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Mylonite rocks of the Abu Rusheid area, Southeastern Desert of Egypt, were
physically upgraded producing Zr, Ti, Nb, and REEs concentrate. Compara-
tive fusion digestion studies of the concentrate using NaOH and KOH were
carried out. Dissolution efficiencies of 83.4%, 99.8%, 69.7%, and 97.1% for Zr,
Nb, Ti, and REEs, respectively, were accomplished using NaOH under 1023 K,
90 min, 1:1.25 ratio, and 74 lm particle size. However, 79.5, 87.3, 90.5, and
97.4% were achieved using KOH under 1023 K, 90 min, 1:1.75 ratio, and 44
lm particle size. Suggested pseudo-reversible first-order, uptake general, and
shrinking core models fitted well with the experimental results using the two
alkalis. Convergent activation energies were calculated using the three mod-
els. A suggested Floatotherm including the Van’t Hoff parameters model
showed endothermic and spontaneous behavior with a decrease in the ran-
domness at the solid/solution interface during the attack of fused alkali on the
concentrate particles.

INTRODUCTION

The Abu Rusheid area, Southeastern Desert of
Egypt, is one of the most important areas, especially
for rare-metal mineralization. It is located about 97
km southwest of Marsa Alam city between longi-
tudes 34�46¢–34�46¢35¢¢E and latitudes 24�37¢16¢¢–
24�38¢N. The area can be reached from the Red Sea
coast through Wadi El Gemal and then Wadi
Nugrus along a desert track about 40 km long.1

The potentialities for mineralizations in the Abu
Rusheid area and its surroundings have been
discussed in various works.2–4 The study area is
characterized by low to moderate topography.
According to Ibrahim et al.2, the sequence of the
Precambrian rocks in the Abu Rusheid area are: (1)
ophiolitic mélange, consisting of ultramafic rocks
and layered metagabbros with a metasedimentary
matrix, (2) cataclastic rocks (peralkalic granitic
gneisses) in the core of the granitic pluton, which
are composed of protomylonites, mylonites, ultra-
mylonites, and silicified ultramylonites, (3) myloni-
tic granites, and (4) post-granitic dykes and veins.5

The Abu Rusheid area is a distinctive occurrence
of economically important rare-metal mineraliza-
tion where the host rocks are represented by
granitic gneisses. The shear zones’ rare-metal min-
erals, identified from the peralkalic granitic
gneisses and cataclastic to mylonitic rocks, are
associated with muscovite, chlorite, quartz, fluorite,
pyrite, magnetite, and rare biotite.6 Several miner-
als have been identified, namely: (1) Columbite-
Tantalite, Pyrochlore, Ferrocolumbite, and Cassi-
terite minerals, (2) Zircon, (3) Rutile, and high-Ti
Pyrochlore, and (4) Cheralite, Monazite, and
Xenotime.7–10

Zirconium, titanium, niobium, and rare-earth
elements (REEs), with high melting points, have
been utilized widely in almost all walks of life. The
extraction of these metals from their ores has been
studied for many years, and a large number of
procedures have been reported. Their minerals,
which occur in the form of multiple oxides, are
commonly refined by different methods, including
acid leaching, pressure leaching, acid roasting, and
chloride roasting.11–17 Owing to the refractory
nature of these minerals,18 and their resistance to
acid attack in moderate conditions, more aggressive
conditions are required for leaching than those used
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in conventional circuits. Among these methods,
alkali fusion was the first to be industrially applied.
Fusion digestion techniques of refractory minerals
from their ores have been investigated successfully
using different fluxes, namely potassium hydrogen
sulfate, sodium pyrosulfate, potassium hydrogen
fluoride, potassium pyrosulfate, sodium carbonate
and sugar charcoal, and borax. Alkali hydroxides
have been widely tested for the fusion dissolution of
the studied minerals and have proved effective in
the digestion process.19–23 Recently, a new process
for the leaching of low-grade refractory ores with
KOH sub-molten salt has been proposed to elimi-
nate fluorine pollution at the source, and to obtain a
cleaner production process, to achieve optimum
resource utilization.20,24

