International Journal of Technology 11(4) 804-816 (2020)
Received April 2020 / Revised April 2020 / Accepted June 2020

£ International Journal of Technology

http://ijtech.eng.ui.ac.id

Sulfuric Acid Leaching of Heavy Rare Earth Elements (HREEs) from
Indonesian Zircon Tailing

Iga Trisnawatil2, Gyan Prameswaral, Panut Mulyono?, Agus Prasetyals3,
Himawan Tri Bayu Murti Petrus?3*

1Sustainable Mineral Processing Research Group, Department of Chemical Engineering, Faculty of
Engineering, Universitas Gadjah Mada, JI. Grafika No.2, Yogyakarta 55281, Indonesia

2Center for Accelerator Science and Technology, National Nuclear Energy Agency, JI. Babarsari Kotak Pos
6101, Yogyakarta 55281, Indonesia

3Unconventional Georesources Research Center, Faculty of Engineering, Universitas Gadjah Mada, Jl. Grafika
No.2, Yogyakarta 55281, Indonesia

Abstract. Solid pollution has been an issue in mineral processing for decade. One of these pollutants
is zircon sand mining waste (zircon tailing). Due to the concentration of rare earth minerals in zircon
tailing and the increasing demand of REE in advanced technologies, studying zircon tailing as a
potential source of REE had become an interest for us. Our experiments consisted of mineral
characterization and an alkaline fusion process, followed by a leaching process. The
characterization process was carried out to obtain actual information from zircon tailing samples.
This process showed total rare earth elements (REEs) content of 58.62%, at 9%, 1%, 1.2%, 1.7%,
and 1.5% forY, Gd, Er, Dy, and Yb, respectively. A sieving process was carried out since it was known
that most heavy rare earth elements (HREEs) content occurs at a larger size. The alkaline fusion
process was applied with an intent to break the phosphate bonds present in the REE-carrying
minerals (xenotime and monazite) and convert phosphate bonds to hydroxide bonds in rare earth
metals. During the alkaline fusion process, as much as 75%, 66.45%, and 60% of the phosphate,
silica, and zirconium, respectively, were reduced. The leaching process was carried out in a flat-
bottom three-neck flask. The optimum point of leaching experiments occurs at 0.5 M H2504, 60°C,
and a solid-to-liquid (S/L) ratio of 10 g/100 mL. In these conditions, as much as 89%, 99%, 94%,
92%, and 90% of Y, Gd, Er, Dy, and Yb, respectively, were recovered as an HREEs;-(S04)3 product
solution.
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1. Introduction

The issue of decreasing environmental quality has been an increasing concern recently
(Hudson-Edwards and Dold, 2015; Kusrini et al.,, 2018a, 2018b; Reichl et al., 2018). All
fields are affected by this problem—the mining sector included, which leaves waste as a
result of mining activities (Durucan et al.,, 2006; Aznar-Sanchez et al., 2018). This waste has
not been treated to reduce environmental pollution, such as tailings from the zircon mining
in Indonesia. This tailing waste contains several important elements that are useful for
advanced technology and can potentially be extracted from mining waste treatment. Some
of these elements are “heavy rare earth elements” (HREEs) (Harjanto etal, 2013, Hamzah
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etal.,, 2018).

Rare earth elements (REEs) are all elements in lanthanides, totaling 17 elements,
including scandium and yttrium. The REEs are divided into two groups, based on atomic
weight: the light rare earth elements, which are lanthanum through europium (atomic
numbers 57-63), and the heavy rare earth elements, which are gadolinium through lutetium
(atomic numbers 64-71). Yttrium (atomic number 39), though light, is included among the
heavy REEs group due to its common chemical and physical affiliations with the heavy REEs
in nature (Qi, 2018). These elements have chemical and physical properties in common, and
they are useful for many advanced technologies, such as superconductors, magnets, and
catalysts (Habashi, 1992; Gupta and Krishnamurthy, 2005; Kusrini et al., 2018a; Machmudah
et al, 2019). Usually, the separation process cannot be carried out directly to obtain oxides
or pure elements from rare earth minerals due to their similarity (El Hady et al,, 2016;
Kusrini et al., 2018b).

