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ABSTRACT

Rare earth elements (REEs) are crucial raw materials for ‘smart’ electronic devices and
emerging renewable energy resources. Accordingly, the global attention for the secondary REEs resources
such as phosphate rock is increased. Recognizing effective leaching of REEs from phosphate rock is
essential from a strategic perspective for addressing the world demand highly growth rate. The present
study investigates the leaching of REEs from phosphate rock using sulfuric acid. The impact of the main
variables on the leaching performance was examined. Design of experiments (DoE) methodology was
applied for optimization the REEs leaching process. The anticipated data declare that about 96.6% leaching
percent could be achieved according to the following conditions: 1.5 M sulfuric acid concentration, 30 mL/
g as liquid/ solid ratio, 55 °C reaction temperature and stirring time of 1.0 hr. shrinking core model (SCM)
was applied to explore the kinetic attitude of REEs leaching process. The exhibited results deduced that
leaching process is well depicted using the ash layer diffusion kinetic model. In addition, the activation of
energy of REEs leaching process was found to be equal 9.01 kJ/mol.

INTRODUCTION

Rare earth elements (REEs) is a group
of elements that identified by the European
Union’s (EU) experts as a one of the critical
materials (Jonsson et al., 2023). The Interna-

2023). The global demand of REEs are high-
ly increased in the last few years, whereas it
increased from about 136,100 tons in 2010 to
about 177,660 ton in 2023, with increasing
rate roughly by about 3.5% year-on-year (Ku-

tional Union of Pure and Applied Chemistry
define the REEs as a group of 17 elements
(15 lanthanides, scandium and yttrium (Jow-
itt et al., 2018). REEs are essential in many
technological applications such as magnets,
laser equipment, defense systems, and smart-
phone cameras; therefore, they are much more
prevalent in our day-to-day lives (Liu et al.,

mari and Sahu, 2023; Liu et al., 2023).

Powered by the world supply challenges, a
great global attention is payed to the second-
ary REEs resources. Phosphate rock, which is
the main source for phosphoric acid and phos-
phate fertilizers, is one of the main second-
ary resources for REEs. The average REEs
content in phosphate rock is about 0.05% (Ait



52 WALID M. YOUSSEF etal.

Brahim et al., 2022; Wu et al., 2018). REEs
take the place of calcium ions in the apatite
lattice due to their similarity in the ionic size
(Ait Brahim et al., 2022; Wu et al., 2018).
Commercial phosphoric acid is mainly pro-
duced by wet production process, in which
phosphate rock is treated with sulfuric acid
to produce liquid phosphoric acid (as a main
product) and solid phosphogypsum as a by-
product (Liu et al., 2022). During the wet
production process, REEs in the phosphate
rock is distributed between the two phases,
whereas about 20% exist in the liquid phos-
phoric acid, while about 80% transferred to
the phosphogypsum (Battsengel et al., 2018;
Liitke et al., 2022; Roshdy et al., 2023).
Accordingly, the recovery of REEs from the
phosphate rock will be more effective ap-
proach than the recovery of REEs from two
phases (phosphoric acid and phosphogyp-
sum).

So far, various works were performed
for the leaching of REEs from phosphate
rock. Of these are the performed leach-
ing for REEs from Phalaborwa ore, South
Africa using sulfuric acid, then apply bear-
ing immobilized tridentate amido ligands for
the adsorption of REEs from sulfate leach-
ate adsorb (Ogata et al., 2016). Applied the
phosphoric acid for the leaching of REEs
from Zhijin phosphate rock, China (Li et
al., 2021a). Conducted leaching of REEs
from Esfordi apatite concentrate, Iran using
phosphoric acid (Soltani et al., 2019). Re-
ported that nitric is the most effective among
HCIO,, HCl, and H,PO, for the leaching of
REEs from fluorapatite (Stone et al., 2016).
Introduced Fanshan phosphate material, Chi-
na for the phosphoric acid for the leaching of
REEs (Wuetal., 2019). Investigated the dis-
solution of REEs from Abu-Tartur phosphate
rock, Egypt (Roshdy et al., 2023).

To the author knowledge, the application
of sulfuric acid in the leaching of REEs
from phosphate rock is scarce and mainly
concerning with its comparison with oth-
er mineral acids in the leaching process

(Battsengel et al., 2018; Ogata et al., 2016).
So far, the systematic investigation, kinetics
and the optimization of the REEs leaching
from phosphate rock with sulfuric acid solu-
tion are lacked.

In this contribution, the present work in-
vestigate the systematic studies for the main
variables that affect the REEs leaching from
Abu-Tartur phosphate rock, Egypt using sul-
furic acid solution. Kinetics of the leaching
process is performed to explore the mecha-
nism of the leaching process. In addition,
design of experiment methodology is ap-
plied for the process assessment, optimiza-
tion, and establishing an empirical equation
for the leaching process.