Flux fusion is often used as an alternative to acid
dissolution. This dissolution method is often used
for the dissolution of samples such as mineral ores,
slags, and some metal oxides which are resistant to
acid attack. The sample is converted into a form
that is soluble in acids, bases, or water due to a
combination of oxidation and acid/base reactions
that take place between the flux and the inorganic
sample. The dissolution of the sample is normally
dependent on the sample: flux weight ratio as well
as the melting point of the flux salt. When the
reaction is complete, judged by visual inspection
which is indicated by the disappearance of all the
starting material, the melt is allowed to cool and
then dissolved in acid, base, or water.

Conceived predictive diagonal (CPD) is a trial
technique for achieving workable and accurate
results via innovative easy and time-saving method-
ologies. The goal of the CPD technique is to carry
out fewer experiments and obtain a more profes-
sional analysis. This technique does not depend on
the matrix diagonally dominant techniques or the
eigenvalue principle, while, at the same time, it
differs from design of experiment and Taguchi
techniques.25

The CPD technique supposes that, if the distri-
bution of the factors covers the task range skillfully
in sequence to obtain the homogenous response, the
diagonal of the conceived predictive matrix is
enough to represent this case. The study depends
on re-modeling two factors simultaneously to
achieve applicable accurate results, and is consid-
ered as an important step within a great achieve-
ment. Thus, if the process goes without obstacles,
the other points will be canceled and the saved time
can be employed to study another pairs of factors
simultaneously. This type of technique needs skills
in matrices, nonlinear regression modeling,
MATLAB, and kinetics–thermodynamics relation-
ships. For prospective proceeding, the simulated
models can be optimized using MATLAB or any
available software.26–28

In our study, fluxing digestion of Egyptian
Mylonite concentrates, which contained Zr, Ti, Nb,
and REEs and were obtained from the Abu Rushied

area, was carried out using sodium and potassium
hydroxide fluxes separately. The digestion experi-
ments were achieved using the CPD technique
through two groups of experiments. The first group
was studied by variation of time and temperature
simultaneously under a fixed ore to alkali ratio and
the ore mesh size digestion conditions. The second
group was performed by the variation of the ore to
alkali ratio and the ore mesh size simultaneously
under fixed digestion time and temperature pro-
cesses. To improve the recovery processes of the Zr,
Ti, Nb, and REEs using alkali flux digestion, three
kinetic models were studied using the experimental
digestion results. The MATLAB mathematical
results, which were obtained from the three models,
were utilized to determine the activation energy,
kinetics, thermodynamics, and the empirical model
equation for each dissolution process.

The main aims of the fusion digestion study of
Mylonite rocks were:

� Reducing the time required for dissolution of
titanium minerals which are presented mainly
in the Abu Rusheid Mylonite concentrate, de-
crease the concentration of the fluxing agent,
and diminish the energy necessary for perform-
ing the fusion process. These minerals consume
high energies, high temperatures, and long
digestion times using sodium and potassium
hydroxide fluxes.29–32

� Choosing the most appropriate fluxing condi-
tions for the other elements (Zr, Nb, and REEs),
in terms of fluxing time, temperature, and the
amount of energy consumed in the melting
process.

� Studying the kinetics–thermodynamics relation-
ships for Zr, Nb, Ti, and REEs dissolution using
several models. These was carried out to deter-
mine the rate laws governing the dissolution and
to determine the activation energy, kinetics, and
thermodynamics for each dissolution process
using the two fluxes.

EXPERIMENTAL

Materials and Reagents

All the chemicals used in the experimental work
were analytical grade, including potassium hydrox-
ide pellets (KOH) (99%; Prolabo), sodium hydroxide
pellets (NaOH) (99%; Prolabo), hydrochloric acid
(HCl) (37%; Fluka), and bromoform (CHBr3) (99%;
Merck). All the chemicals were used as received.
The Mylonite rocks sample under study was col-
lected from the Abu Rushied area and was subjected
to a physical pre-concentration (upgrading) process
by shaking table to remove undesirable associated
minerals. A representative upgraded concentrate
was first dried at 110�C for 24 h, ground to the
proper mesh size, then subjected to analysis by x-
ray fluorescence analysis at the Analytical Lab in
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the Egyptian Atomic Power Agency (a PHILIPS
X’UNIQE II spectrometer Rh-target tube, 70 KV,
15 mA, LiF-220 analyzing crystal, and a Rh-target
tube, 30 KV, 60 mA, PE-001 analyzing crystal) to
determine the components present in the
concentrates.

