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Abstract

Phosphate rock is one of the most important REEs secondary resources. Accordingly, this work focuses on the selective
leaching of REES from Abu-Tartur phosphate rock using Tartaric acid solution. The influence of various factors affecting the
leaching process such as reaction time, acid concentration, liquid/solid mass ratio, reaction temperature and stirring speed
were thoroughly studied to estimate the favor REEs dissolution in relation to P.Os. The leaching data shows that 90.5 and
26.8 % of REEs and P,0s respectively could be leached from phosphate rock after 60 min using 1.0 M Tartaric acid and 5/ 1
liquid/ solid, mL/ g, ratio at room temperature with mechanical stirring of 300 rpm. The application of graphical and
statistical approaches for the analysis of kinetic data revealed that the rate of REEs leaching from Abu-Tartur phosphate rock
using Tartaric acid is determined by the ash layer diffusion step. The apparent activation energy for the dissolution process
was calculated as 12.43 kJ/mol. The dissolution process could be expressed by the following semi-empirical kinetic equation:

2
[1 -31-a)3+2(1—-a)| =0.22 @~ 12431/RT
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1. Introduction

Phosphate ore is an important economic deposit in Egypt.  significant minerals known to contain essential or significant
Three main mine areas are found in Egypt, namely; the = REEs are monazite, bastnasite, and xenotime [6].
western desert between El-Kharga and El-Dakhla Oases, the Many studies have been reported on the leaching of rare
Nile valley near Idfu and along the red sea between Safaga earth from their ores [7- 9] described REEs leaching from
and Quesir [1]. Abu Tartur phosphate deposit is one of the  the ore materials using (NH4).SO4. It was found that the
largest phosphates mining area (1000 million tons and 200 leaching ratio of Neodymium (Nd) was 67.3 % at 1 %
million tons proved) in the Middle East. This mining area is ammonium sulfide, 3 h leaching time, and 0.09 solid to
located in the western desert of Egypt, about 60 Km from liquid (S/L) ratio. Leaching of lanthanides from
El-Kharga City and 10 Km from the main road between EI-  phosphogypsum was carried out using either free acids such
Kharga and El-Dakhla Oases [2]. Phosphate ores in thisarea as HCI and HNOs or these acids associated with Nonyl
are of sedimentary origin and of the apatite group, of which  Phenol Ethoxylate [10]. The factors affecting the leaching
the most commonly encountered, variants are; Fluorapatite  process were optimized. Also, the kinetics of the leaching

Cal (po ) (F,OH )2 and Francolite  investigated as a function of temperature. The leaching of
0 4/6 lanthanides by the associated system decrease the activation
CalO(PO4)6—x (co, )X (F,OH )2+ x 31 energy from 5.89 and 12.24 kJ mol to 5.28 and 3.79kJmol™

for HCI and HNOg respectively. Wang et al. [11] described
the kinetics of leaching from phosphoric ore by HNOg,; it
was found that the leaching process was controlled by the
chemical reaction. The apparent activation energy was
calculated to be 70.6 kJmol, and the apparent reaction order
was 0.83.

Xingliang et al. [12] studied sulfuric acid as leaching
agent to extracting REEs from the roasted ore of Dechang
bastnaesite in Sichuan, China. It was found the apparent

Recently, REEs years play a critical role in civilization
and human life, since they are widely utilized in most
everyday applications because of their unique chemical and
physical properties. These elements have many applications
such as reduction of energy consumption, increasing energy
efficiency and advance lifestyle consumer and other medical
applications [4-5]. Despite there are more than 200 minerals
as a source of REEs, almost all their production has come
from less than 10 minerals. The most economically
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activation energy is 9.24 kJ mol?, this proves that the
leaching process is controlled by the diffusion of reactants
and products through a porous layer. Chi et al. [13] studied
the leaching kinetics of  lanthanides from a manganese-
removed weathered rare earth mud (MRW-RE mud) by HCI
solutions. It was found that a shrinking-core model could be
used to describe the leaching process, with the apparent
activation energy about 10.17 kJ mol.

Organic acids have been used for upgrading phosphate
rocks containing calcareous materials, [14]. Formic acid was
used to upgrade Abu Tartur calcareous phosphate from
around 25% up to 28%, [15]. Other organic carboxylic acids
used are, lactic acid, [16], acetic acid, [17] and succinic acid,
[18] the mechanism of these reactions was found to be
chemically controlled, with activation energy in the range
40-64 kJ/mol.