EXPERIMENTAL

Materials and Reagents

Analytical grade sulfuric (98%) and hy-
drochloric (37%) acids were supplied from
Merck KGaA, Germany and utilized for the
preparation of the leaching and stripping re-
agents respectively. Abu Tartur phosphate
rock working sample was supplied from
Misr Phosphate Company, Egypt. Miner-
alogical analysis of the supplied phosphate
sample that performed using X-ray powder
diffraction (XD1180 model, Schimadzu, Ja-
pan) obvious that the sample minerals are
mainly Fluorapatite, together with minor
existence of quartz, dolomite, and calcite
( Fig. 1) (Roshdy et al., 2023). However,
the main chemical components were 30.1%
P,O,, 44.4% CaO0, 2.3% SiO,, 0.9% MgO,
and 1810 mg L'YREEs as declared from
XRF analysis using X-ray Fluorescence
spectroscopy (Axios, sequential WD-XRF
spectrometer, PANalytical, UK) (Table 1),
(Roshdy et al., 2023).

Leaching Procedures

The leaching experiments were conduct-
ed by stirring a certain weight of the phos-
phate sample (particle size of 150-63 pm)
with a proper volume of the sulfate solution
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Fig. 1 : XRD pattern of Abu Tartur phosphate rock (Roshdy et al.,2023)

Table 1 : Chemical characterization of Abu Tartur phosphate rock
(Roshdy et al., 2023)
Constituent, wt. %
P,05 30.1 SO; 1.50
CaO 44 .4 MgO 0.90
Fe,O; 3.8 AL O3 0.46
F 2.8 Na,O 0.28
Si0, 2.3 L.O.L’ 5.1
Constituent, mg/kg
> REEs 1810

using a glass reactor (500 mL) fitted with a
mechanical stirrer (DLH model, VELP, Italy)
and placed in a thermostatically water bath
(TSSWBI15 model, Thermo Scientific, USA)
to maintain the required reaction temperature
with an accuracy of 1 °C. a subsequent fil-
tration process for the slurry was performed
after the desired stirring time. Shimadzu

UV-Visible spectrophotometer (model UV-
160A, Japan) was applied to measure Y} REEs
concentration in the aqueous phase using Ar-
senazo III method (Marczenko and Balcerzak,
2000). The leaching trials were performed in
duplicates and the average leaching efficien-
cies were reported. The analytical precision
for the spectrophotometer in terms of the rel-
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ative standard deviation of replicate analyses
was less than 5%. The leaching efficiency was
calculated using the following equation (1):

Leaching, %o=m, /m x100 1)

where m; and m, are the constituent (i.e. } REEs)
concentration (g) in the leaching liquor and the
working sample respectively.

Design of Experiments, Model Equation
and Process Optimization

The design of experiment (DoE) method-
ology is a combination of statistical and math-
ematical approaches for experiments design-
ing, modelling, analyzing the effects of vari-
ables, and the interactions between these vari-
ables (Anderson and McLean, 2018; Zhang et
al., 2023). The full factorial design (2°) is a
type of DoE, which is widely applied for pro-
cess optimization with a minimum number of
experiments (Anderson and McLean, 2018;
Johnson, 2018; Zhang et al., 2023). Accord-
ing to this methodology, the selected param-
eters were investigated in three levels (-1, 0,
+1). The experimental design was performed
and analyzed using the design expert program
v10.0 (State Ease, Inc., Minneapolis, MN)
software, and was randomly performed for
minimizing the systematic error. The first and
quadratic polynomial statistical models were
represented in equations 2 and 3 and applied
to analysis the impact of variables interactions
(Johnson, 2018; Nyangi et al., 2021; Zhang et
al., 2023). The analysis of variance (ANOVA)
was performed, and the determination coeffi-
cient (R?) was applied to explore the signifi-
cance of the models.

n n n
y=b+y bx+3% > bxx 2)

gy
i=1 =S R

y=bﬂ+§ blxi+:g b x_+:lZZZ bxx. (3

iWiE

where: y: Target value: REEs leaching efficiency
[%]; x: Factors; N: Number of factors: 4; b
Ordinate section; b, b,, b.: Regression parameters
of linear, squared, and cross effects.

