaching rate of ura-
nium at (2.5 M H

2
SO

4
, 0.5 M H

2
O

2
, 95° C).

Figure 11 : Relationship between [1 � 2/3(X) � (1-X)2/3] and
leaching time for uranium leaching at different particle size
at (2.5 M H

2
SO

4
, 0.5 M H

2
O

2
, 95° C).

Figure 12 : Plot between rate constant versus the inverse of
square particle diameter at (2.5M H

2
SO

4
, 0.5M H

2
O

2
, 95° C).

The corresponding results of [1 � 2/3(X) � (1-X) 2/

3] values against time at various concentrations are
graphed in Figure 11. The apparent rate constant are
determined and plotted versus the inverse of the square
particle diameter, d-2 as in Figure 12. The regression
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equation is found to have R square of 0.995. The di-
rectly proportional linear relationship of rate constants
to d-2 supports the conclusion that the leaching of ura-
nium in the presence of H

2
O

2
 from the working sample

is diffusion controlled.

CONCLUSION

The leaching kinetics of uranium from metamor-
phosed sandstone-type uranium show that, the rate of
U(VI) leaching using dilute H

2
SO

4
 in presence of H

2
O

2

is controlled by diffusion through a �product� layer and

follows a shrinking core kinetic model 1"2/3X�(1"X)2/

3=kt with an apparent activation energy of 22.803 kJ/
mole. The kinetics study also shows strong dependence
on acid and H

2
O

2
 concentration with a reaction order

of 1.074 for total H
2
SO

4
 concentration and a reaction

order of 2.084 for H
2
O

2
. It is also found that particle

size presents a clear effect on uranium leaching rate,
and the rate constant (k) is proportional to d-2.
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