To study the mineralogical composition of the
concentrate sample, heavy mineral separation pro-
cedures were applied. The concentrate sample was
ground to –60 mesh size to liberate the heavy
minerals, and then washed with distilled H2O. The
heavy fractions were separated from the different
sizes by bromoform, and the heavy mineral grains
were picked under a binocular microscope from each
of the obtained heavy fractions. Mineralogical anal-
ysis of the bulk concentrate sample before and after
fusion process was carried out by x-ray diffraction
analysis (Philips PW 223/30). A scanning electron
microscope (SEM) was used to identify the mineral
grains. The SEM was equipped with an energy
dispersive spectrometer (EDS) unit (Philips XL 30).
The measurement conditions were an accelerating
voltage of 30 kV with a beam diameter of 1 mm for a
counting time of 60–120 s, and a minimum
detectable weight concentration ranging from 0.1
to 1 wt.%.

Alkali Fusion Process

Several experiments were performed by mixing a
constant weight (5 g) of the fine ground concentrate
sample with solid KOH and NaOH, each separately,
as the fused reagent. Different factors affecting the
dissolution of the Zr, Ti, Nb, and REEs from the
Mylonite concentrate were studied and are summa-
rized in Table I, namely; contact time, reaction
temperature, ore grain size, and ore/alkali ratios.

The experiments were carried out under the
following fixed conditions:

� To obtain professional data with fewer experi-
ments, the CPD technique was suggested for this
target. The CPD is a useful technique that
helped us to understand the complicated sub-
systems easily. It was achieved through studying
two factors simultaneously.

� The 12 fusion experiments were conducted using
the two hydroxides separately, which means a
24-melting process was carried out using the

conditions as mentioned in Table I.
� The two phases, ground ore concentrate and

alkali, were mixed in a platinum crucible under
the variable parameters before the fluxing pro-
cess.

� After each experiment, the retained crucible was
allowed to cool to ambient temperature then
subjected to acid dissolution using 6 M
hydrochloric acid under a leaching temperature
of 363 K for 30 min. The leaching processes were
conducted using a 250-ml flask and stirred with
500 rpm agitating speed by a hot plate magnetic
stirrer.

� The pregnant chloride leach liquor was filtered
out using filter paper (Whatman 41) and ana-
lyzed for determining their Zr, Ti, Nb, and REEs
content using inductively coupled plasma–opti-
cal emission spectrometry (Agilent Technolo-
gies).

� Double variable testing was used for the opti-
mization of the fusion parameters. In this
approach, a series of fusion tests using the two
alkalis were performed by changing the two
variables together and maintaining the other
variables at fixed values for a given set of
measurements.

RESULTS AND DISCUSSION

Ore Characterization

A representative pre-concentrated sample from
the Mylonite rocks of the Abu Rusheid area was
analyzed using x-ray fluorescence analysis. The
obtained results (Fig. 1a) revealed a high concen-
tration of Zr, Ti, Nb, and REEs. These elements
were presented in the refractory minerals.

4

The bulk concentrate sample was characterized
using XRD analysis to identify the present miner-
alizations, as shown in Fig. 1b, revealing the
presence of Zircon, Titanite, and Albite as the main
components. For mineral identification, separated
mineral grains were characterized using SEM-EDX
analysis, as shown in Fig. 2, which revealed the
presence of valuable minerals such as Monazite
[(Ce,La,Nd,Th)PO4.SiO4], Zircon (ZrSiO4), Colum-
bite [(Fe,Mn)(Nb,Ta)2O6], and Titanite [CaTiSiO5].
The presence of these minerals together reflected

Table I. Studied fusion experiments

Exp.
No.