Leaching Kinetics

The leaching of REEs from Abu-Tartur
phosphate rock is a type of heterogeneous
non-catalytic reactions, which take place at a
solid/liquid boundary layer. Investigating the
leaching kinetics is imperative to understand
the reaction mechanism and explore the rate
controlling step (Ait Brahim et al., 2022; Li
et al.,, 2021a; Roshdy et al., 2023). So far,
shrinking core model (SCM) is used to inves-
tigate the leaching kinetics (Aly et al., 2013;
Nandagopal, 2023). The main concept of the
applied models could be existing in the cor-
responding references. In the present work,
set of experiments were performed at different
reaction temperatures (25-50+1 °C) for stir-
ring time interval of (0-120 min) to explore
the kinetic behavior of REEs leaching from
phosphate rock using sulfuric acid. A highly
stirring speed was applied during the leaching
experiments, so the impact of film diffusion
control on the REEs leaching process could be
neglected. Hence, equation 4 (for the surface
chemical reaction), and equation 5 (for the ash
layer diffusion control) could use to express
the kinetics of the leaching process (Aly et al.,
2013; Nandagopal, 2023).

kt =1-3(1-m )" “)

kt =1-3(1-m }** +2 (1-m) ®)

where k is the apparent reaction rate constant
(min™), ¢ is the time (min).

RESULTS AND DISCUSSION

Leaching Investigation
Impact of reaction time and temperature

The dependence of REEs leaching from
phosphate rock using sulfuric acid on reaction
time was investigated by conducting a set of
trials at reaction time interval of 15-480 min.
The experimental conditions were kept at rock
particle size of 150 pm, sulfuric acid concen-
tration of 0.8 M, liquid/ solid ration of 2.5/ 1,
stirring speed 100 rpm, and reaction tempera-
ture interval of 25 — 50 =1 °C. The displayed
data on Fig. (2) exhibits a rapidly increment
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in the reaction initial stage up to 120 min
(equilibrium stage) for all investigated reac-
tion temperature. This performance could be
attributed to the availability of free hydrogen
ions which dissolve the REEs from the phos-
phate rock as displayed in equation 6 (Battsen-
gel et al., 2018; Liitke et al., 2022; Roshdy et
al.,2023). In addition, the rock small particles
support the fast penetration of the sulfuric acid
to the particles (Liitke et al., 2022). Prolong
the equilibrium time is depicted by a sluggish
leaching process which presumably due to the
expending most of hydrogen ions in the re-
action (Liitke et al., 2022; Walawalkar et al.,

55

2016), besides the formation of phosphogyp-
sum particles which trap the dissolved REEs
ions (Battsengel et al., 2018; Liitke et al.,
2022; Ogata et al., 2016). The same behavior
mentioned for and the phosphate and REEs
leaching of from phosphate ore from China
(Anderson and McLean, 2018; Johnson, 2018;
Nyangi et al., 2021; Zhang et al., 2023), and
the P and REEs leaching from an iron-rich
fluorapatite concentrate (Soltani et al., 2019).
Further experiments were performed using
120 min reaction temperature.

Ca,, (PO),F, +10HS0,, +10XH,0,

(s) 4(aq)
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Fig. 2: Effect of reaction time on REEs leaching efficiency (liquid/ solid
ratio of 2.5 mL/g; particle size: 150 um; 100 rpm; 0.8 M sulfuric acid

concentration; 25°C)

Impact of sulfuric acid concentration

Figure 3 deduces the variation of REEs
leaching efficiency as a function of sulfuric
acid concentration. The leaching conditions
were fixed at phosphate rock particle size of
150 um, reaction time of 120 min; liquid /
solid ration of 2.5 mL/g, stirring speed of 100
rpm; and reaction temperature of 25 °C, while
sulfuric acid concentration was in the range

0.4-3.5M. The inquired results illuminated
the positive impact of sulfuric acid concentra-
tion up to 1.0M on the REEs leaching efficien-
cy, which deem to be due to the increase in the
H" ions concentration in the solution with the
sulfuric acid boosting (Li et al., 2021b; Wu
et al., 2019). Prolong acid concentration, is
depicted with a dramatically decrease in the
leaching efficiency. This performance could
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Fig. 3: Effect of sulfuric acid concentration on REEs leaching efficiency
(particle size: 150 pm; liquid/ solid ratio of 2.5 mL/ g; 100 rpm; 120 min;

25°C

be attributed to the precipitation of REEs as
phosphate and fluoride salts (Gupta and Krish-
namurthy, 1992; Khawassek et al., 2015). Sul-
furic acid concentration of 1.0 M was chosen
for further experiments.

Impact of liquid/solid ratio

A set of experiments were carried out to
explore the impact of liquid/ solid ratio (bulk
density) on the REEs leaching efficiency. The
experimental parameters were maintained at
reaction time of 120 min, stirring speed of
100 rpm, rock particle size of 150 um, reac-
tion temperature of 20 °C, and sulfuric acid
concentration of 1.0M, while liquid to solid
ratio varied from 2.5 to 25 mL/g. As expect-
ed, REEs leaching percent boost, as the lig-
uid/ solid ration increase up to 10mL/g (Fig.
4). This performance deem to be owned to
the decrease in the bulk density which in turn
improves the mobility of the ions in the liquid
phase (Soltani et al., 2019; Wu et al., 2019).
The same performance were mentioned for
the leaching of P and REEs from phosphate
using phosphoric acid (Li et al., 2021b; Wu et

al., 2019). Rees leaching efficiency is slightly
changed for the liquid/ solid ration extend to
20 mL/ g. The preferred liquid/ solid ratio of
10 g/ L is selected for the further experiments.

