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Abstract

During the last decades, the growing demand for rare earth elements (REEs) has led to numerous recent studies to recover
these elements from various bearing ores and wastes. Therefore, the recovery of REEs from Ras Baroud polymetallic con-
centrate has been investigated in the current study. Physical beneficiation for the Ras Baroud pegmatite sample was carried
out, yielding a concentrate for euxenite (Y), fergusonite (Y), xenotime (Y), monazite (Ce), allanite, thorite, uranothorite,
and Hf-zircon, which resulted in raising the concentrations of rare earth elements, Th, Zr, U, and Ti in the sample. Fusion
digestion processes with sodium hydroxide were studied using the Conceived Predictive Diagonal (CPD) technique. The
three experimental digestion groups proved the dissolution of 99.9, 95.6, 99.9, 52.5, and 0.47% for REEs, Th, U, Ti, and
Zr, respectively, under fusion conditions of 723 K, 120 min, 1/1.5 ore/alkali ratio, and — 100-pm particle sizes. Fusion
kinetics, isotherms, and thermodynamics were investigated using several suggested models, namely, pseudo reversible
first order, uptake general model, and shrinking core model which matched well with the experimental digestion results.
Selective recovery of actinide content from REE content of the digested concentrate chloride solutions was accomplished
using solvent extraction with di-2-ethyl hexyl phosphoric acid. About 99.9, 99.9, and 4.2% extraction efficiencies for Th,
U, and REEs were performed, respectively, using 0.3 mol/L solvent concentration in kerosene as a diluent, 1/2 organic to
aqueous ratio, an aqueous pH of 0.2, and 15-min contact time. Thorium and uranium ions were stripped with sulfuric acid
solution 2.5 mol/L with 94 and 98% stripping efficiency, respectively. A highly purified REE precipitate was obtained from
the raffinate solutions. Zircon mineralization tailings were obtained as a by-product through the alkaline digestion process.
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1 Introduction km?, extending along Qena-Safaga road between latitudes

26°43'21" and 26°48'50" N and longitudes 33°32'50"” and

Many studies worldwide have revealed the presence of
granite-pegmatite-hosted rare-metal mineralizations, includ-
ing Nb-Ta-REE mineralization as well as Zr-Hf and U-Th
mineralization [1-6]. Nb—Ta-REE mineralization has been
recorded in the pegmatite bodies of Gabal Ras Baroud gran-
ite as well as in the granite itself and the surrounding stream
sediments [7-11].

Ras Baroud area is considered one of the most promising
areas due to the presence of several strategic and economic
rare-metal and REE-bearing minerals, is located in the
Central Eastern Desert of Egypt, with an area of about 106
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33°40'08" E. The exposed granitoid in the area under inves-
tigation is classified into two dissimilar rock units, namely,
the older granitoid and the younger granites. Ras Baroud
pegmatites are hosted by both older and younger granitoid,
but they are often concentrated at the contact between the
younger and older granites [11]. Previous beneficiation
studies were performed on the rare-metal bearing minerals
through gravitational concentration followed by a combina-
tion of magnetic and electrostatic separation. Froth flotation
can also be used as a later or supplemental stage to achieve
a cleaner product [12—17].

Great efforts have been conducted to recover rare earth
elements from uranium and thorium radioactive contents
from various ores. The hydrometallurgical recovery pro-
cesses of the chosen elements are carried out using different
techniques, with either an acidic dissolution or an alkaline
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dissolution. This depends on the ore nature, the element
type, and the mineral type. Fusion digestion techniques for
REEs and actinides as refractory minerals have been investi-
gated successfully using alkali hydroxides. Alkali hydroxide
fluxes proved effective in the digestion process of the desir-
able elements presented in several ores [18-21].

Using a very small number of experiments, the inventive
technique “Conceived Predictive Diagonal” (CPD) was uti-
lized in the analysis of the experimental results; this meth-
odology resulted in workable and accurate consequences. In
contrast to other methods such as the Design of Experiment
(DOE) and Taguchi techniques, the CPD technique does not
depend on the matrix diagonally dominant techniques or the
eigenvalue principle. This technique depended on studying
the parameters in a binary manner or by studying two factors
simultaneously [22, 23]. By applying the CPD technique,
the binary groups of experiments covered the task range
skillfully, the response homogeneity was achieved, and all
the alkaline digestion process factors were fully represented.
The time of the digestion study was saved by employing
a few steps, and the other points would not be performed.
Using skills in matrices, nonlinear regression modeling, and
MATLAB, the kinetics-thermodynamics relation for the
alkaline digestion processes for the studied mineralization
was investigated [24].

Several methods have been studied to separate rare earth
elements from the content of radioactive actinides, which
are usually associated together as monazite, euxenite, etc.,
or found together in separate minerals [25]. Separation of
U and Th from REEs by precipitation was one of the most
applicable separation methods; direct precipitation of U and
Th using precipitating agents was widely investigated, such
as sodium hydroxide, lime, hydrogen peroxide, and magne-
sium oxide [26-29]. Solvent extraction (SX) was the other
most applicable method in the actinide separation from
REEs. Acidic organophosphorus extractants, neutral organ-
ophosphorus extractants, amide extractants, amine extract-
ants, and carboxylic acid extractants were the famous solvent
extractants utilized in the differentiation between radioactive
actinides and REEs [30-36]. Adsorption trials of REEs, Th,
or U separately were also studied using inorganic adsor-
bents, organic adsorbents, and biosorbents [37-39].

The main goals of this paper were summarized in study-
ing the optimal physical upgrading processes to attain a con-
centrate of high REEs, Th, U, Ti, and Zr contents. Secondly,
the fusion digestion of the polymetallic concentrate using
sodium hydroxide as a fluxing agent was investigated using
the CPD technique. The alkaline fusion was oriented in the
selective dissolution processes for the REEs, Th, and U con-
tents leaving the Ti and Zr mineralization as a by-product for
further treatment later. The optimal fluxing temperature was
defined as the point at which desirable element content was
selectively recovered with minimum Zr and Ti dissolution.
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MATLAB mathematical analyses were performed to define
the activation energy, kinetics, and thermodynamics of the
alkaline digestion process. Thirdly, the removal of actinides
Th, and U from the REE content was studied using the sol-
vent extraction technique with di-2-ethyl hexyl phosphoric
acid in kerosene as a diluent. The solvent extraction of Th
and U with D2EHPA from chloride solutions was controlled
to produce raffinate solutions containing the highest REE
content and without the actinides. In addition, studying the
scalability of the process and environmental impact has
been taken into account. Finally, the production of high-
purity sediments from REEs oxide was accomplished, which
achieved the main aim of this study.

