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1. Introduction

ABSTRACT

In this research, the leaching of REEs from the tailing of the apatite-iron ore processing unit of
Morvarid mine (NW Iran), has been investigated using nitric, hydrochloric and sulfuric acids. This
tailing contains rare earth elements (REEs) specifically Ce, La, Nd, Y and its accompanying minerals
are magnetite, apatite, monazite, hematite, quartz. The appropriate dimensions for apatite release
are d80=75um. Leaching tests were performed for all three acids, and digestion process was also
used for sulfuric acid. The leaching in the presence of sulfuric acid, under a temperature of 90°C,
an acid concentration of 40% and a time of 60 minutes, leads to the total recovery of REE equal to
40.23%, and in acid sulfuric acid digestion at 200°C, equal to 61.21%. became. The recovery of
REE when using hydrochloric acid at 72.64°C, concentration of hydrochloric acid 36.21% and time
56.28 minutes, was equal to 60.57%. In the presence of nitric acid, under the optimal conditions of
temperature 61.51°C, acid concentration 40% and time 72.92 minutes. Furthermore, the maximum
recovery of total REE equal to 51.9% was obtained. Due to the higher recovery and the lower price

of sulfuric acid, this method is suggested for extracting for the extraction of REEs from the tailings.

In north western Iran, trending of the western Alborz-Azerbaijan
zone (WNW-ESE) lies along the Alpine-Himalayan orogenic
belt and is categorized by Cenozoic magmatic activity with calc-
alkaline-potassic characteristics (Berberian and King, 1981;
Moinvaziri, 1985). The volcanic rocks of this zone have been

occurred at magmatic arc and back arc tectonic situation in a post-

collisional set (Berberian et al., 1982; Hassanzadeh et al., 2002;
Allen et al., 2003). Kiruna type iron ore occurrences/deposits of
the Tarom region, is linked with subduction of Neotethys Ocean.
Several Fe-Mn mineralization including skarn and iron oxide—
copper—gold (IOCG, e.g., the Kiruna-type) mineralization in NW

Iran are correspondence to plate collisions (Nabatian et al., 2015).
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Considering the origin of rare earth elements and the association
with apatite deposits, apatite magnetites or alkaline rocks rich
in feldspathic minerals, there is a possibility of these sources in
Iran (Daliran, 2002), Tarom batholith is one of the most important
The intrusive masses of the region have had a great impact on the
mineralization of iron, copper and rare earth elements in the Tarom
area and the formation of magnetite-apatite deposits containing
REE in the Sorkheh Dizaj zone (Fig. 1).

U-Th/He apatite isotopic data in the Mahneshan area of the
Zanjan province is the Miocene continental collision of Iran
(Stockli et al., 2004). Iron-apatite ores host rare earth elements
in the study region. The rare earth element ores syngenetic and
epigenetic deposits are formed in a wide range of geodynamic
position, and LREEs have a higher degree of incompatibility than
the HREEs, and tend to be accumulated in magmatic differentiation
final products (Henderson, 1984).

The Morvarid iron-apatite deposit is located at 32 km southeast
of Zanjan city NW Iran. This deposit contains Apatite, iron and
rare earth elements in this mine. Pereira and Bilal (Pereira and
Bilal, 2012) calculated dissolution of apatite by hydrochloric acid
and Jorjani et al. (2008, 2011) investigated the effect of time, pulp
density, acid concentration and agitation rate on the dissolution of
rare earth elements from apatite by nitric acid. Gomegum (1985)
determined the leaching of apatite concentrate for the extraction of
Y by sulfuric acid and the effect of acid concentration, dissolution
time and solid to liquid ratio. Aly et al. (2013) studied on the
dissolution of apatite by hydrochloric acid and showed that the
leaching efficiency increases with increasing acid concentration,
liquid to solid ratio, temperature and decreasing particle size
(Gupta and Krishnamurthy, 2005). The aim of this study was to
investigation of the effect of nitric, sulfuric and hydrochloric acids
on the dissolution and recovery of rare earth elements in the apatite
tailings of this mine and optimization of the parameters affecting

the leaching of rare earth elements.