Design of experiments, model equation
and optimum

The optimization of REEs leaching pro-
cess was achieved in two steps; (1) perform-
ing a factorial experimental design for the
most appropriate variables, and (2) statistical
optimization for the anticipated data. The
following parameters; stirring time, reaction
temperature, sulfuric acid concentration, and
liquid/solid ratio were considered as the main
effective parameters in phosphate rock leach-
ing efficiency. Hence, a factorial experimental
design 2* with twenty experiments (16 exper-
iments and 4 repetitions at the central point)
was carried out. The factorial experiments
were carried out at constant phosphate rock
particle size (150 um) and stirring speed (100
rpm) while the investigated levels for other
variables were displayed in Table 2. The im-
pact of the main variables and their interaction
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Fig. 4: Effect of liquid/ solid ratio on REEs leaching efficiency (particle
size: 150 um; sulfuric acid concentration of 1.0 M; 100 rpm; 120 min;

25°C

on the leaching efficiency was displayed in
Table 3. The anticipated data declares that the
highest REEs leaching efficiency was 96.6%
(experiment 15) according to the following
conditions: 1.5 M sulfuric acid concentration,
30 mL/ g as liquid/ solid ratio, 55 °C reaction
temperature and stirring time of 1.0 hr.

The Pareto chart (Fig. 5) was used to dis-
play the impact of the significant variables and
interactions on the REEs leaching efficiency.
From the Figure, it is obvious that the most
positive significant effect is the liquid/ solid
ration (D), followed by BC (i.e. the interaction
between temperature and acid molarity), and
finally BD (i.e. the interaction between tem-
perature and L/ solid ration). On contrary, the
leaching efficiency is high negatively influ-
enced with the ABCD (i.e. the interaction be-
tween stirring time, temperature, acid molari-
ty, and L/ S ratio), followed by ABC (i.e. the
interaction between stirring time, temperature,
and acid molarity), then ACD (i.e. the interac-
tion between stirring time, acid molarity, and
L/ S ratio), and the interaction between stirring

time and L/ S ration (AD). It is worth noted
that the variables of stirring time, acid mo-
larity and temperature have negative impact
on the leaching percent. The importance of
DoE methodology could be recognized from
declaring the Pareto chart, which explore the
impact of the main variables as well as the in-
teraction between these variables on the leach-
ing efficiency of REEs.

The impact of the main variables (i.e. stir-
ring time, reaction temperature, sulfuric acid
concentration, and liquid/ solid ration) on the
REEs leaching percent is displayed on Fig.
(' 5) and compered with the results displayed
on Fig.( 3) from the O-F-A-T methodology
(section 3.1.). The displayed results from
O-F-A-T methodology declares that stirring
time has positive impact on the REEs leach-
ing percent which is an opposite to the results
from the DoE methodology. This perfor-
mance could be explained to that as the reac-
tion time increases, the crystallization of cal-
cium sulfate (phosphogypsum) improves (Eq.
1) which trap REEs ions in its surface and in
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Table 2 : Factors levels of the 2¢ full factorial design

Factors Var(:’;’:li‘: Lowlevel (-1)  Middle level (0) High level (+1)
Stirring time, hrs. A 1.0 2.0 3.0
Temperature, ’C B 25 40 55
Sulfuric acid molarity, M C 0.5 1.0 1.5
Liquid/solid ratio, mL/g D 10 20 30

Table 3 : Design matrix of the 24 full factorial design. The experiments shaded in grey
correspond to the replicated center point

A: Time, C: Molarity, Efficiency,

Std. hrs, B: Temp., °C M D: L/S Ratio, mL/ g %
1 1.0 25 0.5 10 60.1
2 3.0 25 0.5 10 58.2
3 1.0 55 0.5 10 57.8
4 3.0 55 0.5 10 40.6
5 1.0 25 1.5 10 38.9
6 3.0 25 1.5 10 70.3
7 1.0 55 1.5 10 64.2
8 3.0 55 1.5 10 76.8
9 1.0 25 0.5 30 44.1
10 3.0 25 0.5 30 75.7
11 1.0 55 0.5 30 46.0
12 3.0 55 0.5 30 78.3
13 1.0 25 1.5 30 39.7
14 3.0 25 1.5 30 56.0
15 1.0 55 1.5 30 96.6
16 3.0 55 1.5 30 81.4
17 2.0 40 1 20 69.8
18 2.0 40 1 20 72.0
19 2.0 40 1 20 68.4
20 2.0 40 1 20 70.3
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Fig. 5: Pareto Diagram for REEs leaching process