The purpose of this work is to investigate the effect of
different factors on the kinetics of lanthanides dissolution
from Abu-Tartur phosphate rock using Tartaric acid; in
order to assess the dissolution mechanism and establish an
empirical equation relating the rate constant of lanthanides
leaching for the purpose of process design.

2. Experimental

2.1. Materials:

Tartaric acid (2, 3-Dihydroxybutanedioic acid), used in
this research work was of reagent grade. The representative
working sample was collected from the under study mine of
Abu Tartur plateau located in the Western Desert of Egypt
where the New Valley project is constructed. The sample
was dried, crushed and sieved, and a particle size fraction of
150-63 um was selected as a material for the subsequent
experiment. The drying of sieved samples was done in an
oven at 100 °C. These samples were brought to ambient
temperature and were kept in well dried plastic jars. The
chemical analysis of the representative working sample is
shown in Table 1. The Mineralogical composition was
obtained by powder X-ray diffraction (XRD, Rigaku model
D/max-2500) to define the mineralogical structure, which
illustrated in the X-ray diffraction pattern (Figure 1). XRD
pattern clear that the main mineral phases of the phosphate
rock sample is are Fluorapatite together with minor amounts
of quartz, Dolomite, and Calcite.

Table (1): Chemical analysis of Abu-Tartur phosphate concentrate

Constituent, %

P20s 30.1 SOs3 1.50
CaO 44.4 MgO 0.90
Fe,O3 3.8 Al,O3 0.46
F 2.8 Na.O 0.28
SiO 2.3 L.O.l" 5.1
Constituent, mg
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Fig (1): XRD pattern of Abu-Tartur phosphate working sample.
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3.2. Procedure:

Leaching experiments were conducted at atmospheric
pressure using a beaker set in thermostat water bath. In the
leaching process, Tartaric acid solution was mixing with
Abu-Tartur phosphate sample and leaching at a certain
temperature for a certain period. Subsequently, the residue
was removed by filtration. The amounts of REEs and P20s
in the leaching filtrate were analyzed spectrometrically by
the Arsenazo Il [19] and (ammonium molybdate and
ammonium metavanadate) [19] respectively. The leaching
efficiency of REEs and P,Os was determined as a function of
leaching time, Tartaric acid concentration, liquid-solid ratio
(mL/g), leaching temperature and stirring speed. The
leaching efficiency, % was calculated by the following
equations:

REEs concentration in the solution, g

REEs leaching, % = X100

REEs concentration in the working sample, g

P,0; concentration in the solution, g

P,05 leaching, % = X100

P,0; concentration in the working sample, g

The dissolution fraction (o) was calculated by the
following equations.

Amount of REEs in the solution, g

REE =
A(REES)exp Total amount of REEs in the working sample, g

Amount of (P,05) in the solution, g

@(P0s)exp = Total amount of (P,05) in the working sample, g

3. Results and discussion

This work consists of two parts: the first is an
exhaustive study of the effect of variables that can
affect the process rate (reaction time, Tartaric acid
concentration, pulp density, temperature, and
stirring speed), and the second is the evaluation of

the phosphate dissolution kinetic by the application
of several models.

3.1. Effect of parameters:

The following is a discussion of the obtained
results for REEs and P>Os leaching from Abu-Tartur
phosphate rock with Tartaric acid solution. Here, the
effects of reaction time, Tartaric acid concentration,
liquid/ solid ratio, temperature and mechanical
stirring speed on the dissolution process have been
investigated.

3.1.1. Effect of reaction time

Fast leaching kinetics is beneficial for the
industrial process. To study the effect of dissolution
time, different durations ranging from 5 to 120 min
were performed under the conditions of 0.4 M
Tartaric acid, reaction temperature 20+£1 °C, stirring
speed 300rpm, liquid/solid ratio 3: 1, and ore sample
particle size 150-63 pm. The experimental results
are shown in Figure 2. In the initial stage of the
reaction the concentration of Tartaric acid and
phosphate rock is relatively high, so the reaction
rate is relatively fast, the rock component is
decomposed quickly, resulting that P205 and X
REEs content in the leach Iliquor increased
obviously. Numerically, as the reaction time
increases from 5 to 60 min, the leaching percent of
REEs and P205 increased from about 16.1 to 35.2
% for REEs, and from 3.6 to 8.2 % for P205.
Further increase in stirring time more than 60 min
has a slight effect on the REEs and P205 leaching
efficiency. Therefore, in all proceeding experiments,
the reaction dissolution time was kept at 60 min.
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Fig (2): Effect of time on the REEs and P,Os dissolution efficiency, % ([Tartaric acid]: 0.4 M; particle size: 150-63 pm;
stirring speed: 300 rpm; L/S mass ratio: 30 ml/10 g; temperature: 20£1 °C).