2. Research methodology

Albite, quartz, magnetite and apatite are the main minerals and
zeolite, chlorite, phlogopite and pyrite are the secondary minerals of
the studied sample. of nitric acid with a purity of 65%, hydrochloric
acid with a purity of 37% and sulfuric acid with a purity of 95% was
used as a solvent in leaching experiments. Leaching experiments
were performed with 20% solid content, atmospheric pressure, pH
less than 1, under different conditions of temperature, time and acid
concentration parameters. Figure 4 shows the general process of

leaching for rare earth elements.

3. Results and Discussions

Magnetite accounts for 35% and hematite, goethite and

lepidocrocite for about 2 to 4% of the sample. Monazite has been
seen in small amounts in the form of fine inclusions in quartz and
apatite. Figure 1 shows the minerals in the sample. The size of trace
element minerals varies from 5 p to over 100 p. Rare earth elements
are mainly concentrated in apatites and in some cases in magnetite,
the degree of freedom for apatite and magnetite is 75 p. Figures
5, 6 and 7 show the main minerals of the samples, magnetite,
plagioclase and apatite. Influencing factors in the leaching process
include temperature, time, the effect of acid or alkali concentration
and providing a suitable method to reduce the consumption of
acid or alkali during the process (Manis Kumar, 2016; Zhang et
al., 2016). According to the diagram in Figures 7,8 with increasing
acid concentration, the recovery of rare earth elements increases.
Hydrochloric acid at 30% concentration and nitric acid at 60%
concentration reach maximum recovery.

According to the experiments performed (Fig.9), with increasing
temperature, the recovery of rare earth elements also increases.
According to the diagram in Fig.10, with increasing leaching time,
the recovery of rare earth elements also increases. In acid leaching
experiments, the mass ratio of acid to concentrate depends on the
grade of the rare earth and gang elements present in the concentrate.
The feed sample was cooked using concentrated sulfuric acid at
a temperature of 220°C with an acid-to-solid ratio of 1: 1 in
75-micron granules and leached with a water / concentrate ratio
of 4. Separation of soluble and solid filters and analysis of soluble
ICP resulted in the recovery of 61.21% of rare earth elements in
the feed. The studied variables of acid concentration, temperature
and leaching time were examined at two levels, the total recovery
of rare earth element is considered as the answer. In leaching
with hydrochloric acid, the most effective parameter of leaching
temperature is that with increasing temperature, the amount of
recovery of rare earth elements increases. Also, at maximum and
minimum levels of acid concentration, with increasing temperature,
the recovery of rare elements increases (Fig. 12).

To optimize the tests according to table 1, the total rare earth
element recovery in each test was calculated and added to the
recovery column (Table 2) in the software. In order to validate the
model, in addition to the curve of the predicted values against the
actual values, the residuals curve was used in relation to the curve
of the possible values (Fig.14). In leaching with nitric acid, all
three parameters of temperature, time and acid concentration are
effective and with their increase, the amount of recovery of rare

carth elements increases (Figs. 15 and 16).

4. Conclusion
The main minerals including RRE are apatite and magnetite in
order of importance. The main minerals (more than 10%) include

plagioclase, magnetite, quartz, and apatite, and secondary minerals
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(between 2-10%) include phlogopite, zeolite, chlorite, calcite,
hematite, and pyrite, and minor minerals (less than 2 %) includes
chalcopyrite, kovolite, sphalerite, lepidocrocite, goethite and
monazite. In this study, the effect of solvent type on the leaching
process of rare earth elements in the iron-apatite tailings sample of
Sorkheh Dizaj zone was recognized. According to SEM and EPMA
data, rare earth elements are located inside the apatites are involved
with magnetite.