The existence of rare earth metals (REMs) is not as rare as their name suggests. The
presence of cerium (Ce), praseodymium (Pr), samarium (Sm), and Yttrium (Y) is even more
extensive than precious metals (gold [Au], silver [Ag], and platinum [Pt]) in the earth’s crust
(Lide, 2004). Even at the end of 2018, rare earth oxide production reached more than
150,000 metric tons, but its occurrence in mineable deposits is limited (King, 2013; Haxel et
al., 2014; Gambogi, 2019). Therefore, to meet the increasing global demand for REMs,
efficient extraction technology from secondary sources is needed.

There are several ways to extract rare earth metals from their carrier minerals, such as
direct leaching using sulfuric acid at temperatures of 155-230°C, alkali cracking using a
sodium hydroxide solution at 140°C, roasting using sodium carbonate at 900°C, and alkaline
fusion using flakes of sodium hydroxide at 400-500°C. The disadvantages of the above
extraction processes are: (1) for the direct leaching process using sulfuric acid, the formation
of REE double sulfate cannot be avoided, so it will affect the refining process of REEs, and
during this process, the phosphate that binds to the monazite cannot be separated
immediately; (2) consumption of sodium hydroxide is too high in the cracking process using
sodium hydroxide (REE / NaOH = 1/21); and (3) high energy requirements are prohibitive
in the roasting process using sodium carbonate (Sadri et al., 2017). Another process for
extracting rare earth elements is the alkaline fusion process. This process is carried out by
reacting rare earth minerals with alkali in order to get REE-(OH)3, while the phosphate turns
into a Na3PO4 byproduct. The two products can be separated by washing them with water.
REE-(OH)3 remains in the solid phase while Na3P0O4 dissolves. The alkaline fusion process
was chosen for our experiments because it offers several advantages. The main advantage is
that the alkaline fusion process can break the phosphate bonds in xenotime and monazite
and break the silica matrix to make the leaching process more effective (Biswas et al., 2010;
Dai etal, 2014; Tang et al.,, 2019). Furthermore, rare earth hydroxide (REE-[OH]3) products
easily occur through this process. Another advantage is that NazPO4 can be purified as a
byproduct. These conditions are needed to enhance the effectiveness of leaching. The
leaching process is performed to dissolve the rare earth element, which ensues ata pH below
3.5 (Amer et al.,, 2013; Kumari et al., 2015).

In this experiment, HREEs were extracted from Indonesian zircon tailings. The purpose
of this research was to determine the optimum conditions for the leaching of HREEs from
alkaline fusion products (HREEs-[OH]3). Pretreatment was carried out through an alkaline
fusion process to break the phosphate bonds in HREE (monazite and xenotime) carrier
minerals. Then, the leaching process was carried out using sulfuric acid under various
leaching conditions.
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2. Methods

2.1. Materials and Sample Preparation

Samples were obtained from zircon sand mining operations on Bangka Island and in
Central Borneo, Indonesia. The extracted tailings were byproducts of the magnetic
separation process (Priyono and Febrianto, 2012). The zircon tailings used for this
experimental purpose were the same sample used previously by our group to extract REMs
(Prameswara et al,, 2019, 2020). The representative portions of the sample used for
different tests were obtained by a cone-and-quartering method of sampling (Febriana etal.,
2018).To determine the REEs’ composition, the samples were analyzed using XRF (Malvern
Panalitycal, Epsilon 4), and the analyses were repeated three times. The sample was then
sieved to collect various-size fractions. A Vibratory Sieve Shaker AS 200 Basic was used for
sifting with a dry process, 500 g of tailings were sifted three times in repetition with each
runtime of 30 minutes. The P80, P50, and P10 of the particles were determined by plotting
the aperture size and cumulative undersize. Each tailing size was then analyzed using XRF
(Malvern Panalitycal, Epsilon 4) to obtain the concentration of each HREE in each size of
the tailings.