3.1.2. Effect of Tartaric acid concentration:

Under the experimental condition of reaction temperature
20+1°C, liquid/solid ratio 3: 1, reaction time 60 min, and ore
particle size 150-63 pm, the effect of Tartaric acid
concentration on REEs and P,Os leaching result was
investigated in detail. The acid concentrations used in the
experiments were ranging from 0.2 to 1.2M. Experimental
results are shown in Figure 3. It can be seen that the
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dissolution of REEs and P,0s increase from 19.4 to 67.2 and
from 2.6 to 26.5% respectively with the increase in acid
concentration while acid concentration varies from 0.2 to
1.0M. Further increase in Tartaric acid concentration has a
slight effect on REEs and P,Os leaching efficiency. This
behavior may be attributed to that highly concentrated
organic acid solution does not react with calcium
carbonate because of the large polarity of the O-H bond
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of the acid molecules and it is necessary to use dilute
solution for an effective reaction. In dilute solutions, water
molecules tend to decrease the effect of the polarity of the

organic acids O-H bond [16]. Therefore, 1.0 M Tartaric
acid is the choice acid concentration used for the other
experiments of the dissolution of Abu Tartur phosphate ore.
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Fig (3): Effect of Tartaric acid concentration on the REEs and P,Os dissolution efficiency, % (stirring speed: 300 rpm;
particle size: 150-63 um; L/S mass ratio: 30 ml/10 g; stirring time: 60 min; temperature: 20£1 °C).

3.1.3. Effect of liquid/ solid ratio

With the condition: Tartaric acid 1.0 M, reaction time 60
min, reaction temperature 20°C, and ore sample particle size
150-63 um, the effect of liquid/solid ratio on leaching result
was investigated, using different liquid/solid ratio as 2: 1, 3:
1,4:1,5: 1, 6: 1 and 7: 1. The experimental results are
shown in Figure 4. It was found that the liquid/solid ratio is
an important influence factor on the enrichment of
phosphorus and REEs elements. Liquid/solid ratio affects
the concentration of ore slurry and the chemical reaction
between the Tartaric acid and phosphate rock, thus, it affects
the grade and recovery rate of REEs and P,Os. Figure 6

shows that in the range of 2: 1 to 5: 1, the dissolution of
REEs and P,Os are increased with the increase liquid/solid
ratio. At the liquid/solid ratio of 5: 1 the leaching efficiency
of REEs and P,0s reaches the maximum value, i.e., REEs,
90.5 % and that of P,Os is 34.1%. That is may be due to the
increase of solution bulk density which causes a decrease in
the migration of different ions to the liquid medium. When
the liquid/solid ratio further increases to 7: 1, there occur
negligible changes in the efficiency of REEs and P;Os
leaching. Therefore, 50 ml/ 10 g, Tartaric acid/ phosphate
rock mass ratio represents the preferred condition for the
other dissolution experiments.
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Fig (4): Effect of liquid/ solid ratio on REES and P,Os dissolution efficiency, % (stirring speed: 300 rpm; particle size: 150-63
pum; [Tartaric acid]: 1.0 M; stirring time: 60 min; temperature: 20+1 °C).
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3.1.4. Effect of temperature

To study the effect of temperature ranging from 20 to
50+1 °C on the dissolution of REEs and P,Os from Abu-
Tartur phosphate rock has been investigated. The other
parameters have been fixed at reaction time of 60 min,
stirring speed of 300 rpm, Tartaric acid concentration of 1.0
M, particle size fraction of 150-63 pm, and liquid/ solid
ration, 50 ml/ 10 g. The obtained results were presented

graphically in Figure 5 as a relation between leaching
efficiency and temperature. From the Figure, it is clear that
REEs and P,Os dissolution efficiency % was slightly
increased by increasing the reaction temperature from 20 to
50 °C. Therefore, room temperature represents the preferred
temperature for the other factors experiments.
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Fig (5): Effect of reaction temperature on REEs and P,Os dissolution efficiency, % (stirring speed: 300 rpm; particle size:
150-63 um; [Tartaric acid]: 3.0 M; stirring time: 60 min; L/S mass ratio: 50 ml/10 g).