2 Experimental
2.1 Materials, Reagents, and Instrumentations

Ras Baroud polymetallic concentrate resulting from physical
beneficiation was used as the starting material for this study.
The concentrate was analyzed mineralogically and chemi-
cally to determine its desirable elements contents (REEs,
Th, U, Ti, and Zr). All chemicals and reagents were used as
received without further purification. Double-distilled water
(DDW) was used in all experiments in this study. The pHs of
the chloride solutions were adopted using HAANA pH meter
and adjusted with the concentrated HCI and NaOH solution
(50%). The SEM-EDX analysis for Ras Baroud polymetallic
concentrate and the outcome products was performed using
scanning electron micrograph model JEOL-JSM-5600LV.

Total rare earths were instrumentally analyzed with
Arsenazo III indicator at 650 nm using a single beam UV-
spectrophotometer model SP-8001, Metretech Inc. Thorium
was determined spectrophotometrically with Thoron indica-
tor at 655 nm. Uranium concentration was also determined
spectrophotometrically using Arsenazo III at 654 nm. On
the other hand, titanium and zirconium concentrations were
measured spectrophotometrically using tiron and xylenol
orange at 430 and 535 nm, respectively [40].

2.2 Physical Beneficiation Stage

Physical beneficiation of the Ras Baroud pegmatite sample
was carried out using a low-intensity magnetic separator (for
magnetite separation), a high-intensity magnetic separator
(for separating paramagnetic minerals), and a Wilfley shak-
ing table (for rejection of associated gangue silicate min-
erals). After the polymetallic concentrate was obtained, a
complete characterization was performed using SEM-EDX
analysis to determine the mineral contents.
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2.3 Fluxing Digestion Stage

A series of alkaline digestion experiments were performed
on the mineral concentrate using sodium hydroxide as a
fluxing agent. The polymetallic concentrate was quartered
and grounded to the proper grain size before mixing with
the sodium hydroxide flux in a platinum crucible and sub-
jected to variable conditions. To treat professional data
with fewer numbers of experiments with fewer numbers
of experiments, a Conceived Predictive Diagonal (CPD)
technique is suggested for this target. By applying the
CPD technique, three groups of experiments were carried
out using the binary factor study method. Fusion tempera-
ture and fusion time, ore particle size and solid-to-alkali
(S/A) ratio, and fusion temperature and solid-to-alkali
ratio (three binary groups) were performed under fixed
conditions as presented in Table 1. Six experiments were
performed in each group, which means eighteen digestion
experiments with sodium hydroxide under variable and
fixed conditions. In the digestion experiments, changing
two variables together was carried out while maintain-
ing the other variables at fixed values for a given set of
measurements.

After each experiment, the retained crucible was
allowed to cool to ambient temperature and then
underwent acid dissolution using a diluted HCI solu-
tion (1/1) under 353 K, solid/acid ratio 1/10, and
stirring for 30 min. The chloride slurry was filtered,
washed, diluted with DDW to the flask mark, and ana-
lyzed to identify its constituents. The dissolution effi-
ciencies for REEs, Th, U, Ti, and Zr were determined
from Eq. 1:

M
Dissolution efficiency (%) = (#) x 100 (1)

o

where M; and M, were REEs, Th, U, Ti, or Zr leached con-
centrations (mg/L) and their original concentrations in the
solid (mg/g).

Table 1 Studied fusion experiments

2.4 Dissolution Parameter Stage

The optimal digestion conditions were applied on a defi-
nite weight of the Ras Baroud polymetallic concentrate.
The fused cake was washed several times with hot water to
remove all undesirable gangues, namely, the dissolved phos-
phates, silicates, and excess sodium hydroxide. To optimize
the dissolution of the studied metals, the washed cake was
dried at 110 for 6 h, and then it was subjected to a series of
dissolution experiments using different acids. About 1.0 g
of the dried fused cake fractions was mixed with acidic por-
tions of hydrochloric, sulfuric, nitric, and citric acids, each
separately. The dissolution processes were performed using
an acid concentration of 2 mol/L, solid to the acidic solution
of 1/10, dissolution temperature of 253 K, and stirring for 60
min. After each experiment, the slurry was filtered, washed
with DDW until it reached a definite volume, and analyzed
to identify its constituents, and the dissolution efficiencies of
the studied elements were calculated using Eq. 1.

2.5 Solvent Extraction Stage

A chloride feed solution was prepared using optimal fusion
digestion and dissolution parameters as follows: 10 g
of — 100 pm from the mineral concentrate was fused with
15 g sodium hydroxide in a platinum crucible under 723 K
fusion temperature and 120 min fusion time. The fused cake
was washed several times with hot water. The washed-wetted
cake was spontaneously attacked with a 2 mol/L HCI with
a S/A ratio of 1/10 and stirred for 60 min at a 353 K stir-
ring temperature. The filtrated and washed solutions were
adjusted with DDW until they reached 1 L. This chloride
feed solution was considered the aqueous phase in the fur-
ther solvent extraction processes.

The D2EHPA dissolved in kerosene was utilized as
an organic phase in the subsequent lab extraction experi-
ments. Several parameters which control the separation
of actinides from REEs of the chloride feed solutions
were studied. D2EHPA concentration, feed solution pH,

Group 1 Group 2 Group 3

Exp No Temp., K Time, min Ore size, pm Ore/alkali ratio, Temp., K Ore/alkali
w/w ratio, w/w

1 473 45 150 1/1 473 171

2 523 60 105 1/1.25 523 1/1.25

3 573 75 88 1/1.5 573 1/1.5

4 623 90 74 1/1.75 623 1/1.75

5 673 105 63 12 673 12

6 723 120 44 1/2.25 723 1/2.25

Fixed conditions 1/1.5 S/A,— 105 pm 120 min, 723 K 120 min, — 74 pm
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shaking time, and organic-to-aqueous volume phase
ratio were considered the main controlling extraction
parameters.