Temp.,
K

Time,
min.

Ore size,
lm

Ore :alkali
ratio, w/w

Exp.
No.

Temp.,
K

Time,
min.

Ore size,
lm

Ore /alkali
ratio, w/w

1 873 45 74 1:1.5 7 1023 90 74 1:1
2 923 60 74 1:1.5 8 1023 90 74 1:1.25
3 973 75 74 1:1.5 9 1023 90 63 1:1.5
4 1023 90 74 1:1.5 10 1023 90 63 1:1.75
5 1073 105 74 1:1.5 11 1023 90 44 1:2
6 1123 120 74 1:1.5 12 1023 90 44 1:2.25

Intensive Studies for Modeling and Thermodynamics of Fusion Digestion Processes of Abu
Rusheid Mylonite Rocks

3421



Fig. 1. (a) XRF-chart for the Mylonite concentrates Abu Rushied area (b) XRD chart for the bulk concentrates sample (c) After NaOH fusion and
(d) After KOH fusion.
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the refractory nature of this concentrate sample
during processing.

Fusion Digestion Process of the Concentrate
Sample

Four factors were studied on the dissolution of the
Zr, Ti, Nb, and REEs content from the concentrate
sample using sodium and potassium hydroxides in
two groups. By changing the time with the temper-
ature of the fusion processes under a fixed ore to
alkali ratio and ore particle size, 12 experiments
using the two alkalis were considered the first
group. On the other hand, another 12 experiments
were conducted under the variation of both the ore
to alkali ratio and the ore particle size with fixed
time and temperature of the fusion processes, which
was considered the second group.

From the results illustrated in Fig. 3, it can be
concluded that:

� Generally, by increasing the fusion time from 45
to 90 min and enhancing the temperature from
873 to 1023 K, the leaching efficiency of Zr, Ti,
Nb, and REEs increased sharply. However, by
increasing the time and temperature over 90 min
and 1023 K, respectively, there were very small
improvements in the dissolution of the titanium
and niobium elements, while there was a reduc-
tion in zirconium dissolution. Ti and Nb miner-

als, which were present in the concentrate,
achieve high temperatures using sodium and
potassium hydroxide fluxes (over 1073 K).29–33

On the other hand, Zr ,which was present in the
concentrate, consumed lower temperatures than
the Ti and Nb minerals (from 873 to 923 K).34,35

� Thus, 90 min and 1023 K as the fusion time and
temperature were considered the more confident
values for the two studied parameters to be
applied in the second group.

� In the second group, the ore to alkali ratio played
an important role in the dissolution of all the
studied elements. It was noticed that the solid to
alkali ratio of 1:1.25, and the 74-lm concentrate
particle size were the more appropriate conditions
in which 83.4, 99.8, 69.7, and 97.1% leaching
efficiency for Zr, Nb, Ti, and REEs, respectively,
was achieved by using sodium hydroxide as a
flux. In the potassium hydroxide experiments, a
solid to alkali ratio of 1:1.75 and 44-lm concen-
trate particle size were the proper choice, result-
ing in 79.6, 87.3, 90.5, and 97.4% dissolution
efficiency for Zr, Nb, Ti, and REEs, respectively.

� Sodium hydroxide as a flux was more distinct
than potassium hydroxide in the leaching of Nb
and Zr. However, potassium hydroxide was
preferred in the dissolution of Ti. For the REEs,
both refluxes gave the maximum dissolution
efficiency.

Fig. 2. SEM-EDAX pattern of separated grains.
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� XRD analysis of the Mylonite concentrate indi-
cated a significant presence of tantalite and
zircon minerals, and in higher concentrations
than other desired minerals such as columbite
and monazite (Fig. 1b). XRD analysis of the
leaching residues after the NaOH and KOH
fusion processes indicated that silicon was the
main residual obtained (Fig. 1c and d).

Dissolution Kinetics

Several models were investigated to explain the
chemical reaction and to determine the order of the
dissolution reaction.