The results obtained from the leaching tests of the iron-apatite
sample of this mine with hydrochloric acid, the optimal process
selected by DX7 software, extraction of rare earth elements at a
temperature of 72.6 °C, acid concentration of 36.21% and time
of 56.28 minutes, in these conditions, the maximum recovery of

the total amount of rare earth elements equal It is obtained with

83

60.57%. In the leaching of the iron-apatite sample with nitric acid
at a temperature of 61.5 °C, a concentration of hydrochloric acid
of 40% and a time of 72.92 minutes, the maximum recovery of the
total rare earth elements equal to 51.9% is achieved. The highest
recovery from acid cleaning with sulfuric acid at 200 °C and 120

minutes’ time and water leaching was 61.21%.
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Figure 3. The location of tailings sample in Zanjan Morvarid mine and the comparison of REEs grade in terms of ppm in different samples.
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Table 1. Geochemical analysis of tailing samples in Morvarid mine (Oxides and elements are reported by wt.% and

ppm, respectively).
Samples Morvarid 1 Morvarid 2
M1.2 Mi1.2 M1.3 M1.4 M1.5 M2.1 M2.1 M2.2 M2.3 M2.4
SiO, 70.24 70.21 69.27 70.13 69.34 63.31 60.98 61.4 65.08 63.15
TiO, 0.57 0.63 0.57 0.6 0.61 1.05 1.06 1 1.04 0.99
ALO, 14.02 13.85 14.9 13.53 14.25 15.02 15.5 15.46 15.54 14.69
Fe,O, 2.15 2.6 2.32 2.57 2.3 4.7 4.72 3.71 3.6 5.03
MnO 0.04 0.09 0.02 0.09 0.04 0.09 0.14 0.1 0.11 0.1
MgO 0.62 0.66 0.67 0.78 0.45 2.11 2.19 3.27 1.9 1.83
K, 0 5.62 5.19 4.88 5.69 5.37 3.05 3.69 3.1 3.86 4.47
P,0, 0.15 0.11 0.15 0.13 0.14 0.12 0.43 0.35 0.11 0.33
Na,O 3.25 3.28 3.52 3.05 3.46 4.23 3.26 4.64 5 331
CaO 2.2 2.15 2.6 2.3 2.97 5.24 5.96 5.25 2.65 5
Ba 387.2 497.9 22.8 223.2 250.2 61.0 180.0 318.1 246.3 10.4
Cs 1 1.22 0.99 1.1 0.98 0.99 0.97 1 1.2 1
Ce 721.1 500.2 292.6 389.4 564.2 497.2 535.5 636.5 468.4 353.3
Dy 56.4 48.61 31.39 43.79 37.49 40.38 52.17 34.22 31.1 24.08
Er 20.5 25.63 16.36 23.83 19.81 21.68 28.11 18.42 16.42 13.03
Eu 6.23 9.25 4.81 7.55 6.45 6.37 6.93 5.95 5.02 3.35
Gd 81.94 63.87 37.51 55.69 49.07 52.62 63.3 45.75 38.52 29.97
Ho 10.9 15.57 9.94 14.36 11.78 13.88 17.58 11.14 10.53 8.02
La 321.8 229.1 132.5 174.1 243.3 224.5 228.0 288.5 214.2 156.9
Lu 2.8 3.25 242 331 2.52 3.07 4 2.28 2.4 1.84
Nb 60.87 74.47 29.11 30.29 10.75 34.11 32.99 29.28 29.64 23.8
Nd 482.19 412.95 214.44 329.07 308.04 322.74 363.7 310.32 227.86 170.2
Pr 123.2 175.74 90.76 136 126.71 135.45 143.65 132.84 95.97 70.97
Rb 32.84 136.77 10 32.56 71.57 13.57 24.66 61.5 50.54 12
Sr 142.8 140.08 46.65 77.18 111.36 51.94 107.5 130.07 145.05 36.69
Sc 23.34 26.1 12.88 31.53 22.52 23.42 24.39 25.99 33.77 12.59
Sm 91.43 85 47.46 71.66 65.57 68.83 82.41 63.45 49.6 38.25
Ta 1.01 1.05 1.0 0.99 1.0 1.0 1.0 1.0 0.99 1.0
Tb 11.53 15.34 9.44 13.64 11.81 12.87 16.13 11.41 9.87 7.6
Th 39 27.86 30.65 25.81 22.48 27.45 39.14 23.86 24.14 21.4
Tm 0.99 1.2 0.9 1.19 0.9 1.12 1.48 0.9 0.9 0.9
Y 288 283.3 186.9 254.8 207.3 241.5 305.5 184.8 171.5 141.3
Yb 14.84 13.18 9.25 12.63 10.21 12.0 15.39 9.8 9.0 6.98
LOI 1.14 1.35 1.25 1.13 1.17 1.35 1.95 173 1.21 1.28
Sum 100.01 100.78 100.15 100 100.1 100.27 99.88 100.01 100 100.18