turn decreases the leaching efficiency of REEs
(Liitke et al., 2022; Ogata et al., 2016), which
reflects the fast kinetic of the REEs leaching
reaction. The same observation could be rec-
ognized for the impact of sulfuric acid con-
centration, whereas the O-F-A-T methodolo-
gy obvious the positive impact of this variable
on the REEs leaching percent while the DoE
methodology data exhibits the negative im-
pact of this variable on the leaching percent.
This attitude seems to be due to the increase
of sulfuric acid concentration improves the
dissolution of P,O; and other constituent in
the phosphate rock such as fluoride which in
turn increase the formation of insoluble salts
of REEs phosphate and fluoride salts (Gupta
and Krishnamurthy, 1992; Khawassek et al.,
2015; Soltani et al., 2019). The DoE meth-
odology results demonstrated that the increase
in reaction temperature decreases the REEs
dissolution percent, which could be owned to
the precipitation of REEs phosphate salts as
shown in Equation 7 (Cetiner et al., 2005; Ro-
shdy et al., 2023), which is in convers to the
observed results from Fig. (2). The negative
impact of reaction temperature increment on

REEs solubility in phosphoric acid owned to
the precipitation of REE phosphates salts also
reported by Liang et al. (Li et al., 2021b), and
Wu et al. (Wu et al., 2018).

REE;*+H,PO,"* — REE PO, | +nH'  (7)

The positive effect of the liquid/ solid ra-
tion on the REEs leaching efficiency could
be exhibited from Fig.( 5). This performance
could be due to the increase in the ions in the
liquid phase as the decrease in the solution
bulk density (Soltani et al., 2019; Wu et al,,
2019).

The most significant parameters and in-
teractions that affecting the leaching of REEs
from phosphate rock could be recognized from
the analysis of variance (ANOVA). The F-val-
ue and p-value were used to determine the
influence of each variables and interactions.
The anticipated data in Table 4 declares that
all variables and interactions are significant
of the leaching efficiency (p-value is <0.05)
except temperature (B), and the interaction of
time, temperature, and molarity (ABC) are not
significant. Concerning the software instruc-
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Table 4 : Analysis of variance for REEs leaching

Sum of Squares df Mean Square F-value p-value
Source
Model 9417 15 627.8 549.5 0.0001
A-Time 116.64 1 116.64 102.09 0.0021
C-Molarity 121 1 121 105.91 0.002
D-S/L Ratio 3806.89 1 3806.89 3332.07 < 0.0001
AB 161.29 1 161.29 141.17 0.0013
AC 287.3 1 287.3 251.47 0.0005
AD 329.42 1 329.42 288.33 0.0004
BC 1730.56 1 1730.56 1514.71 < 0.0001
BD 936.36 1 936.36 819.57 < 0.0001
CD 131.1 1 131.1 114.75 0.0017
ABC 592.92 1 592.92 518.97 0.0002
ACD 457.96 1 457.96 400.84 0.0003
BCD 73.1 1 73.1 63.98 0.0041
ABCD 665.64 1 665.64 582.62 0.0002
Pure Error 3.43 3 1.14
Cor Total 10308.87 19

tions, the linear polynomial model was used to
express the REEs leaching using sulfuric acid.
Equation 8 exhibits the model of the leach-
ing process after eliminating the insignificant
terms.

Leaching percent = +61.54+5.62 A
+3.94 C+3.18 D-4.06 AB+0.0188 AC+2.51
AD+8.09 BC+4.68 BD-0.2437 CD-2.23
ABC -7.87 ACD+1.63 BCD-1.79 ABCD

The predictability of the elaborated model
was inquired by performing three experiments
within the same experimental conditions (i.e.
1.5 M sulfuric acid concentration, 30 mL/ g as
liquid/ solid ratio, 55 °C reaction temperature
and stirring time of 1.0 hr.). The displayed
data in Table 5 declares that the relative error
mean value for the three experiments are <4%,
which reflects the predictability of the model.

Leaching Kinetics

The kinetic performance of REEs leaching

process is profoundly dissected by mathemat-
ically treated the experimental results using
surface chemical reaction (Eq. 4), and ash lay-
er diffusion (Eq. 5) of shrinking core model.
The kinetic curves of REEs leaching process
were displayed on Figs. (6 & 7) for equations
4 and 5 respectively. The appropriateness of
the applied equations was explored from the
coordination coefficient (R?), and the kinetic
terms of REEs leaching process was evaluat-
ed and displayed in Table 6. The anticipated
results declare that, within the investigated
temperature interval (25-50 £1 °C), equation
5 possess the highest R? values (0.99) for the
leaching process which reflects that the ash
layer diffusion is the rate controlling step for
REEs and P,O; leaching from phosphate rock
using sulfuric acid. It is worth noted that,
the leaching rate constants for REEs increase
as the reaction temperature increases, which
elaborate an endothermic nature for the leach-
ing process.
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Table 5 : Experiment in triplicate to validate REE models