3.1.5. Effect of Stirring Speed:

The experiment results of the effect of stirring speed range
(200-500rpm) on REEs and P»Os leaching efficiency are
plotted in Figure 6. As can be seen from the Figure, under
the same leaching conditions, as the stirring speed increased
from 200 to 500 rpm, REEs and P,Os leaching efficiency
increased slightly from 89.1 to 91.8 and from 25.8 to 27.9
respectively. Thus, the change in stirring speed has no effect
on REEs and P,Os dissolution by the tartaric acid process.
This indicates that the dissolution process does not seem to
be controlled by mass transfer through the liquid film. This

is mainly attributed to the fact that the phosphate ore
particles are more dispersed in the acid solution as the
stirring speed is increased, thereby increasing the contact
area between them and the acid. However, the promotion
effect is minimal as the fact that the leaching efficiency
increases little with increasing stirring speed. From the
viewpoint of improving leaching efficiency as well as saving
energy, the stirring speed was fixed at 200 rpm in the
subsequent experiments.
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Fig (6): Effect of stirring speed on REEs and P,Os dissolution efficiency, % (room temperature; particle size: 150-63 pm;
[Tartaric acid]: 1.0 M; stirring time: 60 min; L/S mass ratio: 50 ml/10 g).
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3.2. Dissolution Kinetic analysis
One of the major objectives of this study is the basic
understanding of the mechanism of REEs dissolution kinetic
from Abu-Tartur phosphate rocks in Tartaric acid solution.
Leaching reactions are fluid—solid heterogeneous reactions
which could be represented as the following:
A fuid + b B solic— products

In order to establish the reaction kinetics and rate
controlling step for the leaching of REEs in Tartaric acid
solution, the experimental data were analyzed using the
unreacted shrinking core model [20-21]. According to this
model, the reaction is considered to take place first at the
outer surface of the particle [22-23]. Based on this model,
the leaching process REEs from phosphate rock can be
divided into 5 steps as follows: (I) the leaching agent passes
through the diffusion layer, spreads to the mineral particle

surface, and reaches the mineral surface through the liquid
and solid boundary mask. This is called the external
diffusion process. (1) The leaching agent ions reaching the
surface of mineral particles diffuse further into the particles;
this is known as the internal diffusion process. (I11) The
leaching agent cations, which diffuse into the mineral
particles, are exchanged with the adsorbed REEs ions. (IV)
The insoluble substance produced by the leaching agent and
mineral causes the solid film to thicken, and it exchanges
with the desorbed REEs ions; at the same time, it diffuses
from the solid film to the mineral surface. This is called the
internal diffusion process. (V) The exchanged REEs ions
diffuse from the surface of mineral particles to the leaching
solution; this is known as the external diffusion process. The
schematic of the leaching process [24] is shown in Figure 7.
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Cy - Leaching solution concentration
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The kinetics of the leaching reaction is controlled by the
slowest rate step, which is called the rate-limiting step.
There are three possible kinetic models [26-27] for REEs
leaching process: kinetic model of film diffusion control,
kinetic model of chemical reaction control, and Kinetic
model of ash layer diffusion control. The kinetic equations
are given below:

[1I-1-a)] =Kt...(1)

For film diffusion control step

[1-a-ai]=ke..@

For a surface chemical reaction control step
[1-30-a) +20 - )] =K. )
For ash layer diffusion control step

Where k is the reaction rate constants (min of the
different steps in the leaching process, which are associated
with the leaching conditions and ore properties. a is the
fraction of S reacted (g), t is the leaching time (min).
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Fig (7): Schematic diagram of the leaching process of phosphate ore [24]).

Fluid/solid reaction models were used for the analysis of
the data to evaluate the slowest step and the Kkinetic
parameters for the leaching of REEs leaching from Abu-
Tartur phosphate rock using Tartaric acid solution. The
reliability and validity of the data were examined by
statistical as well as by graphical approaches. Under the
conditions used in this work, external diffusion has been
found not to apply to the experimental fact that rate of
stirring does not affect the fraction of the dissolved material
and its effect, therefore, will not be analyzed [28].
Accordingly, equations 2 and 3 will be applied to figure out
the kinetic of Abu-Tartur phosphate rock leaching process.
In this regard, the results obtained from the reaction
temperature investigation has been used to plot the relation
between [1 — (1 — a)*®], and [1 — 3(1 — )?® + 2(1 — )]
against time t as shown in Figures 8 and 9 respectively. The
fit model should give a straight line which passes through
the origin.
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Fig (8): Effect of temperature on the function [1 — (1 — &) ¥®] (particle size: 150-63 um; [Tartaric acid]: 1.0 M; L/S mass
ratio: 50 ml/10 g; mechanical stirring speed: 300 rpm).
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Fig (9): Effect of temperature on the function [1 —3(1 — &) #2+2(1 — )] (particle size: 150-63 um,; [Tartaric acid]: 1.0 M; L/S
mass ratio: 5/ 1; stirring speed: 300 rpm).