laaleST (g5luaings 53 (o) 2 3050 S Al 0575 3L 5 o glas ¥ st

Table 3. The minimum and maximum levels of the

investigated parameters in the optimization of experiments.

maximum | minimum unite parameter
90 25 C° temperature
40 20 (%) V. % of acid
120 50 minutes Time

cliben (o3lal (L0 5onST1 3 53 Colan- e 5 CsLT (ool3T 4y Y s

Table 2. Degree of liberation of apatite and magnetite-hematite in

different dimensional fractions.

magnetite-hematite (%) | apatite (%) | dimensional fractions (p)
56 55 150-300
72 75 75-150
85 82 -75
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Figure 4. The granulation chart of the output product of

Rod mill.
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Figure 5-a) Magnetite and hematite mixed with tailings, replacing pyrite by goethite

(-300+150 microns); b) plagioclase, quartz, apatite, calcite, zeolite, phlogopite and

chlorite (150+300 p); ¢) Quartz, plagioclase, phlogopite, lepidocrocite and inclusion

of monazite in apatite (-150+75 p); d) magnetite-hematite free in the sample (-75 p).
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Figure 6. Petrography of samples at different scales (BSE images); a) REEs in apatite in

dimensional range (+150-300) microns; b) REEs within magnetite in dimensional range

(+150-300) microns. Mt = magnetite; Ap=apatite; Py=pyrite; REE=rare earth element.
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Figure 7. Petrography of samples at different scales (BSE images), a) REEs within the
apatite in dimensional range (+75-150 p), b) Free REEs in dimensional range (-75 p) Mt =

magnetite; Ap=apatite; REE=rare earth element, Ti-Mt=Titanomagnetite.
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Cal0 (PO,)6F2 + 10H,S0, = 6H,PO, + 10Ca (SO,) + 2HF (1)
Cal0 (PO,)6F2 + 20HNO, = 6H,PO, + 10Ca (NO,)2 + 2HF @)
Cal0 (PO,)6F2 + 20HCl = 6H,PO, + 10CaCl, + 2HF 3)
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Figure 8. Flowsheet of the Apatite Concentrate Preparation for Acid Leaching and

Digestion-Water Leaching Experiments (Kanazawa and Kamitani, 2006).
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Figure 10. Diagram of the effect of leaching temperature on the
recovery of rare earth elements in the Morvarid mine iron apatite

sample in the presence of nitric acid and hydrochloric acid.
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Figure 9. Diagram of the effect of Nitric and Hydrochloric
acids concentration in leaching on the recovery of RRE at

constant temperature and time.
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Figure 11. Diagram of the effect of leaching time on
the recovery of RRE in the iron apatite sample of
Zanjan Morvarid mine in the presence of nitric acid and

hydrochloric acid.
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Table 5. Experiments designed by factorial method using DX7 software for

acidic digestion with sulfuric acid.