Reaction parameters

e e ceeceeeee--—--- REEsyield
Sulfuric acid Ratio Temperature Reaction time (%)
concentration (M) (mL/ g) (&) (min)

1 1.0 30 55 120 96.1
1.0 30 55 120 95.2
1.0 30 55 120 95.9
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Table 6: The rate constant, K, min™! for REEs
at different temperature ranges

Temperature, °C

Rate constant, K, min’

25
30
40
50

2.71 E-09
2.88 E-09
3.27 E-09
3.58 E-09

Arrhenius equation (Eq 9) was applied to
evaluate the leaching activation energy (Ea, J/
mol), and figure out the nature of the leach-
ing process (Gupta and Krishnamurthy, 1992;
Khawassek et al., 2015; Soltani et al., 2019):

k=A-exp™®RT (9
where k and A are the overall rate constant and the

frequency factor respectively (min'), R (8.314 J/
K-mol) is the universal gas constant, and T (K) is

the reaction temperature.

Figure 8, which represent the variation of
In K versus 1000/ T (Arrhenius plot), was used
to evaluate the activation energy for REEs
leaching process. The results confirmed that
the leaching of REEs from phosphoric acid

is endothermic process whereas the activation
energy was found to be equal 9.01 kJ/mol. In
addition, Ea < 40 kJ/mol which confirming
that the leaching process is controlled by ash
layer diffusion (Aly et al., 2013; Nandagopal,
2023). The same kinetic performance (ash lay-
er diffusion) was reported for the dissolution of
Abu-Tartur phosphate rock using hydrochloric
(Aly et al., 2013) and phosphoric (Roshdy et
al., 2023)acids, and Guizhou Zhijin phosphate
rock using phosphoric acid (Li et al., 2021a).

CONCLUSION

The present work focusing on the efficient

LhK
L
O
-3

v =-09064x-16.647
R? =0.9785

3.10 3.15 3.20

1000/ T, K

3.25 3.30 3.35 3.40 3.45

Fig. 8: Arrhenius plot for REEs leaching process
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leaching of REEs from phosphate rock using
sulfuric acid for addressing the global REEs
demand. The influence of leaching time, sul-
furic acid concentration, liquid/ solid ratio,
and reaction temperature on the REEs leach-
ing percent was conducted. The full factorial
design (2*) was performed for process screen-
ing and optimization. The deduced results ob-
vious that 1.5 M sulfuric acid concentration,
30 mL/ g as liquid/ solid ratio, 55 °C reaction
temperature and stirring time of 1.0 hr, could
be used for achieving REEs leaching percent
of about 96.6%. Kinetic analysis of the ex-
perimental data using shrinking core model
displayed that the ash layer diffusion kinetic
mechanism is controlling the leaching pro-
cess. In addition, the endothermic nature of
the leaching process could be recognized from
the attained activation energy (9.01 kJ/ mol).

REFERENCES

Ait Brahim, J.;Ait Hak, S.; Achiou, B. ; Boulif, R.;
Beniazza, R., and Benhida, R., 2022. Kinetics
and mechanisms of leaching of rare earth el-
ements from secondary resources. Min. Eng.
177, 107351. https://doi.org/10.1016/J.MI-
NENG.2021.107351

Aly, H.F.; Ali, M.M., and Taha, M.H., 2013. Dis-
solution kinetics of Western Desert phosphate
rocks, Abu Tartur with hydrochloric acid Disso-
Iution Kinetics of Western Deseret Phosphate
Rocks, Abu Tartur with Hydrochloric Acid.
Arab J. Nucl. Sci. Appl. ,46, 1-16.

Anderson, V.L., and McLean, R.A., 2018. Design
of Experiments : A Realistic Approach. https://
doi.org/10.1201/9781315141039

Battsengel, A.; Batnasan, A.; Narankhuu, A.;
Haga, K.; Watanabe, Y., and Shibayama, A.,
2018. Recovery of light and heavy rare earth
elements from apatite ore using sulphuric acid
leaching, solvent extraction and precipitation.
Hydrometallurgy, 179, 100-109. https://doi.
org/10.1016/JHYDROMET.2018.05.024

Cetiner, Z.S.; Wood, S.A., and Gammons, C.H.,
2005. The aqueous geochemistry of the rare

carth elements. Part XIV. The solubility of
rare earth element phosphates from 23 to 150
°C. Chem. Geol., 217, 147-169. https://doi.
org/10.1016/J.CHEMGEO.2005.01.001

Gupta, G.K., and Krishnamurthy, N., 1992. Ex-
tractive metallurgy of rare earths. Int. Mater.
Rev. 37, 197-248. https://doi.org/10.1179/
IMR.1992.37.1.197

Johnson, R.A., 2018. Miller & Freund’s probability
and statistics for engineers ninth edition global
edition.