2.2. Alkaline Fusion Process

A total of 250 g of tailings samples with a particle size of -250+125 pum was mixed with
NaOH flakes with a mass ratio of 1:1 into a 500 mL ceramic crucible container. The alkaline
fusion process was carried out in a muffle furnace at 450°C for three hours. A total of 50 g
of sludge product was then dissolved with 500 mL of deionized water at 80°C for one hour.
The dissolution process was carried out in 1,000 mL beaker glass containers equipped with
electric heaters and magnetic stirrers. The stirring speed was fixed at 150 rpm. The
dissolution process product was then separated using vacuum filtration, and the residue
(solid) was dried in the oven at 100°C. This sample was analyzed using XRF (Malvern
Panalitycal, Epsilon 4) to obtain the concentration of the HREEs and then fed into the
leaching process.

2.3. Leaching Process

The leaching process was carried out in a 250 mL flat-bottom three-neck flask
equipped with a condenser and a thermometer. The heating process was carried out with
an electric heater equipped with a magnetic stirrer, while the stirring speed and time were
fixed at 150 rpm and 60 min, respectively (Trinopiawan et al., 2016). In this experiment,
the effects of sulfuric acid (M), temperature (°C), and the solid-to-liquid (S/L; g/mL) ratios
were observed in the recovery of the HREEs. Operating conditions were varied to
determine optimum recovery. The leaching experiment matrix is shown in Table 1 and
Figure 1.

The optimum point of some leaching conditions was determined by first guessing the
initial conditions for the leaching process (an 80°C leaching temperature and an S/L ratio
0of 10 g/100 mL). A total 5 g of rare earth hydroxides (REHs), the product of alkaline fusion,
was put into a flat-bottom three-flask neck together with 50 mL of sulfuric acid solution.
The stirring and heating processes were carried out using a magnetic stirrer and an electric
heater. Leaching time was calculated after the target temperature (80°C) had been reached.
Then, the product was separated using vacuum filtration, and the solid was dried in an oven
at 100°C.

Solid products were analyzed using XRF (Malvern Panalitycal, Epsilon 4) to determine
the remaining HREESs' concentrations in the solid products. XRD (Malvern Panalitycal, Aeris
Research DY 844) analysis was also carried out to determine the compounds in solid
products. Analysis was performed on three samples, namely: leaching feed, C1 (0.125 M



Trisnawati et al.

807

H2S04, T=80°C,S/L=5g/50 mL, t = 60 min, 150 rpm), and C5 (2 M H2S04, T =80 °C, S/L
=5g/50 mL, t = 60 min, 150 rpm). The recovery (%) was determined based on Equation 1.

Table 1 Experiment matrix

Run No H2S04 Concentration Leaching Temperature S/L Ratio
' M) 49 (g/100 mL)
1 0.125 80 10
2 0.25 80 10
3 0.5 80 10
4 1 80 10
5 2 80 10
6 0.5 30 10
7 0.5 40 10
8 0.5 60 10
9 0.5 100 10
10 0.5 110 10
11 0.5 60 5
12 0.5 60 10
13 0.5 60 15
14 0.5 60 20
15 0.5 60 25
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where, X is the concentration of HREEs in the feed (%), mo is the initial mass (g), X; is the
concentration of HREEs in the solid product of the leaching process (%), and m; is the mass
of solid product after the leaching process (g).

3. Results and Discussion

3.1. Mineral Characterization
The sifting process was carried out to determine the mass fraction of each tailing size.
Sieves varied in size from 600 to 44 um. The tailings size analysis is presented in Table 2.