Table 4. Parameters investigated and minimum and

maximum levels in acid digestion.

maximum | minimum | unite parameter
Test Factorl: A Factor2: B Factor3: C | REE recovery ) co
number Temperature Acid Time (Ce,La,Nd,y) 350 00 temperature
°C concentration(% minutes % .
) fon(%) | (minutes) ° 75 50 (%) | V.%ofacid
1 200 50 60 76.80
2 200 50 180 78.95 180 60 minutes Time
3 200 75 60 77.24
4 200 75 180 78.42
5 350 50 60 79.89
6 350 50 180 84.44
7 350 75 60 79.94
8 350 75 180 85.69
Actual values 058 g e g i g o 4 P g
L o5
2 Table 6. Chemical analysis of the digestion product with sulfuric acid.
5 90 y=0.9406x +4.5041 @
E=] R?=0.9815 .=
= RO ]
T 8 Test Ce La Nd Y sum R
[ — number | (mg/L) | (mgL) | (mgL) | (mgL) | (mg/L) | (%)
Py 0.
5 ] 1 105.0 49.5 61.2 31.9 247.6 76.87
5 - . ctual values
'_éo --------- Linear (Actual values) 2 111.3 50.0 60.0 33.0 2543 78.95
e
70 3 111.0 49.0 52.8 36.0 248.8 77.25
70 75 80 85 90 95
Actual values 4 109.0 49.6 55.0 39.0 252.6 78.43
i ielaST il 5 ok i g rolie e b e i el Y IS 5 106.2 50.5 69.8 30.8 2573 | 79.89
S5 58 g el |y sk 6 1120 | 550 | 680 37.0 272.0 | 84.45
) o ) , 7 110.3 56.0 55.2 36.0 2575 | 79.95
Figure 12. Validation of the model by comparing the predicted
8 116.0 55.0 66.0 39.0 276.0 85.69

and actual values of acid digestion experiment with sulfuric

acid.
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Figure 14. Changes in recovery of RRE with changes in acid

concentration and temperature in digestion with sulfuric acid.
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Figure 13. Changes in the recovery of RRE with changes in

temperature and time in digestion with sulfuric acid.

DX7)‘J5|():J‘0.:L¢2‘~\L&)}f\ﬁj})k@ﬁ}fﬂ& ‘f\jbol‘:.a_bﬂ—v Jgd>

Table 7. Designed tests of leaching by factorial method using DX7 software.

Test Factorl: A Factor2: B Factor3: C REE recovery (%) REE recovery (%)
number | Temperature (°C) | Acid concentration (%) | Time (minutes) | (hydrochloric acid) (Nitrite acid)
1 25 20 50 49.17 27.90
2 90 20 50 57.10 38.62
3 25 40 50 50.41 37.01
4 90 40 50 60.61 43.53
5 25 20 120 49.79 30.52
6 90 20 120 58.04 41.15
7 25 40 120 49.59 41.67
8 90 40 120 54.51 51.90
Nitric acid Hydrochloricacid
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£ R?=0.9663 .~® 5 R2=0.9133" @

o947 % 261 .o

5 & 2 s °

g Py ~ § 7.4

g 3 e : £ 73

8 1 - ® ° ctual values

73 ®  Actual values ; 7.2 A . @ Actualval

é 32 . ......... Linear (Actual values) _5 Z:d .. nnnnnnnn Linear (Actual values)

57 ‘ ‘ g 7 °
27 32 37 42 47 52 62 ‘ ‘ ‘
6.9 71 73 75 v 79
Actual values
Actual values

Figure 15. Comparison of recovery values of rare earth elements obtained from real tests and predicted by DX7 software.
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Figure 17. Changes in recovery of rare earth elements
with increasing temperature at different levels of time

and concentration of hydrochloric acid.
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Figure 16. Changes in the recovery of rare earth
elements with changes in three parameters:
temperature (a), acid concentration (b) and time

(c) in leaching with nitric acid.
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