Jonsson, E.; Torménen, T.; Keiding, J.K.; Bjerk-
gard, T.; Eilu, P; Pokki, J.; Gautneb, H.;
Reginiussen, H.; Rosa, D.; Sadeghi, M.; Sands-
tad, J.S., and Stendal, H., 2023. Critical metals
and minerals in the Nordic countries of Europe:
diversity of mineralization and green energy
potential. Geol. Soc. London, Spec. Publ. 526,
95-152. https://doi.org/10.1144/SP526-2022-
55/ASSET/694A76AA-E874-48AC-907F-
85748 A5E9226/ASSETS/IMAGES/LARGE/
SP2022-55F01.JPG

Jowitt, S.M.; Wermner, T.T.; Weng, Z., and
Mudd, G.M., 2018. Recycling of the rare
carth elements. Curr. Opin. Green Sustain.
Chem. 13, 1-7. hutps://doi.org/10.1016/J.
COGSC.2018.02.008

Khawassek, Y.M.; Eliwa, A.A.; Gawad, E.A., and
Abdo, S.M., 2015. Recovery of rare earth el-
ements from El-Sela effluent solutions. J. Ra-
diat. Res. Appl. Sci. ,8, 583-589. https://doi.
org/10.1016/J.JRRAS.2015.07.002

Kumari, A., and Sahu, S.K., 2023. A compre-
hensive review on recycling of critical raw
materials from spent neodymium iron bo-
ron (NdFeB) magnet. Sep. Purif. Technol.,
317, 123527. https://doi.org/10.1016/J.SEP-
PUR.2023.123527

Xie, Li, Z.; Deng, Z.; Zhao, J., He, D., and Li-
ang, H., H., 2021a. Leaching Kinetics of Rare
Earth Elements in Phosphoric Acid from Phos-
phate Rock. Met., 11, 239 11, 239. https://doi.
org/10.3390/MET11020239



64 WALID M. YOUSSEF etal.

Xie, Li, Z.; He, Z.; Deng, D.; Zhao, J., and Li,
H., H., 2021b. Simultaneous leaching of rare
earth elements and phosphorus from a Chinese
phosphate ore using H3PO4. Green Process.
Synth. 10, 258-267. https://doi.org/10.1515/
GPS-2021-0023/MACHINEREADABLEC-
ITATION/RIS

Liu, S.L.; Fan, H.R.; Liu, X.; Meng, J.; Butcher,
A.R.; Yann, L.; Yang, K.F., and Li, X.C.,2023.
Global rare earth elements projects: New de-
velopments and supply chains. Ore Geol. Rev.
157, 105428. https://doi.org/10.1016/J.ORE-
GEOREV.2023.105428

Liu, X.; Wu, F;; Qu, G.; Jin, C.; Liu, Y.; Kuang,
L.; Li, H.; Chen, X.; Wang, Z., and Cheng, Y.,
2022. Application prospect of advanced oxida-
tion technology in wet process phosphoric acid
production. J. Environ. Chem. Eng., 10, 108868.
https://doi.org/10.1016/J.JECE.2022.108868

Liitke, S.F.; Oliveira, M.L.S.; Waechter, S.R.; Sil-
va, L.F.O.; Cadaval, T.R.S.; Duarte, F.A., and
Dotto, G.L., 2022. Leaching of rare earth ele-
ments from phosphogypsum. Chemosphere,
301, 134661. https://doi.org/10.1016/J.CHE-
MOSPHERE.2022.134661

Marczenko, Z., and Balcerzak, M., 2000. Separa-
tion, preconcentration, and spectrophotometry
in inorganic analysis, 10 3-521.

Nandagopal, N.S., 2023. Chemical Reaction Engi-
neering and Kinetics. Chem. Eng. Princ. Appl.,
441-474.  https://doi.org/10.1007/978-3-031-
27879-2_6

Nyangi, M.J.; Chebude, Y.; Kilulya, K.F., and
Andrew, M., 2021. Simultanecous removal of
fluoride and arsenic from water by hybrid Al-
Fe electrocoagulation: process optimization
through surface response method. Sep. Sci.
Technol. ,56, 2648-2658. https://doi.org/10.10
80/01496395.2020.1837877

Ogata, T.; Narita, H.; Tanaka, M.; Hoshino, M.;
Kon, Y., and Watanabe, Y., 2016. Selective re-
covery of heavy rare earth elements from ap-
atite with an adsorbent bearing immobilized
tridentate amido ligands. Sep. Purif. Technol.,