Pseudo First-Order General Model

The first step in understanding how a given
chemical reaction occurs is to determine the form
of the rate law. The general model was generated by
Eqs. 1 and 2.

For the concentration relationship pseudo-first-
order reaction (Eq. 1):36

C ¼ Co � Ceð Þ exp �Ktð Þ ð1Þ

where C, Co, and Ce are the dissolved element
concentrations at any time t, the initial concentra-
tion of the studied elements, and their concentration
at equilibrium, respectively, and k is the reaction
rate constant,

Fig. 3. (a) Time and temperatures (b) solid ratio mesh size dissolution 3D curves for Zr, Ti, Nb and REEs using sodium and potassium
hydroxides.
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And from the Arrhenius relationship (Eq. 2):37

K ¼ Ar exp E=RTð Þ ð2Þ

where T is the absolute temperature in kelvins, Ar
is the Arrhenius constant, E is the activation
energy for the reaction, and R is the universal gas
constant.

By introducing Eq. 1 into Eq. 2, for an irreversible
reaction:

C ¼ Co � Ceð Þ exp �t Ar exp E=RTð Þð Þ ð3Þ

However, for a reversible (or parallel) reaction:

C ¼ aCo exp �t Ar1 exp E1=RTð Þð Þ
þ Co � að Þ exp �t Ar2 exp E2=RTð Þð Þ ð4Þ

where Ar1, Ar2, E1, and E2 are the Arrhenius
constants and activation energy for the two parallel
reactions, respectively. The reversible or parallel
reactions are determined from the sign of the
reaction rate constants for the two reactions. When
they have the same signal, the two reactions are
parallel, while having an opposite signal indicates
the reversibility of the reactions.

By applying the suggested general model (Eq. 4)
(pseudo-reversible first-order) using the results of
the dissolution processes at several temperatures
and times (Group 1) for Nb, Zr, Ti, and REEs, the
experimental results have been graphed using the
MATLAB program in 3D curves, as shown in Fig. 4a
and S7A (see supplementary data file). The activa-
tion energies and correlation coefficients for the
dissolution reactions using the two alkalis for Nb,
Zr, Ti, and REEs are shown in Table II.

The obtained figures show that the dissolution
reactions of Zr, Nb, Ti, and REEs using sodium and
potassium hydroxides matched well with the sug-
gested pseudo-first-order model, and high correla-
tion coefficients, R2, were obtained for most of the
dissolution processes shown in Table II.

From the results, it was indicated that the rare-
earth dissolution process was carried out through
one reaction (irreversible) with convergent activa-
tion energy using the two alkalis. On the other
hand, the Zr, Nb, and Ti dissolution processes were
accomplished through two reactions with two vari-
able activation energies, one of them having a much
higher value than the other.

The fusion digestion of the Zr, Nb, REEs, and Ti of
the Mylonite concentrate using sodium or potas-
sium hydroxides as a flux needed activation ener-
gies in the range of 31–38 kJ/mol. Different from the
others, The Nb dissolution using potassium hydrox-
ide needed only 16.1 kJ/mol.

On the other hand, another relationship for the
pseudo-first-order reaction was used to explain the
dissolution processes obtained from the group 2
experimental data (by variation of both the ore to
alkali ratio and the ore particle size with fixed time
and temperature).

For the concentration relationship pseudo-first-
order;

CðrÞ ¼ Co exp K1rð Þ ð5Þ

CðMÞ ¼ Co exp K2Mð Þ ð6Þ

where C(r), C(M), and Co are the dissolved element
concentrations at any ore to alkali ratio, the ore
particle size, and the initial concentration of the
studied elements, respectively. K1 and K2 are
the reaction rate constants.

From Eqs. 5 and 6;

Cðr;MÞ ¼ Co exp k1rþ K2Mð Þ ð7Þ

where C(r,M) is the dissolved element concentration
related to both the ore to alkali ratio and the ore
particle size.