All extraction experiments were performed in a
50-mL beaker at (25 +2) °C. The variable and fixed
values for each studied parameter are represented in
Table 2. After stirring the aqueous organic mixture,
the phases were separated using a separating funnel,
the aqueous raffinate phase was analyzed to identify
the REEs, U, and Th concentrations, and the extraction
efficiency was calculated according to the following
Eq. 2.

Com G x 100
= @)

o

Extraction efficiency (%) = <

where C, and C, were the original concentrations for REEs,
Th, U, Ti, or Zr (mg/L) in the chloride feed solutions and
their concentrations in the raffinate solutions after extrac-
tion (mg/L).

The stripping experiments of the loaded D2EHPA
solvent were performed in a 50-mL glass beaker using
a magnetic stirrer. To optimize the stripping process,
several stripping factors were studied namely; the strip-
ping solution type, the stirring time, and the phase ratio
(VO/VA). By studying the variable factors under the
fixed conditions as presented in Table 2, the mixture
was settled down and the aqueous phase was separated
using a separating funnel. The stripping efficiencies
of the actinides were determined and calculated using
Eq. 3.

C
Stripping efficiency (%) = (C—S> x 100 3)
L
where Cg and C; were the concentrations of REEs, Th, U,
Ti, or Zr (mg/L) in the stripping solutions after the strip-
ping process and their original loaded concentrations on the
solvent before extraction (mg/L).

Table 2 Solvent extraction and stripping studied factors

2.6 Actinide Sediment Preparation

The stripping solutions containing the Th and U contents
were subjected to complete precipitation of their actinide
content. The pH of the stripping solutions was augmented
to 2.2 using NaOH solution (50%), small portions of hydro-
gen peroxide (50%) were added, and the final pH was 2.0
[41, 42]. By allowing the slurry to sit for 6 h to attain com-
plete precipitation, the produced precipitate was filtered,
washed with H,0, solution (2%) of the same pH, dried at
283 K for 6 h, and analyzed using SEM-EDX to identify
the actinidepurity.

2.7 Rare Earth Sediment Preparation

The raffinate solutions, after removal of actinide contents
using solvent extraction with D2EHPA, were collected and
subjected to complete precipitation of the REE content using
the oxalic acid method [43]. The raffinate solution pH was
adjusted to pH 5 using sodium hydroxide solution (50%)
additions, then the oxalic acid solution (10%) was added
till the solution pH reached 1.0. The slurry was allowed to
complete precipitation, settled, filtered, and washed with
an oxalic acid solution (1%). The final sediment was dried,
ignited at 1123 K, and analyzed using SEM-EDX to identify
its constituents.

3 Results and Discussion

3.1 Mineralogical Investigation for Ras Baroud
Polymetallic Concentrate

The pegmatite of the Ras Baroud area was previously dis-
cussed (Fawzy et al. 2020). The detailed mineralogical
investigations of the studied samples revealed that the con-
tent of the light gangue silicate minerals (sp. gr. < 2.85) was
91.9% mass of the studied sample and represented as quartz

Parameters

Variable conditions

Fixed conditions

D2EHPA concentration
Feed solution pH

Solvent extraction process
0.2,0.4,0.6,0.8

Stirring time
Org/Aq phase ratio

Stripping process Stripping solution type
Stripping acid Conc
Stirring time

Aq/Org phases ratio

0.075, 0.15, 0.225, 0.3, 0.45 mol/L

1,3,5,10, 15 min
1/6, 1/4, 112, 1/1, 2/1

HCL, H,SO,, or HNO;
1,2,3,4,and 5 mol/L
1,3,5,7, 10 min

2/1, 1/1, 172, 1/3, 1/4

0.4 chloride Aqu. pH, 15 min stir. time, 1/2 O/A ratio

15 min stir. time, 0.3 mol/L solvent conc, 1/2 O/A
ratio

0.2 chloride Aqu. pH, 0.3 mol/L solvent conc, 1/2
O/A ratio

0.2 chloride Aqu. pH, 0.3 mol/L solvent conc, 15
min stir. time

4 mol/L acid conc, 10 min stir. time, 1/2 A/O
Sulfuric acid Aqu phase, 10 min stir. time, 1/2 A/O
4 mol/L sulfuric acid conc, 10 min stir. time, 1/2 A/O

4 mol/L sulfuric acid conc, 10 min stir. time
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and feldspar. On the other side, heavy minerals represent
7.9% mass which includes the existence of several economic
and strategic minerals; Nb—Ta oxide minerals (euxenite (Y)
and fergusonite (Y), REE minerals (xenotime (Y), monazite
(Ce), allanite (Ce)), and thorium minerals (thorite and urano-
thorite). Thus, in addition to zircon and iron oxide miner-
als, muscovite represents about 5.3% mass (Figs. 1 and 2;
Table 3).

The polymetallic concentrate was obtained from
Ras Baroud pegmatite sample via successive physical
beneficiation techniques that began with the commi-
nution process, through crushing and grinding to pre-
pare a feed material of about less than 1 mm, and then
the comminuted raw material was subjected to a low-
intensity magnetic separator for magnetite separation,
followed by a separation of the paramagnetic minerals

9.10 1110

15.10 17.10 19.10

Fig. 1 Stereo microscopic image of euxenite-(Y) grains shows their
optical properties (a); BSE images and EDX spectrum of euxenite-
Y grains show their chemical composition (b); stereo microscopic
image of fergusonite-(Y) grains shows their optical properties (c);

4.60 6.60 860 1060 1260 1460 1660 1860

BSE images and EDX spectrum of fergusonite-(Y) show their chemi-
cal composition (d); stereo microscopic image of monazite-(Ce)
grains shows their optical properties (e); BSE images and EDX spec-
trum of monazite-(Ce) show their chemical composition (f)
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Fig.2 Stereo microscopic image of uranothorite grains shows their
optical properties (a); BSE images and EDX spectrum of uranothor-
ite show its chemical composition (b); stereo microscopic image of
xenotime-(Y) grains shows their optical properties (c); BSE images
and EDX spectrum of xenotime-(Y) show its chemical composition

using a Carpco high-intensity magnetic separator. The
non-magnetic fraction was used as a feed for the wet-
gravity concentration process using the Wilfley shaking

5.10 7.10 9.10 1110 13.10 15.10 17.10

(d); EDX spectrum of uranothorite inclusion inside xenotime grain
show their chemical composition (e); stereo microscopic image of zir-
con grains shows their optical properties (f); BSE images and EDX
spectrum of zircon show its chemical composition (g)

table (No. 13) to obtain a concentrate of zircon and
reject the light gangue silicate minerals (quartz and
feldspar).

