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Abstract: The leaching of rare earth elements (REEs) including cerium, lanthanum and neodymium from apatite concentrate
obtained from iron ore wastes by nitric acid was studied. The effects of nitric acid concentration, solid to liquid ratio and leaching
time on the recoveries of Ce, La and Nd were investigated using response surface methodology. The results showed that the acid
concentration and solid to liquid ratio have significant effect on the leaching recoveries while the time has a little effect. The
maximum REE leaching recoveries of 66.1%, 56.8% and 51.7% for Ce, La and Nd, respectively were achieved at the optimum
leaching condition with 18% nitric acid concentration, 0.06 solid to liquid ratio and 38 min leaching time. The kinetics of cerium
leaching was investigated using shrinking core model. It was observed that the leaching is composed of two stages. In the first stage a
sharp increase in cerium leaching recovery was observed and at the longer time the leaching became slower. It was found that in the
first stage the diffusion of reactants from ash layer is the rate controlling mechanism with an apparent activation energy of

6.54 kJ/mol, while in the second stage the mass transfer in the solution is the controlling mechanism.
Key words: rare earth elements; apatite; leaching; response surface methodology; shrinking core model

1 Introduction

The demand for rare earth (RE) metals and their
compounds are increasing rapidly due to their unique
magnetic, electrical, chemical, catalytic, optical and
spectroscopic properties that have led to their application
in many fields of advanced materials applications [1—3].
They have applications in numerous fields including
electronic, metallurgy, petroleum, textiles, and
agriculture, and they are also becoming uniquely
indispensable and critical in many high-tech industries
such as hybrid cars, wind turbines, and compact
fluorescent lights, flat screen televisions, mobile phones,
disc drives, and defense technologies [3]. There are a
wide variety of rare earth minerals, but notably
the mined minerals are bastnasite, monazite, and
xenotime [3—5]. Apatite, cheralite, eudialyte, loparite,
and phosphorites make up the remaining resources [3].
Apatite containing average 0.1%—0.8% rare earth oxides
is the main source of phosphate fertilizers and
phosphoric acid. In spite of its low rare earth content
apatite could become an important source of rare earths

because it is processed in large quantities [6]. Different
processes for extracting race earth elements (REEs) from
apatite are investigated. Leaching with sulfuric acid is
the most common method for treating apatite [5]. During
the manufacture of phosphoric acid about 70% of rare
earth element is lost in the gypsum. However, if leaching
is conducted by nitric acid, most of the rare earths
substituted in the apatite lattice for calcium ions will go
into solution, and the rate of REEs recovery is essentially
higher than that when using sulfuric acid [7,8]. Besides,
nitrate solutions are more preferable for extraction and
separation of the REEs [9]. Hydrochloric acid is also
used for dissolution of apatite for extraction of rare
earths [7], however, the application of this acid is very
limited.

Leaching of apatite in different acid media has been
extensively studied [10—16]. However, there are few
works on the leaching behavior of REEs from apatite.
GUMGUM [17] studied the effect of acid concentration,
agitation time and solid to liquid ratio on the leaching of
yttrium from apatite by sulfuric acid. KHAWASSEK et
al [18] studied the effect of acid concentration, agitation
time, ore particle size, acid to ore ratio, temperature and
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addition of H,0O, as oxidant on sulfuric acid leaching of
apatite. WANG et al [19] investigated the influence of
phosphoric acid concentration, temperature, liquid to
solid ratio and additives on the REEs leaching
efficiencies in digestion of apatite by sulfuric acid. They
reported that REEs leaching recoveries increased by
decreasing temperature and increasing the concentration
of phosphoric acid and liquid/solid ratio. KANDIL et
al [20] investigated the effect of acid concentration, flow
rate and the presence of additives on the column leaching
of REEs from apatite by hydrochloric acid, nitric acid
and sulfuric acid solutions. They studied the kinetics of
leaching by shrinking core model and reported that the
rate controlling step is diffusion through ash layer and
the activation energy for leaching is calculated
accordingly. JORJANI et al [21] studied the effect of
acidity, pulp density, agitation rate and time on the
leaching recoveries of REEs from apatite by nitric acid.
They used laboratory data to predict mathematical
models for recoveries of REEs as function of various
factors.

In the present work, apatite was leached by nitric
acid and the effects of main process parameters including
acid concentration, solid to liquid ratio and leaching time
were investigated. For this purpose, the response surface
methodology (RSM) and experiment design were
employed and the influence of parameters affecting the
leaching process and optimum condition were obtained.
The kinetics of REEs leaching from apatite was also
investigated and the controlling kinetic model of the
reaction process was determined.