By applying the suggested general model (Eq. 7)
(pseudo-reversible first-order), using the results of
the dissolution processes at different ore to alkali
ratios and the ore particle sizes (Group 2) for Nb, Zr,
Ti, and REEs, the experimental results have been
graphed using MATLAB program in three dimen-
sions 3D curves as shown in Figs. 4b and S7B (see
supplementary data file). The obtained figures show
that the dissolution reaction of Zr, Nb, Ti, and REEs
using sodium and potassium hydroxides matched
well with the suggested pseudo-first-order model,
and a high correlation coefficient R2 was obtained
for most of the dissolution processes. It was seen
that there was a noticeable difference in the disso-
lution reaction of Zr, Nb, Ti, and REEs using sodium
and potassium hydroxides. It was also found that K1

and K2 have the same sign in the case of using
sodium peroxide as a flux, while, in the case of using
potassium peroxide, they have opposite signs. As a
result, the dissolution reaction in the sodium
hydroxide case was carried out through a parallel
reaction, while in the other case it was carried out
through a reversible reaction.

Uptake General Model

The dissolution results of Zr, Nb, Ti, and REEs of
Mylonite concentrate using sodium or potassium
hydroxides as fluxes were represented with the
uptake general model. The uptake general model
(Eq. 11) was derived as follows:25

The pseudo-nth- order rate equation (Eq. 8) which
can be derived as follows for any pseudo-n order:

37

dq=dt ¼ k qe � qtð Þn ð8Þ

where qe, qt, and n are the dissolved element
concentrations at equilibrium t, their concentration
at any time, and order of reaction, respectively.

By separation and integration, we obtain:

qt ¼ qe � qð1�nÞ
e þ k n� 1ð Þ tð Þ

� �ð1�ð1�nÞÞ
ð9Þ
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By introducing the Arrhenius relationship (Eq. 2)
in Eq. 9 and rearranging, we obtain:

qe � qtð Þð1�nÞþqð1�nÞ
e ¼ n� 1ð Þ t Ar exp DE=RTð Þ

ð10Þ

Fig. 4. (a, b) Suggested Pseudo reversible first order, (c) Uptake qt general and (d) Shrinking core model curves for Zr dissolution using sodium
hydroxide.
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qe ¼ qe� qð1�nÞ
e þ n� 1ð Þ t Ar exp DE=RTð Þð Þ

h ið1�ð1�nÞÞ

ð11Þ

The uptake general model system was repre-
sented in 3D curves using MATLAB (Fig. 4c and
S7C) (see supplementary data file). These fig-
ures simulated Eq. 11 and declared that, in a
workable approximation, the uptake general model
was the predominant kinetic model. This showed
the uptake time relationship of this heterogeneous
system in analogy to the pseudo-reversible first-
order in a homogeneous system. The representation
of nonlinear models in the 3D-enabled process
allows the acquiring of many alternatives when
facing any process shortage. In general, it is one of
the good supports for taking a decision.

The activation energy presented in Table III gives
information about the type of dissolution process
using the two fluxes. These results matched well
with the previous model results. The calculated
correlation coefficients were closer to unity for the
pseudo-first-order kinetic model. The calculated
reaction order (n) for the dissolution reactions of
Zr, Nb, and Ti was closer to 2. On the other hand, for
the REEs dissolution processes, the order of the
reaction was one. The reaction order results agreed
with the previous model results, and the fusion
dissolution nature for Zr, Nb, and Ti through two
reactions and one for REEs dissolution. The
obtained data features in 3D Figs. 4c, and S7C
(see supplementary data file), showing that the
process could be approximated more satisfactorily
by the uptake general model as the predominant
mechanism.

Shrinking Core Model

The mechanism proposed by the shrinking core
model assumes the particles to be uniform non-
porous grains. Initially, the reaction occurs in 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 function of conversion.
The approximate solution of the shrinking 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 the unreacted core, and
chemical reaction on the unreacted core surface.
The graphical simulation that relates the conver-
sion as a function of time (t) for a spherical particle
is given by:38

t ¼ 1=Kf

� �
X þ 1=kDð Þ 1 � 3 1 � Xð Þ2=3þ 2 1 � Xð Þ

h i

þ 1=kCð Þ 1 � 1 � Xð Þ1=3
h i

ð12Þ

where the terms Kf, kD, and kC represent the
resistances to the external mass transfer, product
layer diffusion, and chemical reaction, respectively,
and X is the fractional conversion.