Table 3 Mineralogical composition of the granitic pegmatite of Ras Baroud

Mineral Quartz Feldspar Muscovite Magnetite Zircon
Weight % 28.7 63.2 53 0.58 0.58
Mineral Xenotime-y, Monazite- ~ Nb-Ta oxide minerals Iron oxides Thorite Allanite-
Ce Ce
Weight % 0.62 0.51 0.06 0.33 0.12
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The magnetic separation processes resulted in obtaining
three products, which are as follows:

Magnetite concentrate

e Paramagnetic mineral concentrate, which was obtained
as a result of separating at 3 amperes magnetic field. This
concentrate includes euxenite (Y), fergusonite (Y), xeno-
time (Y), monazite (Ce), allanite (Ce), thorite, uranothor-
ite, iron oxides, and muscovite

e Quartz, feldspar, and zircon were obtained as a non-mag-
netic fraction at a magnetic field current of 3 amperes

To attain a clean zircon concentrate, the non-magnetic
fractions were fed to the Wilfley shaking table. The obtained
heavy fractions were mainly composed of zircon as well
as fewer amounts of thorite, while the gangue light silicate

Fig.3 A proposed flow-chart
for obtaining polymetallic
concentrate from pegmatite Ras
Baroud

minerals (quartz and feldspar) were discarded. Finally, a par-
amagnetic mineral concentrate with recovery efficiencies of
86.2, 96.6, and 91.2% for REEs, Th, and U elements, respec-
tively, was obtained from the original sample as shown in
Fig. 3.

Considerable contents of REEs, Th, U, Ti, and Zr were
detected in the paramagnetic polymetallic concentrate
using the EDX analysis as presented in Fig. 4. The illus-
trated SEM—-EDX charts proved the presence of valuable
minerals. These minerals were Monazite (Ce,La,Th)PO,,
Xenotime (Y) (Y(PO4)) Thorite (Th,U)SiO,, Uranothorite
(Th,U)Si0,, Allanite (Ce) ((CaCe)(Al,Fe*")(Si,0,)(Si0,)
O(OH)) euxenite (Y,Ca,Ce,U,Th)(Nb,Ta,Ti),0O4, and Zircon
Zr(Si0,). Most of these minerals were refractory minerals
and reflected the refractory nature of these polymetallic con-
centrates. So, aggressive opening conditions were needed

Original rock

Crushing and

Desliming

Low intensity magnetic

Magnetic

fraction

Magnetic fraction

Paramagnetic

Nb-minerals
REE-minerals
Th-minerals
Fe-minerals

Non-magnetic

High intensity magnetic
separator-3AMPS

Non-magnetic

fraction

Zircon concentrate
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Fig.4 EDX-spectrum for Ras
Baroud polymetallic concentrate
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to digest the concentrate and liberate the desirable elements
from their crystal lattice.

3.2 Fusion Digestion Results

Three experimental groups were investigated using the CPD
technique to study the dissolution behavior of REEs, Th,
U, Ti, or Zr elements with alkaline digestion using sodium
hydroxide as a flux. The essential target was to maximize the
dissolution of REEs, U, and Th from their barren minerals
(xenotime, monazite and allanite, thorite, and uranothorite
minerals) while minimizing the dissolution of Zr and Ti con-
tents (zircon and titanite). Eighteen fusion experiments were
performed by varying the temperature versus fusion time,
ore particle size versus solid-to-alkali (S/A) ratio, and fusion
temperature versus solid to alkali ratio. The three binary
groups and six experiments for each group were performed
under certain fixed conditions as shown in Table 1.

From the dissolution results for REEs, Th, U, Ti, and Zr
illustrated in Fig. 5, the following were noticed:

e From group 1 experiments, maximum dissolution for
REEs, Th, and U was carried out using dissolution tem-
peratures ranging from 673 to 723 K and dissolution
times ranging from 105 to 120 min under a solid ore/
alkali ratio of 1/1.5 and solid ore particle size of — 100
pm.

e From group 2 experiments, the solid ore/alkali ratio
ranged from 1/1.5 and 1/2.25 with a solid ore particle
size of —74 pm could achieve maximum dissolution for
desirable elements.

e From group 3 experiments, by varying the temperature
and solid ore/alkali ratio together under fixing the time
and the ore particle size (120 min, — 74 pm), from 623
to 723 K dissolution temperature with solid ore/alkali
ratio ranging from 1/1.75 to 1/2.25 would achieve the
maximum dissolution efficiencies for REEs, Th, and U.

@ Springer
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e Using the maximum dissolution parameters of REEs,
Th, and U elements, dissolution efficiency for Ti
ranged from 40 to 60%. This may be attributed to the
easy dissolution of allanite minerals with the difficult
dissolution of titanite which contains the remaining Ti
content under these conditions [43]. The dissolution
results were paired with a minimum dissolution for Zr
content under these moderate alkaline fusion diges-
tions. Zircon and titanite minerals needed aggressive
fusion digestion conditions with fusion temperatures
over 923 K [23].

e From the results of the three groups, a significant
increase in the digestion of the REEs, Th, U, Ti, and
Zr elements was observed by studying the time versus
temperature and S/A ratios versus the temperature, while
by studying the S/A ratios versus the particle size, the
change percentages in the REEs, Th, U, Ti, and Zr diges-
tion were relatively small. So, the digestion parameters
could be arranged according to their effect on the dissolu-
tion process as follows: digestion temperature > digestion
time > S/A ratios > particle size.