2 Experimental

2.1 Materials and apparatus

The apatite sample was the product of processing
plant of Chadormalu Iron Ore Mine of Iran. The particle
size of apatite concentrate was below 50 pm and no
further grinding was performed. Nitric acid of analytical
grade (Merck) was applied as leaching agent. XRD
experiments were carried out to determine the
mineralogical analysis of apatite sample. The rare earth
elements in the apatite were determined by ICP-MS and
for leaching samples by ICP-AES.

2.2 Leaching experiments

Leaching tests were carried out in a 200 mL glass
reactor on a magnetic heater and stirrer. It has been
reported that temperature has no significant effect on
REEs leaching recoveries from apatite but higher
temperature has favor advantageous due to volatilization
of flour and sulfur [22]. Therefore, all leaching tests for
optimization were performed at 60—70 °C. The pulp was
stirred at an agitation speed of 800 r/min by magnet

stirrer in all tests including optimization and kinetics
studies. Samples were taken after reaction period at
pre-determined intervals and were filtered using a filter
paper. The filtrate solution was analyzed for REEs and
the leaching recovery was determined by the following
equation:

G

A

R:

x100% (D

where R is the leaching recovery, B is the solid to liquid
ratio, and Cy and C, are the concentrations of REE in the
leachate and apatite sample, respectively.

2.3 Design of experiments (DOE)

Response surface methodology (RSM) is widely
used for optimization of process variable in many
chemical systems. RSM helps to decrease the number of
experiments needed for analyzing the process, and also
analyze the interaction between the parameters [23].
Central composite design (CCD) was employed for
experimental design. Nitric acid concentration,
solid/liquid ratio and leaching time were chosen as the
independent variables with their levels and ranges shown
in Table 1. The chosen independent variables used in the
process optimization were coded according to

Xi —Xo

X, = e)

where X; is the dimensionless coded value of each

independent variable, x, is the value of x; at the center
point and Ax is the step change value.

Table 1 Independent variables and their levels used in RSM

design
) Range and level
Variable Symbol
-1 0 +1
Nitric acid

concentration/% 4 10 20 30
Solid/liquid ratio B 0.05 0.075 0.1
Leaching time/min C 10 35 50

The leaching recoveries of lanthanum, cerium and
neodymium were the of the
experimental conditions in the design of experiments.
The nitric acid concentration was varied from 10% to
30%, the solid/liquid ratio was varied from 0.05 to 0.10,
and the leaching time was selected in the range of 10 to
60 min. A total of 18 experiments consisting of
8 factorial points, 6 axial points and 4 replicates at the
central points were carried out. The experimental results
obtained from the CCD model were described by a
second order polynomial as a function of X; as given

response variables

Y=8+ 2. BX,+ D B X+ B XX, 3)
i=1

i=1 i<j
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where £, is the value for the fixed response at the central
point of the experiment; and f;, §; and §; are the linear,
quadratic and cross product coefficients, respectively.
The analyses of variance (ANOVA) and response
surfaces were performed using the Design-Expert
software (version 7.0.0) from Stat-Ease Inc., USA. The
optimized leaching conditions were estimated using
the software’s numerical and graphical optimization
tools.

3 Results and discussion

3.1 Analysis

The assay of rare earth elements in apatite is
presented in Table 2. It shows that lanthanum, cerium
and neodymium comprise more than 77% of total rare
earth elements of apatite.

Table 2 Assay of rare earth elements in apatite sample (10°°)

La Ce Pr Nd Sm Eu Gd
1551 3707 559.27 18322 277.48 26.37 219.66
Tb Dy Er Tm Yb Lu Y

283 136.8 62.81 7.1 40.1 449 6555

The XRD analysis revealed that flourapatite, calcite,
ankerite, hematite and quartz are the main minerals in
apatite concentrate while flourapatite is the dominant one

(Fig. 1).

s = — Ankerite
e — Calcite
A » — Flourapatite
A + — Hematite
<« — Quartz

Fig. 1 XRD analysis of apatite sample

3.2 Response analysis and interpretation

Central composite design (CCD) was employed to
develop correlation between the leaching process
variables and the leaching recoveries. The complete
design matrix together with the responses achieved from
the experimental works is given in Table 3. The highest
leaching recoveries were achieved for cerium while the
lowest recoveries were for neodymium. In the
experiments condition, the leaching recoveries for Ce, La

and Nd were in the range of 12.64%—64.46% for cerium,
11.35%-56.11% for lanthanum and 10.84%—50.13% for
neodymium.