From the Figures, it was perceived that the rate The values of the regression coefficients and the apparent
determining step of the dissolution reaction is ash layer rate constants calculated at different reaction temperature are
diffusion controlled. The rate expression for leaching shown in Table 2.
reaction of REEs was found to follow the rate equation 3.

Table (2): The value of the apparent rate constant, K, min'! with the correlation coefficient at different temperature range

Temperature, °C Apparent K, min! InK Correlation coefficient
20 0.0052 -5.26 0.98
30 0.0066 -5.02 0.99
40 0.0073 -4.92 0.98
50 0.0085 -4.77 0.97
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The activation energy (Ea) of REEs dissolution reaction
was calculated from the Arrhenius equation:

K =k, e EV/RT __(4)

Where k is the overall rate constant (min~ 1), k, is the
frequency factor (min™), Ea is the activation energy (J
mol™), R is the universal gas constant (8.314 J K™mol™),
and T is the reaction temperature (Kelvin).

From Equations 3 and 4, Arrhenius equation could be
written as the following:

[1 —3(1—a)i+2(1 - a)] = k, e"Ea/RT¢ _ (5)

According to Arrhenius equation, the relation between In k
and 1/T will give a straight line with a slope of —Ea/R and an
intercept of In k, (Figure 10). From the Figure, it is clear that
the relation is found to be linear with a correlation
coefficient of 0.98. From the Figure, the activation energy
and frequency factor k, of REEs dissolution reaction have
been calculated and found to be equals 12.43 kJ/mol and
0.22 min. The activation energy value is below 20 kJ/mol,
which proves that REEs leaching process form Abu-Tartur

phosphate rock using Tartaric acid solution is controlled by
internal diffusion kinetics [20, 29]. Generally, a lower
apparent activation energy of a chemical reaction is more
favorable for the reaction. The apparent activation energy of
the leaching system of the combined leaching agent is lower
than that of ammonium sulfate, indicating less resistance in
the leaching process and resulting in a higher leaching
efficiency, which is consistent with the results of the
leaching test [25].

Using the values of k, and activation energy, Equation (5),
can be written as,

2
[1 —31-a)i+2(1- a)] = 0.22 e~ 12431/RTy _(6)

The magnitude of energy of activation calculated for
REEs leaching shows that the reaction of REEs with Tartaric
acid is ash layer diffusion. Moreover, this value is in
agreement with the value of activation energy found in a
similar study [26].

-4.70 -

-4.80 -

-4.90 -
% 5.00 1

y =-1.4951x - 0.1313
2
5.10 | R2=0.9777
5.20
[
530 1
3.05 3.10 3.15 3.20 3.25 3.30 3.35 3.40 3.45
1000/ T, K

Fig (10): Relation between In K and (1/T) K X 1000

To test the workability and reproducibility of the
suggested model, the experimental data were compared with
the calculated ones. The comparison of the two sets of data
has been shown in Figure 11. The scatter diagram (Figure
11) represents that the arrangement between oexp and oicar iS
good. The value of correlation coefficient (0.98) indicates
that the relationship between the two variables is good.

For 24 experimental observations, the relative mean
square of errors was determined using the following
equation:

1/2
— Corp)”

(@ca
Z - (acar)?

The relative mean square of errors (0.024) also reasonably
supports the applicability of the model.




M. F. Kamel et.al., J. Bas. Env. Sci., 6 (2019) 78-87

25 4
20 4
y =0.9539x
R%=0.9864
15
E
(=]
10 A
5 4
)
0 T T T T T T T T T T T 1
0 5 10 15 20 25
aexp

Fig (11): Agreement between experimental and calculated dissolution fractions

4. Conclusion:

The leaching of REEs from Abu Tartur phosphate rock
using Tartaric acid solution has been investigated in terms of
the highest REEs leaching efficiency with the minimum
P05 leaching efficiency. The influence of different variables
on the leaching process such as; leaching time, Tartaric acid
concentration, reaction temperature, stirring speed, and
liquid/ solid ratio has been studied. The preferred leaching
conditions have been determined as, reaction time of 60 min;
Tartaric acid concentration of 1.0 M, room temperature, and
liquid/ solid ratio, mL/ g of 5: 1. Within these conditions,
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