3.3 Digestion Kinetics Results

A suggested model was utilized to explain the digestion
chemical reactions of the mineral concentrate using sodium
hydroxide as a fusing agent. The model namely shrinking
core model was previously proved using mathematical treat-
ments [23].

f(Xp.r) :(exp(—rR)).(<KL> [1-3(1- Xf)3
D
“

wi=

+2(1 - X)) + (KL)[l - (1-X;)°D
C

Shrinking Core Model Equation (Eq. 4)
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Fig.5 The studied fusion diges-
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where the terms r and R represent the solid-to-alkali (S/A)
ratios and the molar gas constant. The terms Xf, kp, and k.
represent the resistances to the fractional conversion external
mass transfer, product layer diffusion, and chemical reaction,
respectively.

—#— REE
—O0—Th
—— T
—e—u
——Zr

100

400 40 60

time, min

—#— REE
~—©O0—Th
——Ti
——y
—o—2Zr

1M.75
70

60 M Solid Ore/Alkali ratio

1n2.5

1M.75

M5
1n.25
400 nm Solid Ore/Alkali ratio

By applying the suggested model equation to the results
obtained from the three digestion groups, the resulting
kinetic parameters for the digestion processes of REEs, Th,
U, Ti, and Zr elements were graphed using the MATLAB
program in three-dimensional 3D curves, as shown in Figs. 6
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Fig.6 Shrinking core model
surfaces for digestion processes
of REEs, Th, and Ti

General model:Shrinking Core Concentration Solid Ore/Alkali ratio - Particle Size
£(XE,r) = ((1/kD)*(1-3*(1-Xf). @3 +2+(1-Xf))+(1/kC)*(1-(1-Xf). ")) *(exp(-R*1))
Coefficients (with 95% confidence bounds):
R =2.243; kC =0.0002235 ;kD = 0.0001831; Near to mixed solid diffusion- chemically controlled
Goodness of fit: SSE: 15.13 R?: 0.9834 Adj R?: 0.9503 RMSE: 3.89
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and 7. The R?, X kp, and k¢ values for the digestion pro-
cesses using NaOH were illustrated in Table 4.

The shrinking core model assumes the particles are uni-
form non-porous grains. Initially, the reaction occurs on the
grain surface, and then the reaction zone moves into the
solid leaving a product layer behind. The total radius of the
particle remains constant, while the radius of the unreacted
core and the layer of products vary over time as a func-
tion of conversion. The approximate solution of the shrink-
ing core model applied in this work was a combination of
the resistances that can simultaneously occur in a particle
under reaction: alkali diffusion in the layer surrounding the
particle, alkali diffusion through the product layer around
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Xf Th

the unreacted core, and chemical reaction on the unreacted
core surface. Introducing Arrhenius relation in the graphical
simulation that relates the conversion as a function of solid
ore to alkali ratio for a spherical particle is given by Eq. 5.

From the experimental results graphed in Figs. 6 and 7
and illustrated in Table 4, the shrinking core results using
group 1 and 3 experiments indicated that the interaction
between the alkali and the ore was carried out through a mix
of solid diffusion and chemical control. On the other side,
from group 2 results for the digestion processes of REEs, Th,
U, Ti, and Zr elements, which have the minimum value for
KD (kp <kc< X)), the interaction between the alkali and the
ore was performed through a solid diffusion control.
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Core C Solid O ratio - Particle Size

(XE,r) = (1K) XE+(1/KD)*(1-3*(1-X6).(2/3) +2*(1-X0) +(1/kC)*(1-(1-X)."¥))) *exp(-R*r))

Fig.7 Shrinking core model General
surfaces for digestion processes .
of U, and Zr R=2484;

(with 95%

;kC=0.0007117; kD= 7.825e-05; kf=0.0003658; solid diffusion controlled
Goodness of fit: SSE: 22.02 R%: 0.9759 Adj R%: 0.9703 RMSE:3.686
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3.4 Digestion Thermodynamics Results

By applying the fusion digestion results obtained from
group 3 using the CPD technique, a binary study between
varied temperatures and solid ore to alkali ratios was per-
formed to determine the thermodynamics of REEs, Th,
U, Ti, and Zr. Temperatures from 473 to 723 K and ratios

Xf Zr

from 1/1 to 1/2.25 S/A were performed under fixed con-
ditions. The thermodynamic parameters of the digestion
process using NaOH were determined using two models’
equations, namely Equilibrium Constant-Van’t Hoff model
equation (Eq. 5) and Floatotherm including Van’t Hoff
model equation (Eq. 6). The two equations were previously
proven [22, 23]. Two types of equations were utilized in
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Table 4 The three groups’

S ; Groups REE Th U Ti Zr

digestion parameters using

shrinking core model with 1 X, 0.009838 0.010387 0.00842 0.006976 0.008878

mathematical analysis K, 0.007079 0.00789 0.005596 0.003908 0.005371

K, 0.007014 0.007571 0.005874 0.004571 0.005819

2 X, 0.008004 0.00801 0.008123 0.006771 0.005109

K, 0.004002 0.003838 0.003945 0.00316 0.002437

K, 0.004691 0.004611 0.004695 0.00393 0.003087

3 X, 0.416007 0.425349 0.388443 0355422 0363831

K, 0.24214 0.251574 0.229686 0.213764 0.207283

K, 0.270378 0.277585 0.256336 0.23895 0.238371

the determination of the thermodynamic parameters, the
distribution coefficient k,; and the uptake g,,, respectively.

7.1 = e () -85 ©)
(el 2)e)

—1000AH A 8
(i ool () 5) )
where ¢, and g,, were the maximum uptake that can be lib-
erated by these matrices (system conditions) and the maxi-
mum uptake that ore can give, respectively. Practically, n,
m, and g were the powers to be estimated that indicate the
effect of their variables at which the highest value indicated
the greatest effect on the reaction. K; (ml/g), AH (KJ/mol),
AS (J/mol-K), ¢ (min), T (Kelvin), and R (KJ/K-mol) were
the distribution coefficient, the enthalpy, the entropy, the
digestion time, the temperature in Kelvin, and the molar gas
constant, respectively. The Gibbs free energy, AG (KJ/mol),
was calculated from the following equation (Eq. 7).