Table 3 Experimental design matrix and results

Recovery/%
Ce La Nd

Run  A4/% B C/min

1 20 0.075 35 62.27 5244 48.72
2 10 0.05 60 60.31  52.15 4741
3 30 0.05 10 6298 5415 49.76
4 20 0.075 35 58.88  48.89 47.88
5 10 0.1 60 20.11 1755 17.01
6 20 0.075 35 59.55 53.68 47.36
7 30 0.1 60 59.51 5023 45.83
8 10 0.075 35 4333 3636 34.03
9 20 0.075 35 60.52 5147 46.76
10 20 0.05 35 6429 5558 50.13

Ju—
—

10 0.1 10 12.64 1135 10.84
12 10 0.05 10 57.27 49.12 4491
13 20 0.075 60 62.86 52.84 48.76

14 30 0.1 10 5451 4647 4191
15 20 0.075 10 59.40  50.09 45.69
16 20 0.1 35 48.26  40.77  36.58

17 30 0.075 35 63.58 5398 49.23
18 30 0.05 60 6446  56.11 50.10

To select the best model which could fit the
experimental data, the sum of squares for polynomial
models including mean, linear, 2FI, quadratic and cubic
models were calculated by Design-Expert software. The
models were selected based on the highest order
polynomials where the additional model terms were
significant and model was not aliased or meaningless.
The quadratic models were suggested by software and
were selected for leaching recoveries of each element.
The adequacy of the models was further justified through
analysis of variance (ANOVA). The ANOVA of
quadratic models for leaching recoveries of Ce, La and
Nd are presented in Tables 4, 5 and 6, respectively. From
the ANOVA for response surface quadratic model for
leaching recoveries, the model F-value of 84.09, 74.85
and 114.53 for Ce, La and Nd, respectively, imply that
the models were meaningful. The values of Prob>F less
than 0.05 indicate that the model term has significant
effect on the response. Therefore, the effects of all
model’s parameters on leaching recoveries were not
significant and for the leaching recoveries of Ce, La
and Nd, nitric acid concentration (4), solid to liquid ratio
(B), time (C) and AB, A*, B* were significant model
terms whereas the other terms were insignificant. In
order to enhance the effect of significant parameters, the
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Table 4 ANOVA for response surface quadratic model for Ce
leaching recovery

Source Sum of Mean Fovalue P-value
squares square Prob>F

Model 3708.402 9 412.0446 84.08865 <0.0001

A 1240.6 1 1240.6 253.1773  <0.0001

B 1305911 1  1305.911 266.5059 <0.0001

C 41.75592 1 41.75592 8.521405  0.0193

AB 637.6405 1 637.6405 130.1275 <0.0001
AC 2.027562 1  2.027562 0.413778  0.5381
BC 7.905421 1  7.905421 1.613311 0.2397
A? 1458088 1 145.8088 29.75616  0.0006
B 55.23756 1  55.23756 11.27269  0.0100
c 0.311009 1  0.311009  0.06347 0.8074

Residual 39.20097 8 4.900122

Table 5 ANOVA for response surface quadratic model for La
leaching recovery

Source Sum of ¢ Mean Fovalue P-value
squares square Prob>F

Model 2689.105 9  298.7895 74.85277 <0.0001

A 891.3418 1  891.3418 223.299 < 0.0001

B 1014.87 1 1014.87  254.2453 < 0.0001

C 31.29524 1 31.29524 7.840087  0.0232

AB 4324809 1 4324809 108.3452 < 0.0001
AC 1.549775 1 1.549775  0.38825 0.5506
BC 3102284 1 3.102284 0.777184  0.4037
A 1053082 1  105.3082 26.38182  0.0009
B 28.19069 1  28.19069 7.062335  0.0289
c 0.010096 1  0.010096 0.002529  0.9611

Residual 31.93357 8  3.991696

Table 6 ANOVA for response surface quadratic model for Nd
leaching recovery

Source Sum of Mean Fvalue P-value
squares square Prob>F

Model 2155.714 9  239.5238 114.5329 < 0.0001

A 682.7238 1  682.7238 326.4575 <0.0001

B 8123202 1  812.3202 388.4264 <0.0001
C 25.60652 1 25.60652 12.24425  0.0081

AB 3425228 1 3425228 163.7838 < 0.0001
AC 2440408 1 2440408 1.166928  0.3115
BC 6.56334 1  6.56334 3.138386  0.1144
A 79.94931 1 79.94931 3822929  0.0003
B’ 372709 1 37.2709 17.8218 0.0029
c 0.073037 1 0.073037 0.034924  0.8564
Residual 16.73048 8  2.09131

insignificant parameters were eliminated from the
quadratic models. The final equations in terms of coded
factors for the leaching recoveries are shown as follows:

Ce recovery =60.60+11.144—11.43B+2.04C+

8.934B-7.224°-4.39B° 4)
La recovery=51.52+9.444-10.078+1.77C+

7.354B—6.214°-3.208 (5)
Nd recovery=47.40+8.264—9.01B+1.60C+

6.544B—5.374°-3.65B* (6)

The validation of model was an important part of
the data analysis procedure, since an inadequate model
could lead to misleading results. “Adequate Precision”
measures the signal to noise ratio. A ratio greater than 4
is desirable [24,25]. For fixed models the adequate
precision ratios for leaching of Ce, La and Nd were
39.466, 39.495 and 41.673, respectively, which indicate
an adequate signal and these models can be used to
navigate the design space. The predicted leaching
recoveries are compared with the actual leaching
recoveries in Fig. 2. The correlation coefficients (R”) for
models were found to be 0.99 which are close to unity,
indicating good agreement between the experimental and
the predicted leaching recoveries.

3.3 Effect of variables on response and optimization

The influences of nitric acid concentration, solid to
liquid ratio and leaching time on the leaching recoveries
of Ce, La and Nd were evaluated. The results showed
that the concentration of nitric acid has the most effect on
the leaching recoveries while the leaching time has little
influence on the REE recoveries. Figure 3 shows the
effect of nitric acid concentration on the Ce, La and Nd
leaching recovery. As it is illustrated in Fig. 3, the acid
concentration and solid/liquid ratio have interaction on
each other. At the low solid/liquid ratio (S/L=0.05),
increasing the acid concentration has little effect on the
Ce leaching recovery while at higher solid/liquid ratio
(S/L=0.10) increasing acid concentration has a
significant effect on the leaching recovery. This
phenomenon is a result of the nature of leaching reaction
of apatite by nitric acid.

Cam(PO4)6F2+20HNO3= 1 OCa(N03)2+6H3PO4+2HF (7)

REEs are substituted by calcium in apatite structure.
On leaching of apatite, first all calcium was dissolved in
the nitric acid [26] and therefore, for successive leaching
of REEs the number of moles of nitric acid entering the
system should be at least 20 times more than the number
of moles of apatite which are subject to leaching.
Furthermore, according to Reaction (7), phosphoric acid
is generated during the leaching process, and due to the
low solubility of RE phosphates (Ig K, for La, Ce and
Nd phosphates are too close and approximately equal
to —26 [27]), the REEs leaching recoveries are restricted.
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Fig. 2 Comparison of model prediction with experimental data
for leaching of Ce (a), La (b) and Nd (¢)

The effect of leaching time on REEs leaching
recoveries is shown in Fig. 4. The leaching time has no
significant effect on the leaching recovery.

The three-dimensional response surfaces which
show the effects of nitric acid concentration and
solid/liquid ratio on the REE leaching recoveries are
presented in Fig. 5.
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Fig. 3 Effect of nitric acid concentration on Ce (a), La (b) and

Nd (c) leaching recoveries

3.4 Process optimization

With the objective leaching
recoveries at the lowest nitric acid concentration and
leaching time and highest solid to liquid ratio, the
optimum conditions were identified using the Design-
Expert software. It reports the optimum condition to be a
nitric acid concentration of 19%, solid to liquid ratio of
0.08 and leaching time of 10 min which results in the

of maximizing
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Fig. 4 Effect of leaching time on REEs leaching recovery

leaching recoveries of 56.3%, 47.8% and 44.1% for Ce,
La and Nd, respectively. However, when no constrain
was applied on the process parameters, for maximizing
REE recoveries the optimum conditions were determined
as 18%, 0.06 and 38 min for nitric acid concentration,
solid/liquid ratio and time, respectively. At these
conditions the leaching recoveries for Ce, La and Nd
were 66.1%, 56.8% and 51.7%, respectively.