By introducing the Arrhenius relationship (Eq. 2)
into Eq. 12 and rearranging, we obtain:

f Xf ;T
� �

¼ Ar exp �E 1000=RTð Þð Þ: 1=Kf

� �
X

þ 1=kDð Þ 1 � 3 1 � Xð Þ2=3þ 2 1 � Xð Þ
h i

þ 1=kCð Þ 1 � 1 � Xð Þ1=3
h i

ð13Þ

By applying the generalized shrinking core model
(Eq. 13) on the dissolution process at several
temperatures and times in 3D curves for Zr, Nb,
Ti, and REEs, the experimental results were
graphed using the MATLAB program as shown in

Table II. Activation energy for Zr, Ti, Nb and REEs dissolution processes using a pseudoreversible first-
order model

NaOH-fusion KOH-fusion

E1, kJ/mol E2, kJ/mol R2 E1, kJ/mol E2, kJ/mol R2

Zr 32.99 � 0.0005 0.999 31.55 �2.3e-14 0.997
Nb 37.67 1.027e-05 0.971 16.1 �0.0099 0.950
Ti 31.5 � 0.0032 0.991 31.35 0.03 0.994
REEs 32.1 – 0.993 32.35 – 0.985

Table III. Activation energy for Zr, Ti, Nb, and
REEs dissolution processes using the uptake
general model

NaOH-fusion KOH-fusion

E n R2 E n R2

Zr 32.79 2.02 0.999 31.95 1.95 0.998
Nb 37.7 2.02 0.992 16.99 1.845 0.981
Ti 32.1 1.95 0.997 31.75 1.95 0.997
REEs 32.47 1.03 0.996 32.1 1.03 0.994
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Figs. 4d and S7D (see supplementary data file). The
activation energies, Kf, kD, kC, and correlation
coefficients R2 for all the dissolution reaction exper-
iments using the two alkalis are shown in Table IV.
From the results, the activation energies of the
dissolution processes for Zr, Nb, Ti, and REEs using
the two fluxes were between 31 and 38 kJ/mole
(except for the dissolution of Nb with KOH). The
calculated correlation coefficients are closer to unity
for the studied model. The obtained data features in
3D Figs. 4c and S7C (see supplementary data file)
showing that the dissolution process was carried out
through film diffusion control, which has the min-
imum value for all dissolution processes using the
two fluxes (Kf< kD<kC).

Thermodynamic Characteristics

Using the fusion dissolution results under various
temperatures ranging from 873 to 1023 K, the
thermodynamic parameters of the studied fusion
processes have been determined for Zr, Nb, Ti, and
REEs using sodium and potassium hydroxides.
These parameters were calculated for this system
using the following non-linear Floatotherm (ani-
sotherm) and Van’t Hoff equation. A Floatotherm
term was suggested as a result of the temperature
variation. Here, the Langmuir model was the
starting point

for the Van’t Hoff equation (Eq. 14):39

Kd ¼ exp �DH=RTð Þ þ DS=Rð Þð Þ ð14Þ

and the Langmuir equation (Eq. 15):40

q ¼ qeKC= 1 þKCð Þ ð15Þ

From these two equations, a suggested Floa-
totherm (anisotherm) Van’t Hoff equation (Eq. 16)
was derived as follows:

f C;Tð Þ ¼ Qm exp �DH= RTð Þ þ DS=Rð Þð ÞCn= 1þð
exp �DH= RTð Þ þ S=Rð Þð ÞCÞm

ð16Þ

where practically, n and m tend to unity. The
suggested model can be represented in 3D using
MATLAB as shown in Figs. S8–S11 (see supple-
mentary data file), where Kd (ml/g) ,(DH (KJ/mol),
DS (J/mol.K), T (Kelvin), and R (KJ/K.mol) are the

distribution coefficient, the enthalpy, the entropy,
the temperature in Kelvin, and the molar gas
constant, respectively.

