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Summary:

Yitrium is a silvery transition metal and has similar chemical properties
fo lanthanoids. Because of this similarity, yttrium belongs to rare earth
elements. Yittrium and yttrium oxide are mostly used in fluoroscent lamps,
production of electrodes, in electronic filters, lasers, superconductors and as
additives in various materials to improve their properties. Yttrium is mainly
recovered from the minerals monazite [(Ce,La, Th,Nd,Y)PQO,] and xenotime
YPO,.The presence of radioactive elements such as thorium and uranium
in the ore makes it difficult to separate yttrium oxide from primary raw
materials. Environmental regulations are getting stricter every year, thus
increasing the risk of lacking the supply of rare earths. Therefore, recovery
of yttrium oxide from secondary sources such as red mud, coatings from
ceramic industry and phosphors is extremely important. The main aim of
this study is to examine the yttrium dissolution kinetics from waste ceramic
dust using hydrochloric acid.

Key words: yttrium, recycling, hydrometallurgy, ceramics.

Introduction

Yttrium is always found with rare earth elements in minerals. Rare
earth metals are increasingly establishing themselves as crucial
industrial materials, with unique applications in numerous fields (Kim

" ACKNOWLEDGMENT: | would like to thank M.Sc. Marc Spinnréaker for his work on
selective dissolution of yttrium from waste materials at the IME Process Metallurgy and
Metal Recycling of the RWTH Aachen University in Germany.

Stopi¢, S., et al, Kinetics of yttrium dissolution from waste ceramic dust, pp. 383-395

383



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2016., Vol 64, No 2

and Osseo-Asare, 2012, pp.67-78). The feasibility of using yttrium oxide
as a crucial material or a coating for induction melting of titanium is
widely used in metallurgy. The native source of yttrium can be found in
hard rocks and placer sands. Hard rock deposits are mined by open pit
and underground methods. The aim of physical beneficiation is
increasing the necessary mineral content by exploiting some physical
processes. During physical beneficiation, accompanying minerals such
as ilmenite, rutile, zircon, magnetite, and quartz are separated, which
results in the formation of a concentrate with an increased content of
rare earth elements. During a chemical treatment of a concentrate, rare
earths are separated from impurities, especially thorium and uranium
from minerals. This is accomplished by attacking minerals with some
leaching agents. The process parameters such as temperature,
pressure, chemical type and concentration of the leaching agent differ
in accordance with the mineral type. In monazite applications, sodium
hydroxide and sulfuric acid are mostly used as leaching agents. In the
dissolution process, rare earth elements and thorium are precipitated in
the hydroxide and sulfate forms. In the alkali application, the formed
rare hydroxides are dissolved in the next step with either hydrochloric or
nitric acid where thorium is not soluble (Sung-Don, 2010, pp.70-76).
Cold water is used to dissolve rare earth sulfates in an acid treatment.
The dissolution of xenotime is similar to monazite digestion. It requires
more concentrated leaching agents and higher process conditions.
During the subsequent separation, individual rare earth elements are
separated from their mixtures. Fractional crystallization and solvent
extraction (Amaral and Morais, 2010, pp.498-503) are mostly used for
this separation.

Yttrium is generally recovered from monazite or xenotime minerals
via an acid and an alkaline route as shown in Figure 1.

A full process for the recovery of rare earth elements from a
composite ore containing rare earth elements, including a monazite
mineral group and an apatite mineral, contains the pre-leaching of the
composite ore with an acid in order to substantialy dissolve the
apatite mineral into the leach liquor and precipitate rare earth
elements from the pre-leach liquor (Mackowski et al, 2009, US Patent
0272230 A1). An analysis of a combined hydro-pyrometallurgical
route for the processing of ores resulting in the production of rare
earth elements was investigated using the Chuktukon ores in East
Siberia in Russia (Kuzmin et al., 2012, pp.1-16). The main aim of this
work by Kuzmin was to develop methods of unlocking rare earth
elements in refractory ores and to study some methods for their
further chemical processing.
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Figure 1 — Flow diagram of the dissolution of monazite and xenotime
Puc. 1 — dnarpamma npouecca pacTBOPEHNst MOHOLMTA U KCEHOTMMA
Slika 1 — Dijagram toka rastvaranja monazita i ksenotima

The precipitation of a cleaned solution with oxalic acid and the
thermal decomposition of a formed metal oxalate after filtration with its
previous drying represent the final steps in the production of rare earth
oxides (lbrahim and El-Hussaini, 2007, pp.11-17).