3.5 Kinetics study
Leaching experiments imply that at the studied

. 0.06 o
Quig - 0.0510 ¢
e

. 0.06
i 00510 P
S

Fig. § Effect of nitric acid concentration and solid/liquid ratio

on leaching recovery (leaching time: 35 min)

conditions, Ce, La and Nd have similar behavior on
leaching by nitric acid. On the other hand, Ce is the most
available REE in the apatite and its leaching recovery is
more than those of La and Nd. Therefore, kinetics studies
were carried out on the Ce dissolution. The kinetics of
Ce dissolution from apatite concentrate was analyzed
using the data obtained with 10% (volume fraction) nitric
acid at different temperatures and a solid to liquid ratio
equal to 0.05. Figure 6 shows the effect of leaching
temperature on the cerium recovery. The mechanism of
leaching of REEs was examined by shrinking core model
for spherical particle constant size [28]. Equations for
film diffusion control (Eq. (8)), ash diffusion control
(Eq. (9)), and reaction control (Eq. (10)) were examined
on the leaching data.
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k=X (8)
kt=1-3(1-X)**+2(1-X) )
kt=1-(1-X)"? (10)

where £ is the apparent reaction rate constant, ¢ is the
time and X is the leaching recovery.

70
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Fig. 6 Effect of temperature on Ce recovery (Nitric acid
concentration: 10%; S/L: 0.05; agitation: 800 r/min)

From Fig. 6, it is clear that there are two different
stages on the leaching of REEs. The rate of leaching at
the first stage (before 4 min) is considerably different
from that of the second stage (after 4 min). Beside when
any of the equations related to different controlling
mechanisms (Egs. (8)—(10)) was examined with the
experimental data for the whole leaching period, a
significant change in the trend before and after 4 min
was observed. This also indicates that the whole leaching
period is not governed by a single mechanism. As a
result, in the following discussion, the controlling
mechanisms in the REEs leaching from apatite were
examined for short time (less than 4 min) and long time
(more than 4 min) stages, separately [29].

Data analysis showed that, at the studied conditions,
chemical reaction control is not the governing
mechanism for the leaching of rare earths from apatite
with nitric acid.

It was found that at short time, data fit with ash
diffusion control mechanism. Figure 7 shows a plot of
1-3(1-X)**+2(1-X) versus time. This plot is close to a
straight line with an acceptable correlation coefficient.
The reaction rate constant for ash diffusion was
determined from the slope of the lines.

Data analysis showed that at the second stage of the
leaching process (after 4 min), the leaching recoveries fit
the film diffusion control mechanism. It should be noted
that the data for long time studies should be modified
since at the beginning of second stage the time and
leaching recovery were not zero. So the time at 4 min
and the recoveries at this time were applied as zero for

analyzing the second stage of leaching. Figure 8 shows a
plot of leaching recovery versus time in which the time
and Ce recovery were modified. The change in leaching
mechanism at the long time process is a result of the
consumption of reactant acid and decreasing the acid
concentration in the solution. Therefore, transferring
reactant to the surface of apatite is the reaction rate
controlling at this condition.

0.20
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& 010} ‘.
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Fig. 7 Plot of 1-3(1-X)**+2(1-X) vs time at different
temperatures at short time
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Modified time/min
Fig. 8 Plot of modified time vs modified leaching recovery at
different temperatures for long term process

The reaction rate constants for each stage of process
were determined from the slope of the lines in Figs. 7
and 8. The activation energy for each step of reaction
was determined by Arrhenius plots of In £ vs 1/T which
are presented in Figs. 9 and 10. From the Arrhenius plots,
the activation energies of 6.54 kJ/mol and —33.86 kJ/mol
were calculated for the cerium dissolution at ash
diffusion and film diffusion control, respectively.

4 Conclusions

The effect of nitric acid concentration, solid
to liquid ratio and time on the leaching of rare earth
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Fig. 10 Arrhenius plot for long time leaching of cerium from

apatite by nitric acid

elements (Ce, La and Nd) from apatite concentrate was
investigated using response surface methodology. The
proposed quadratic models were conformed well to
experimental data with correlation coefficients (R®) of
0.98. It was found that the nitric acid concentration and
solid/liquid ratio have significant effect on the REEs
leaching recoveries, while leaching time has little effect.
Using Design-Expert software, the optimum conditions
were determined to be a nitric acid concentration of 18%,
solid/liquid ratio of 0.06 and leaching time of 38 min,
with leaching REEs recoveries of 66.1%, 56.8% and
51.7% for Ce, La and Nd, respectively.

The kinetics of leaching of cerium from apatite was
examined using shrinking core model. Two different
stages in the leaching of Ce from apatite by nitric acid
were observed. In the first stage (shorter than 4 min) the
diffusion of reactants from ash layer was the rate
controlling step with an apparent activation energy of
6.54 kJ/mol, while in the second stage of leaching, the
reactant transfer from liquid phase to surface of apatite is
the controlling mechanism of Ce leaching.
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