159, 157-160. https://doi.org/10.1016/J.SEP-
PUR.2016.01.008

Roshdy, O.E.; Haggag, E.A.; Masoud, A.M.; Ber-
tau, M.; Haneklaus, N.; Pavon, S.; Hussein,
A.E.M.; Khawassek, Y.M., and Taha, M.H.,
2023. Leaching of rare earths from Abu Tartur
(Egypt) phosphate rock with phosphoric acid.
J. Mater. Cycles Waste Manag. , 25, 501-517.
https://doi.org/10.1007/S10163-022-01558-8/
FIGURES/11

Soltani, F.; Abdollahy, M.; Petersen, J.; Ram, R.;
Javad Koleini, S.M., and Moradkhani, D.,
2019. Leaching and recovery of phosphate and
rare earth elements from an iron-rich fluorapa-
tite concentrate: Part II: Selective leaching of
calcium and phosphate and acid baking of the
residue. Hydrometallurgy ,184, 29-38. https://
doi.org/10.1016/THYDROMET.2018.12.024

Stone, K.; Bandara, A.M.T.S.; Senanayake, G., and
Jayasekera, S., 2016. Processing of rare earth
phosphate concentrates: A comparative study
of pre-leaching with perchloric, hydrochloric,
nitric and phosphoric acids and deportment of
minor/major elements. Hydrometallurgy, 163,
137-147. https://doi.org/10.1016/J.HYDROM-
ET.2016.03.014

Walawalkar, M.; Nichol, CK., and Azimi, G.,
2016. Process investigation of the acid leaching
of rare earth elements from phosphogypsum us-
ing HCI, HNO3, and H2SO4. Hydrometallurgy
, 166, 195-204. https://doi.org/10.1016/J.HY-
DROMET.2016.06.008

Wu, S.; Wang, L.; Zhao, L.; Zhang, P.; El-Shall, H.;
Moudgil, B.; Huang, X., and Zhang, L., 2018.
Recovery of rare earth elements from phos-
phate rock by hydrometallurgical processes — A
critical review. Chem. Eng. J. ,335, 774-800.
https://doi.org/10.1016/J.CEJ.2017.10.143

Wu, S.; Zhao, L.; Wang, L.; Huang, X.; Zhang, Y.;
Feng, Z., and Cui, D., 2019. Simultaneous re-
covery of rare earth elements and phosphorus
from phosphate rock by phosphoric acid leach-
ing and selective precipitation: Towards green
process. J. Rare Earths,37, 652—658. https://doi.



LEACHING OF RARE EARTH ELEMENTS FROM PHOSPHATE ROCK 65

org/10.1016/J.JRE.2018.09.012 ores and process optimization. Miner. Eng.,
201, 108198. https://doi.org/10.1016/J.MI-

Zhang, F.; Cui, Y.; He, X., Lv, C.; Li, L.; Zhang, J., NENG.2023.108198

and Nan, J., 2023. Selective alkaline leaching
of antimony from Low-grade refractory gold

Gl gd [ gdua (pa duda VI ualindl $lity S (jiaala 403 Al 2
I cdlalaa (el G el ananall aladiuly ) gh g gl

dh aladena g glanall dasa Jil g, 2illledana dgana, g2 ) dabi) | gy Jana A g

836 arial Jlaw 3 las dala ala 3 e & (REEs) 50l dpia ¥ jualial)

el ALa ¥ ol ey e ol s AAEUN saratall ZELI) il 5 (Sl i 5 Y
paalindl (Al yoiag s Colin 8l ) sia Jie 4y il 350l dpca V) pealiall jaliaay
saill Janasaly 3l il ) ) shiall (el )5 a9 Wlad | jal i il ) im0 dpa )Y
5ol i ,Y1 yealiall St il 3 e e el jall o5 allall Callall ads ol
alee e a1 el gl ) 0 23 U Lty QU el aladialy i il sm 50
Design of experiments— )il avaai daagia Gulai o5 Jal gall 338 (G (e (DALY
il ) 48 il lial) LS5 5 sl A )Y jealial) (Sl dulee sl (DOE)
el Sl (aen 38 55400l o g Al 188 5 et A (e 237,71 s Bl (Say
0255 Aisie Aa 0 00 Jeliil 5 sa Aa sy cbs/Uils A€ aa/de Yo ¥ 5e 1,0
a8 gall (el (SCM) shrinking core model 3 sil) (aldl 73 sad Budai o8 dclu ), vl
Llae Gl &z g yaall gliall Cona gl 3855 50U dpa Y1 jealinll Gadlaial dgdasl S jall
G ALY oLl dlda LAY (S jall 23 saill aladiuly s S5 W geal o i il
Jsa/d s shS A, ) (g b ,0l dpm SV jualinl i i Aplaad Jaiil) 48U (5 2 5 clld