Table 2 Tailing size analysis

Sieve fractions

Sieve size range Nominal aperture Total REMs Cumulative

(um) size (um) wt(g) wt (%) (%) undersize (%)
-600+425 425 0 0.00 - 100
-425+250 250 20.77 1.38 64 98.62
-250+125 125 824.12 54.94 58 43.674
-125+44 44 653.3 43.55 51 0.12

-44 1.81 0.12 41
Total 1500 100

Table 1 shows that the REMs’ concentration in zircon tailing accumulated higher at
larger particle sizes. The highest mass fraction was observed in the -250+125 pum of tailing
particle size, and about 55% of the total mass accumulated at this particle size range, while
about 44% of the mass fraction accumulated in the particle size range of -125+44 pm. Some
studies have shown that sieving can be a method to classify and concentrate both milled
and natural weathered minerals, as shown in the studies of rare earth metals concentration
using sieving from secondary resources (Eduafo, 2013). Mineralogical analyses by AIST
stated that the grinding size for REE beneficiation would be around 80%, passing in a
particle size of 50-100 um (Yang et al., 2015). Another reference stated that the liberation
of REE-bearing minerals was at Poo = 120.47 um (Briickner et al., 2020). Referring to the
fine size of zircon tailing (Pgo= 120.11 pm, Pso= 109.8 um, P1o= 51.03 um) as well as the
sieving results shown in Table 1, milling was not conducted in this experiment in order to
minimize the energy consumption of the process. The -250+125 pm tailing size was chosen
as an alkaline fusion feed because it has the highest mass fraction and the total rare earth
element content exceeds 50% of the sample. Moreover, it was selected due to the highest
presence of yttrium and gadolinium at 8.8% and 0.756%, respectively (as shown in Figure
2). The fine sample size also provided convenience in subsequent processes (alkali fusion
and leaching using sulfuric acid), providing an appropriate surface area for the optimum
reaction to occur (Briickner et al., 2020; Handoko and Sanjaya, 2018).
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Figure 2 HREEs content at various particle sizes

Figure 3 shows that rare earth elements are the major element found in tailings, at
58.62%. These rare earth elements accumulated in larger particle sizes. HREEs-bearing
minerals were known to be monazite and xenotime, which contain cerium, lanthanum, and
yttrium in high concentrations (Figure 3).
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Figure 3 Major element content in the tailing sample

3.2. Alkaline Fusion

For a better recovery of HREE leaching, an alkaline fusion process was carried out to
break the phosphate bonds in monazite and xenotime. The reaction that occurs in this
process is shown in Equations 2-7 (Beyer et al,, 1954; Biswas et al., 2010; da Silva et al,,
2012).

HREEs-PO4(s) + 3NaOH(s) 2 HREEs(OH)3(s) + NazPOus) (2)
YPO4 + 3NaOH - Y(OH)3 + Na3PO4 (3)
GdPO4 + 3NaOH - Gd(OH)3 + NazPO4 (4)
ErPO4 + 3NaOH - Er(OH)3z + NazPO4 (5)
DyPO4 + 3NaOH - Dy(OH)3 + NazPO4 (6)

YbPO, + 3NaOH = Yb(OH)3 + NasPO, (7)



810 Sulfuric Acid Leaching of Heavy Rare Earth Elements (HREESs)
from Indonesian Zircon Tailing

Figure 4 HREEs and major elements’ recovery from alkaline fusion to the third water leaching

As Figure 4 shows, not only phosphates were recovered but also silica and zircon,
which were the major elements in the sample. Most of the phosphate, silica, and zircon were
separated—at 75%, 66.45%, and 60%, respectively—during the alkaline fusion process.
This separation implies that the alkaline fusion process is effective in separating unwanted
major elements from the final product (dissolved during the water leaching process). The
alkaline fusion process can also maximize the recovery of HREEs in the leaching process at
a later stage, and solid products from alkaline fusion can be dissolved easily in acids,
including sulfuric acid (Dai et al., 2014). However, some HREEs (Y, Gd, Er, Dy, and Yb) were
found to have dissolved in the water leaching process. The recovery of yttrium, gadolinium,
erbium, dysprosium, and ytterbium stood at 16.15%, 13.78%, 43.24%, 52%, and 42.94%,
respectively, after the third water leaching. Therefore, the recycling process is needed to
extract the recovered HREEs in the filtrate from the alkaline fusion process.

3.3. Leaching Process

Acid leaching was carried out to dissolve HREEs from the solid products of the alkaline
fusion process (Gupta and Krishnamurthy, 2005; Habashi, 1992). Several leaching
conditions were observed in this experiment, such as acid concentration, temperature, and
the solid-liquid ratio. Reactions that occur in the leaching process are shown in Equations
8-13 (Amer et al., 2013; Sadri et al., 2017).