AG = AH - TAS @)

The two suggested models were represented in 3D
using MATLAB as shown in Figs. 8, 9, 10, and 11. The
thermodynamic parameters, namely, enthalpy, entropy,
Gibbs free energy, and the correlation coefficient for
REEs, Th, U, Ti, and Zr using the two models are col-
lected in Table 5. It was indicated from the results of the
thermodynamic parameters that the endothermic nature of
the digestion processes of REEs, Th, U, Ti, and Zr using
sodium hydroxides was proven from the positive value of
AH. Therefore, all reactions were temperature-dependent.
The positive values of AS for all digestion reactions were
confirmed which indicates an increase in the randomness
at the solid/solution interface during the attack of fused
alkali on the ore particles. All digestion reactions have a
feasible and spontaneous nature due to the negative value
of AG.
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3.5 Solvent Extraction Results
3.5.1 Feed Solution Preparation

By applying the optimal digestion parameters to Ras
Baroud polymetallic concentrates and washing the fused
cake several times with DDW, several acids, namely,
hydrochloric, sulfuric, nitric, and citric acids, were exam-
ined to determine the optimal acid that has maximum
leaching efficiency for REEs, Th, and U contents. From
the obtained data illustrated in Fig. 12, the hydrochloric
acid of 2 mol/L has a maximum leaching efficiency for
the REEs, Th, and U desirable elements under experi-
mental conditions of solid to the acid solution of 1/10,
dissolution temperature of 253 K, and stirring for 60 min.
Approximately, all REEs, Th, and U contents were dis-
solved in the hydrochloric acid solution forming a chlo-
ride feed solution which has been used in the subsequent
separation stages.

3.5.2 Batch Extraction Results

A series of recovery experiments were performed using var-
ied conditions values, namely, from 0.075 to 0.45 mol/L
D2EHPA solvent concentrations, from 0.2 to 0.8 pH of the
feed solution, from 1 to 15 min stirring time, and from 1:6
to 2:1 O/A ratios. These variations were performed under
fixed conditions as mentioned in Table 2. Kerosene was the
preferred choice to be used as diluent which was considered
economical and had other advantages during the extraction
process as previously mentioned [43]. The chloride feed
solutions containing REEs, Th, and U ions were subjected
to a solvent extraction stage to separate and remove the
radioactive actinide content from the REEs and produce a
pure REEs oxide cake from the Ras Baroud polymetallic
concentrate.

From the recovery results illustrated in Fig. 13a, the
solvent concentration of 0.3 mol/L of D2EHPA dis-
solved in kerosene as a diluent was the optimal sol-
vent concentration. About 97.5 and 92.6% extraction
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Fig.8 Equilibrium constant-
Van’t Hoff model curves for
REEs, Th, and Ti

General model: Equilibrium Constant-Van't Hoff including time
kd(t,T) = (t") exp(-DH*1000/(8.314'T)-DS/8.314)
Coefficients (with 95% confidence bounds):
DH =5.25; DS = 47.8 ;n = 0.03971 ;T=(473 523 573 623 673 723);
DG=DH-abs(T"DSM000)=[-17.3504 -19.7494 -22.1394 -24.5204 -26.9194 -29.3094);
Goodness of fit: SSE: 1.632¢-08 R%: 0.99 Adj R*: 0.985 RMSE: 6.388¢-05
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General model: Equilibrium Constant-Van't Hoff including time
kd(t,T) = (t")*exp(-DH*1000/(8.314'T)-DS/8.314)
Coefficients (with 95% confidence bounds):
DH =0.2283; DS = 60.88 ;n =0.1768 ;T=(473 523 573 623 673 723);
DG=DH-abs(T"DS/1000)=(-28.5679 -31.6119 -34.6559 -37.6999 -40.7439 -43.7879);
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General model: Equilibrium Constant-Van't Hoff including time
Kd(t,T) = (t")" exp(-DH*1000/(8.314°T)-DS/8.314)
Coefficients (with 95% confidence bounds):
DH=13.22; DS= 426 ;n=0.1712;T=[473 523 573 623 673 723);
DG=DH-abs(T"DS/1000)=(-6.9298 -9.0598 -11.1898 -13.3198 -154498 -17.5798];
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efficiencies for Th and U were achieved; this was com-  recovery efficiency of REEs was sharply increased with
bined with about 4.8% extraction efficiency for REEs  simple enhancements in Th and U cases. So, 0.3 mol/L
which was considered the lowest REE extraction effi-  D2EHPA was considered the best choice to perform the

ciency. By increasing the solvent concentration, the  next parameter steps.
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Fig.9 Equilibrium constant-
Van’t Hoff model curves for U
and Zr

U Equilibrium Constant kdU, L/mg

-
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Absolute Temperature, K

General model: Equilibrium Constant-Van't Hoff including time
kd(t,T) = (t")*exp(-DH*1000/(8.314*T)-DS/8.314)
Coefficients (with 95% confidence bounds):
DH =6.368; DS = 55.53 ;n =0.279 ;T=[473 523 573 623 673 723];
DG=DH-abs(T*DS/1000)=[-19.8977 -22.6742 -25.4507 -28.2272 -31.0037 -33.7802];

Goodness of fit: SSE: 4.933¢-08 R2: 0.9702 Adj R2: 0.9404 RMSE: 0.0001571
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General model: Equilibrium Constant-Van't Hoff including time
kd(t,T) = (t")*exp(-DH*1000/(8.314*T)-DS/8.314)
Coefficients (with 95% confidence bounds):
DH =0.1358; DS = 78.77 ;n =0.1768 ;T=[473 523 573 623 673 723];
DG=DH-abs(T*DS/1000)=[-37.1224 -41.0609 -44.9994 -48.9379 -52.8764 -56.8149];
Goodness of fit: SSE: 7.569e-09 R?: 0.9944 Adj R?: 0.9889 RMSE: 6.152¢-05
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A wide range for the chloride feed solution was exam-
ined to determine the optimal pH as shown in Fig. 13b. To
increase the extraction of Th and U and retain the raffinate-
contained REE content after the extraction process, low
values of pH (0.2-0.4) were preferred that succeeded in a
complete recovery for actinide contents and remaining a
raffinate solution contained about 95% of REE content. So,
the pH of 0.2 was considered the best feed solution pH to
perform the recovery processes.