The Gibbs free energy, DG (KJ/mol), is calculated
from Eq. 17:41

DG ¼ DH�TDS ð17Þ

Dissolution enthalpy, entropy, Gibbs free energy,
and the correlation coefficient for Zr, Nb, Ti, and
REEs using sodium and potassium hydroxides have
been plotted in Table S1 (see supplementary data
file), the positive value of DH confirming the
endothermic nature of the dissolution process for
the Zr, Nb, Ti, and REEs using sodium and potas-
sium hydroxides. The negative value of the free
energy of digestion, DG, confirms the feasibility and
spontaneous nature of the dissolution processes.
Thus, the adsorption process was found to be
endothermic and spontaneous. The DS values had
a negative value in most of the digestion experi-
ments, indicating a decrease in the randomness at
the solid/solution interface during the attack of the
fused alkali on the ore particles.

CONCLUSION

� XRF, XRD, and EDAX analysis proved that the
Mylonite concentrate consisted mainly of Zr and
Ti elements with considerable content from Nb,
and REEs. Zircon, Titanite, Columbite, and
Monazite were the main refractory minerals
present in the concentrate of which the flux
digestion was studied.

� Several batch tests were performed to optimize
the Zr, Ti, Nb, and REEs dissolution by sodium
and potassium hydroxides from the Mylonite
concentrate of the Abu Rusheid area. Sodium
hydroxide was more favorable than potassium
hydroxide in dissolving Zr and Nb. On the other
hand, potassium hydroxide was capable of dis-
solving Ti. Both alkalis achieved the goal of
dissolving a maximum rare-earth content.

� Dissolution efficiencies of 83.4, 99.8, 69.7, and
97.1% for Zr, Nb, Ti, and REEs, respectively,
were accomplished using sodium hydroxide with
conditions of 1023 K, 90 min, 1:1.25 ratio, and 74
lm ore particle size. Values of 79.5, 87.3, 90.5,

Table IV. Activation energy for Zr, Ti, Nb, and REEs dissolution processes using the generalized shrinking
core model

NaOH-Fusion KOH-Fusion

E Kc KD Kf R2 E Kc KD Kf R2

Zr 32.16 0.091 0.0001 5.33e-5 0.999 31.15 0.1 0.001 3.97e-5 0.998
Nb 37.9 0.5 0.1 0.0012 0.992 16.08 0.5 0.31 1.75e-5 0.981
Ti 31.51 0.007 0.001 9.48e-6 0.991 31.47 0.007 0.006 6.82e-7 0.997
REEs 32.1 0.6 0.6 1.36e-5 0.996 32.98 0.099 0.034 8.95e-7 0.994
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and 97.4% dissolution efficiencies for Zr, Nb, Ti,
and REEs, respectively, were achieved using
potassium hydroxide under 1023 K, 90 min,
1:1.75 ratio, and 44 lm ore particle size condi-
tions.

� Suggested pseudo-reversible first-order model,
uptake general model, and shrinking core model
fitted well with the experimental dissolution
process results at several temperatures and
times using group 1 experiments for Zr, Nb, Ti,
and REEs using the two alkalis. Suggested
pseudo-reversible first-order fitted well with
the experimental dissolution process results
using group 2 experiments.

� Using the three models, the activation energies
of the dissolution processes had converging
results ranging between the 31 and 38 kJ/mole
for Nb, Zr, Ti, and REEs using the two fluxes
(except for the dissolution of Nb with KOH). All
of the dissolution processes using the two fluxes
were carried out through two reactions (parallel
or reversible), except for the dissolution of the
REEs. The dissolution processes were carried
out through film diffusion control which had the
minimum value for all the dissolution processes.

� The thermodynamics calculations showed the
endothermic nature of the dissolution processes
for the Nb, Zr, Ti, and REEs using sodium and
potassium hydroxides, and the feasibility and
spontaneous nature of the dissolution processes
with a decrease in the randomness at the
solid/solution interface during the attack of the
fused alkali on the ore particles.
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