2 HREEs(OH)3 + 3H2S04 > HREEs(S04)3 + 6H0 (8)
2Y(OH)3 + 3H2504 = Y2(S04)3 + 6H20 (9)
2Gd(OH)3 + 3H2504 = Gd2(S04)3 + 6H20 (10)
2Er(OH)s + 3H2S04 > Erz(S04)3 + 6H,0 (11)
2Dy(OH)3 + 3H2504 = Dy2(S04)3 + 6H,0 (12)
2Yb(OH)3 + 3H2504 = Yb(S04)3 + 6H,0 (13)

3.3.1. Effect of HSO4 concentration on HREEs recovery

The recovery of HREEs increased with increasing concentrations of sulfuric acid.
Furthermore, the recovery of HREESs significantly increased at concentrations of 0.125-0.5
M. As Figure 5 shows, 83% of yttrium was recovered at 0.5 M sulfuric acid. At the same
concentration of sulfuric acid, more than 90% of the other HREEs were recovered, and even
gadolinium had reached 99% recovery. The reason for these results is that HREEs(OH)3 are
very soluble in acids—especially in strong acids, such as H2SO4 solution (Zhang and Saito,
1998). At higher acid concentrations, the increased recovery was not significant for all
HREEs. This phenomenon is based on solvent concentrations being higher at greater
densities. Therefore, the solution that reacted inside the particle was difficult to diffuse out,
causing recovery not to increase again. Therefore, a concentration of 0.5 M was chosen for
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the next process by varying the leaching temperature. HREEs recovery in this experiment
slightly exceeded the recovery of deep-sea nodules, which stated that less than 70% of total
REE was leached using 3 M H2S04 for two hours at 30°C with 500 rpm and a particle size of
75 um (Parhi et al,, 2013). As reported by Kusrini et al. (2020), the optimum parameters for
extraction of lanthanum from silica sand was obtained at the concentration of sulfuric acid
of 3 M and the acid volume of 250 mL. Kim et al. (2009) also stated that 0.25 M H2S04 can
leach up to 80% of rare earth elements with a leaching time of 60 minutes at room
temperature and a ratio of 1 g/200 mL of acid.

3.3.2. Effect of temperature on HREESs recovery

The leaching-process temperature was varied in the range of 30-110°C, while other
parameters were fixed (a 0.5 M H2SO4 solution, an S/L ratio of 5 g/50 mL, 150 rpm, and 60
minutes), and the results are shown in Figure 6. The recovery of HREEs did not increase if
temperatures rose from 30°C to 40°C due to a slight increase in temperature not providing
a significant increase in recovery over a long leaching duration. For the recovery of
elements that were relatively insensitive to temperature, the activation energy is generally
low and more likely to result from a diffusion-controlled process (Yang, 2019). However,
the increase in HREEs recovery was seen to be significant at 60°C. As much as 89%, 99%,
96%, 92%, and 90% of HREEs were covered at 60°C for Y203, Gd203, Er203, Dy203, and
Yb203, respectively. Ariuntuya (2018) and Guo et al. (2018) also mentioned that the
recovery increase was not significant when the leaching temperature was varied in the
specified leaching duration with as much as 90% and 87% of HREEs recovered from REHs
for rare earth concentrates in Bayan Obo and apatite in Japan.
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Figure 5 Effect of H,SO4 concentration on Figure 6 Effect of leaching temperature on
HREEs recovery (80°C, 5 g/50 mL, 150 rpm, and HREEs recovery (0.5 M H2S04, 5 g/50 mL,
60 min) 150 rpm, and 60 min)

The reaction between REE-(OH)3 and sulfuric acid is exothermic (Panda et al., 2014), which
was evidenced by a rise in temperature just after mixing. Chen et al. (2018) and Stopic et al.
(2018) also said that the reaction was exothermic—and that the leaching process at higher
than 90°C would not result in a better recovery of HREE. At higher temperatures, the
recovery of HREEs tends not to show an increase. Because leaching reactions are
exothermic, if the temperature is too high, the reaction may proceed in the opposite
direction (Panda et al, 2014). Therefore, the temperature of 60°C was chosen as the
leaching temperature and used as the optimum condition in observing the effect of the S/L
ratio on the recovery of HREEs.