The reaction time was considered one of the most impor-
tant factors to study at which the equilibrium time of the
chemical reaction could be determined. The stirring time
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range was studied from 1 to 15 min under fixed conditions,
namely, 0.3 mol/L D2EHPA concentration, 0.2 feed solu-
tion pH, and 1/2 O/A ratio. From the illustrated Fig. 13c, the
optimal stirring time between the chloride solution and the
D2EHPA solvent was 15 min at which a complete removal
of the actinidecontent from the chloride solution and keep-
ing all REE content in the raffinate solution was achieved.
This was considered the solvent extraction main target.
The actinide (Th and U) recovery from the chloride
solution using D2EHPA solvent was investigated using
various O/A ratios ranging from 1/6 to 2/1. As shown
in Fig. 13d, complete removal of actinides was carried
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Fig. 10 Floatotherm including
Van’t Hoff model curves for
REEs, Th, and Ti
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S

General model: Fl m including Van't Hoff using Ore/Alkali ratio
1(T,C) = (gm-qe)'(exp(-DH*1000/(8.314'T) - DS/8.314))'C™/(1+(exp(- DH*1000/(8.314°T) - DS/8.314))'C")®
Coefficients (with 95% confidence bounds):
DH=525; g= 0.002939;m =2.389 ;n = 1.42;qe = 200.4;qm =200.4; DS=47.8; T=[473 523 573 623 673 723);
DG=DH-abs(T*DS/1000)=(-17.3504 -19.7494 -22.1394 -24.5294 -26.9194 -29.3094);
Goodness of fit: SSE: 15.61 R%: 0.9987 Adj R%: 0.9934 RMSE: 3.951
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1(7,C) = (qm-qe)*(exp(-DH*1000/(8.314°T) - DS/8.314))* C™/(1+(exp(- DH*1000/(8.314°T) - DS/8.314))*C")?
Coefficients (with 95% confidence bounds):
DH= 0.2283; g = 4.798;m =2.345 ;n = 0.813;qe = 49.71;qm =49.71; DS=60.88; T=(473 523 573 623 673 723);
DG=DH-abs(T*DS/1000)=(-28.5679 -31.6119 -34.6550 -37.6999 -40.7439 -43.7879);
Goodness of fit: SSE: 1222  R?: 0.9827 Adj R%: 0.977 RMSE: 2.018
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Fig. 11 Floatotherm including
Van’t Hoff model curves for U

and Zr

General model: Floatotherm including Van't Hoff using Ore/Alkali ratio
f(T,C) = (qm-ge)*(exp(-DH*1000/(8.314*T) - DS/8.314))*C™/(1+(exp(- DH*1000/(8.314*T) - DS/8.314))*C")9
Coefficients (with 95% confidence bounds):
DH=6.368; g =0.1124;m =1.341 ;n =0.2384;qe = 3.424;qm =3.825 ; DS=55.53; T=[473 523 573 623 673 723];
DG=DH-abs(T*DS/1000)=[-19.8977 -22.6742 -25.4507 -28.2272 -31.0037 -33.7802];
Goodness of fit: SSE: 0.001725 R?: 0.9975 Adj R?: 0.9938 RMSE: 0.09288
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Table 5 Thermodynamics parameters for REEs, Th, U, Ti, and Zr digestion processes
Model Element g, G AH AS AG, K R
473 523 573 623 673 723
Equilibrium  REE - - 5.3 47.8 —-17.4 —19.8 —-22.1 —-24.5 —-26.9 —-29.3 0.990
Constant- Th - - 0.2 60.9 —28.6 -31.6 —34.7 -37.7 —40.7 —43.8 0.981
Van’t Hoff
18] - - 6.368 55.53 —-19.9 —22.7 —25.5 —28.2 -31.0 —33.8 0.970
Ti - - 13.2 42.6 —-6.9 -9.1 —-11.2 —13.3 —155 —-17.6 0.985
Zr — - 0.1 78.8 -37.1 —41.1 —449 —48.9 -529 —-56.8 0.994
Floatotherm REE 200.4 200.4 5.3 47.8 -174 —19.8 —-22.1 —-24.5 —-26.9 —-29.3 0.999
including — h 497 497 0.2 60.9 -286  —316 —347 -377 —407 —438  0.983
Van'tHoff 34 38 64 555 -199  -227 -255 -282 -310 —338  0.998
Ti 18.9 27.5 13.2 42.6 -69 -9.1 —-11.2 —-13.3 —15.5 —-17.6 0.999
Zr 40.66 40.76 0.1 78.8 -37.1 —-41.1 —-449 —48.9 -529 —56.8 0.996
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3.5.3 Stripping Results

To back-extract Th and U ions from the D2EHPA loaded
organic phase, stripping tests were investigated to deter-
mine the confident stripping agent and the other relevant
stripping parameters namely acid concentration, stirring
time, and A/O ratio. All the stripping processes were per-
formed using a 400-rpm stirring rate and at room tem-
perature (25 +2).

To recover the loaded Th and U from the loaded
D2EHPA, hydrochloric, nitric, sulfuric, and citric acids
were tested as stripping agents for the loaded actinides in
the studied solvent. Each acid of 4 mol/L concentration was
contacted with the loaded organic phase with an aqueous-to-
organic ratio of 2/1 and stirred for 15 min. The plotted figure
(Fig. 14a) indicated that sulfuric acid was the optimal strip-
ping acid compared with the other acids. The other studied
acids failed in the re-extraction of the Th and U contents
from the loaded solvent. So, the subsequent stripping pro-
cesses were carried out using sulfuric acid as a stripping
agent.