3.3.3. Effect of S/L ratio on HREESs recovery
Figure 7 shows the effects of the S/L ratio on HREEs recovery. This experiment was
performed with various ratios, while other leaching conditions were fixed, including the 0.5
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M H2S04 solution, 60°C, 150 rpm, and 60 minutes. Recoveries of HREEs decreased with an
increasing S/L ratio. It is well known that a lower S/L ratio can reduce the viscosity of slurry
to improve the mass transfer rate between solid and liquid (Huang et al., 2017). The most
significant decrease in recovery was indicated by gadolinium (Gd:03), as 99% was
recovered at an S/L ratio of 10 g/100 mL, which decreased to 28% at 25 g/100 mL.
Cumulatively, a decrease of 10 g/100 mL was recorded, which was not significant in the
range of 5 g/100 mL to 10 g/100 mL. Alkan et al. (2018) and Li et al. (2013) also reported
a decrease in leaching recovery when the S/L ratio increases; one is a study on rare earth
concentrate leaching that found the S/L ratio to have a negative effect when the ratio was
higher than 100 g/L. Therefore, the S/L ratio of 10 g/100 mL was selected as the optimum
ratio, based on the amount of acid solution consumption.

3.4. XRD Analysis

XRD analysis was performed to confirm the occurrence of phase transformation during
the leaching process. Samples C1 and C5 represent the residual leaching process with the
lowest and highest recoveries of all REEs. Figure 8 compares the XRD patterns of the three
samples.

Zircon and quartz did not decompose into sodium zirconate and sodium silicate during
the alkaline fusion process because the temperatures only reached 450°C. The minerals are
known to decompose with good recovery only at 550°C and above (Beyer et al., 1954; da
Silva et al., 2012). Biswas et al. (2010), Van Tuyen et al. (2007), and Song et al. (2015)
mentioned that the optimized alkaline fusion zircon conditions are 700°C, which was
further confirmed by the XRD pattern of the three samples (Figure 8). During the alkaline
fusion process, monazite and xenotime decomposed into REEs-hydroxide, followed by
further dissolution into REEsz-(S04)3 at the leaching phase. Under maximum leaching
conditions, HREEs were not detected in the residues, indicating that HREEs easily dissolved
in strong acidic conditions (Panda et al,, 2014; Borai et al,, 2016; Suli et al., 2017).
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Figure 7 Effect of S/L ratio on HREEs Figure 8 XRD pattern for leaching feed, C1, and
recovery (60°C, 0.5 M H2SO4, 150 rpm, and  C5 samples
60 min)

4. Conclusions

The process of leaching HREEs was investigated through several parameters, and the
optimum conditions were identified. Sample characterization was carried out through the
process of sieving and analyzing the composition of the sample using XRF. The
pretreatment process was carried out to increase the recovery of HREEs. The pretreatment
process includes alkaline fusion and leaching using deionized water. The alkaline fusion
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process of tailing zircon was completed in three hours at a temperature of 450°C and
tailings at an NaOH ratio of 1:1 (wt/wt). In addition, recovery phosphate increased
following the pretreatment processes of alkaline fusion, characterized by a 73.57%
reduction in phosphate binding to HREEs, followed by the leaching process performed to
dissolve HREEs-(OH)3 into a solution of HREEs2-(S04)3. The optimum leaching conditions
in this experiment occurred at concentrations of 2 M H2S04, 60°C, an S/L ratio of 10 g/100
mL, and 150 rpm during 60 minutes. Under these conditions, HREEs were recovered at as
much as 89%, 99%, 94%, 92%, and 90% for Y, Gd, Er, Dy, and Yb, respectively. This
experiment is expected to serve as a treatment solution for tailings from zircon sand mining
activities and as an alternative solution for processing HREEs from secondary sources.
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