Fig. 14 Stripping factors for Th 100

Different concentrations of sulfuric acid were tested
to determine the optimal acid concentration causing
maximum recovery for the actinide contents. From 1 to 5
mol/L, sulfuric acid concentrations as an aqueous phase
were studied under fixed conditions of 2/1 A/O ratio and
15 min of stirring. From the results plotted in Fig. 14b, 2.5
mol/L sulfuric acid concentration was the preferable aque-
ous acid concentration resulting in maximum stripping
for both Th and U from the loaded solvent. By increasing
the acid concentration over 2.5, sharp decreases in the U
stripping efficiencies were detected. So, 2.5 mol/L sulfuric
acid was the choice to perform the stripping processes.

The influence of stirring time on the stripping efficiency
of actinides was investigated using a 2.5 mol/L sulfuric acid
concentration aqueous solution and a 2/1 A/O ratio. Varied
stirring times from 1 to 20 min were studied to determine
the equilibrium time. Maximum stripping efficiency for both
Th and U was achieved after prolonging the stirring time for
the stripping process by 20 min. So, as shown in Fig. 14c,
the stirring time of 20 min was the optimum stripping time
for both Th and U.
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Fig. 15 EDX-charts for final
REEs product (a) and Th and U
cake (b)
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The effect of phase ratio was studied using different phase
ratios ranging from 1/4 to 3/1 A/O. The fixed conditions
were 20 min of stirring time and 2.5 mol/L sulfuric acid
concentration aqueous solutions. From the obtained results
plotted in Fig. 14d, a sharp increase in the Th and U recov-
ery was carried out using ratios of higher organic than aque-
ous phase as 1/3 and 1/4 A/O, this was combined with small
decreases in the stripping efficiencies of Th and U, and this
was attributed to the dilution factor. So, the stripping pro-
cesses were preferably performed using equivolume from
the organic and aqueous phases (A/O of 1/1) at which all
the actinides were extracted from the loaded solvent in one
stage.

3.6 Rare Earths and Actinide Sediment Preparation
Results

A series of recovery experiments were performed to precipi-
tate the REEs, Th, and U contents. Previously, the Th and
U contents were separated together using D2ZEHPA organic
solvent from the chloride feed solution of the Ras Baroud

mineralization. The actinide contents were successfully re-
extracted using sulfuric acid. The precipitation of the Th
and U contents was investigated by enhancing the pH to 2.0
using a sodium hydroxide solution of 50%. The prepared
precipitate was dried and analyzed to identify its constitu-
ents. From the resulting EDX chart plotted in Fig. 15a, a pro-
duced cake with significant Th and U contents was attained
from the studied mineralization.

On the other side, the raffinate solution after the solvent
extraction stage was recycled to recover the REE content.
Small portions of 10% oxalic acid were added to the raffi-
nate solution after adjusting its pH to 5 using 50% sodium
hydroxide solution; then the oxalic acid solution (10%) was
added till the solution pH reached 1.0. After settling and
filtration, the filtrated cake was washed with 1% oxalic acid
solution several times to remove the undesirable gangues,
dried at 383 K for 6 h, ignited at 1123 K, and finally ana-
lyzed to identify its constituents. From the resulting EDX
chart plotted in Fig. 15b, a finally produced REE cake was
obtained with about 90% REE concentrations. There was
not any appearance for Th and U in the EDX-chart of the
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Fig. 16 A proposed flow sheet
for the hydrometallurgical
processing of Ras Baroud poly-
metallic concentrate
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REE cake, which proved the successful recovery of the
REEs from the radioactive actinides using D2EHPA sol-
vent. However, more studies on the separation of individual
REEs will be conducted in the future as the obtained REE
cake deserves further individual processing. As shown in
Fig. 16, a proposed flow sheet was drawn to collect all the
recovery stages performed in this study.

4 Conclusion

Several strategic and economic rare-metal and REE-bear-
ing minerals were recorded in the Ras Baroud pegmatite
sample, and they were as follows: euxenite (Y), fergusonite

@ Springer

(Y), yttrocolumbite, xenotime (Y), monazite (Ce), allanite,
thorite, uranothorite, titanite, and Hf-zircon. The recovery
of these target minerals from the head sample was per-
formed via a low-intensity magnetic separator, followed by
a high-intensity magnetic separator, and finally wet-gravity
concentration via the Wilfley shaking table. Applying the
optimum conditions for both separation techniques, it is
possible to attain a good concentrate containing consider-
able contents of REE, Th, Zr, Ti, and U.

Three experimental digestion groups REEs, Th, U, Ti,
and Zr were investigated using the Conceived Predictive
Diagonal (CPD) technique, namely, time versus tem-
perature, solid ore to alkali ratio versus ore particle size,
and solid ore to alkali ratio versus temperature. Optimal
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digestion efficiencies of 99.9, 95.6, 99.9, 52.5, and 0.47%
for groups REEs, Th, U, Ti, and Zr, respectively, were
attained using fusion conditions of 723 K, 120 min, 1/1.5
ore/Alkali ratio, and — 100-pm ore particle size. Fusion
kinetics, isotherms, and thermodynamics were investigated
using several suggested models namely pseudo reversi-
ble first order, uptake general model, and shrinking core
model which matched well with the experimental digestion
results. The studied models indicated that the digestion
reactions for all elements were carried out through a mix
of solid diffusion and chemical control.

Total actinide content was separated from the REE con-
tent using solvent extraction with di-2-ethyl hexyl phos-
phoric acid. About 99.9, 99.9, and 4.2% extraction efficiency
for Th, U, and REEs were performed, respectively using
0.3 mol/L solvent concentration in kerosene as a diluent,
1/2 organic to aqueous ratio, aqueous pH of 0.2, and 15-min
contact time. Thorium and uranium ions were stripped with
a sulfuric acid solution of 2.5 mol/L, stirring time of 20 min,
and A/O of 1/1 achieving 98.5 and 94.5% stripping efficien-
cies, respectively.

A highly purified REE precipitate was obtained from the
raffinate solutions using an oxalic acid precipitation process.
Th/U cake was also attained from the precipitation of strip-
ping solutions. Solid waste from zircon-titanite mineraliza-
tion has been produced by alkaline digestion.
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