The importance of yttrium and other rare earth elements is
increasing in the transition to green economy because of their essential
role in permanent magnets, lamp phosphors, catalysts, rechargeable
batteries, etc. Due to the fact that China presently produces more than
90% of the global REE output and has an increasingly tight export quota,
the rest of the world is in the risk of lacking REE supply. Because of the
absence of economical and/or operational primary deposits on their
territories, many European countries have to be included into the
recycling of REEs from pre-consumer scrap, industrial residues and
REE-containing End-of-Life products. Despite considerable, mostly lab-
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scale research effort to recycle REEs, less than 1% of REEs were
recycled by 2011. This is mainly due to inefficient collection,
technological problems and, especially, a lack of incentives. A drastic
improvement in the recycling of REEs is, therefore, an absolute demand.
This can only be realized by developing efficient, fully integrated
recycling routes, which can take advantage of the rich REE recycling
literature. In Table 1, secondary materials for REEs are listed
(Binnemans, 2013, pp.1-22.)

Table 1 — REE-containing streams for recycling
Tabela 1 — Vrste otpada kao izvori retke zemlje za recikliranje
Tabnuya 1 — Bnapl 0TXOA0B KakK UCTOYHWK Cbipbsl AN PELMKINPOBAHUS

Present / future

Materials stream & application REEs contribution

1. Preconsumer production scrap and residues

REE containing residues arising

during metal production/recycling All REEs Increasing

Postsmelter and Electric Arc
Furnace residues

Future levels depend on End-

Ce, La, critical REEs . .
of-Life presmelter recycling

Industrial residues

(phosphogypsum, red mud, etc.) All REEs Relatively stable

2. End-of-Life products containing

Eu, Tb, Y (Ce, Gd,

Phosphors La)

Fluorescent lamps (straight/curved) E;J) b, ¥ (Ce, Gd, Relatively stable
Compact fluorescent lamps (CFLs) E:) b, Y (Ce, Gd, Increasing

LEDs Ce, Y Increasing

LCD Backlights E;) b, Y (Ce, Gd, | pojatively stable
Plasma Screens Eu, Tb, Y (Ce, Gd, La)| Relatively stable
Cathode-ray tubes (CRTs) Eu, Y Sharply decreasing
CRT phosphors, fluid, glass

polishing powders, optical All REEs

glass, cracking catalysts,
3. Landfilled REEs containing residues
Industrial residues

All REEs Depending on a residue type

(phosphogypsum, red mud, etc.)

One of the major challenges in the processing of used phoshors for
the extraction of rare earths lies in a large number of different
compounds and their individual chemical properties such as solubility in
an aqueous phase (Poscher, 2013, pp.1217-1222). The summary of this
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work showed that the hydrochloric leaching of a screened luminophore
powder followed by the precipitation of a contaminated RE oxalate,
converting the mixture into their oxides and subsequent raffination in
order to dissolve most of the alkali metal oxides leads to a RE
concentrate which could be applied as a new raw material for the
subsequent process steps of refining.

The dissolution of non-ferrous metals from ores into a solution
during high pressure leaching in an autoclave was described in detail
(Author, 2011, pp.29-44.) for some nonferrous metals such as nickel and
cobalt. A hydrometallurgical treatment has a lot of advantages compared
to a pyrometallurgical treatment.

In this work, a dissolution of yttrium from waste ceramic dust under
atmospheric and high pressure was studied in detail. The influence of
different process parameters such as leaching temperature and time,
concentration of hydrochloric acid and operating pressure was analyzed.
The main aim is to study the kinetics of yttrium dissolution with
hydrochloric acid in the temperature range from 20°C to 70°C at
atmospheric pressure.

Experimental Work

Material

Ceramic materials remain from a knock-off of cast parts containing a
high amount (up to 15 %) of yttrium oxide from the upper layers of shells.
The elements such as titanium, aluminium, and iron are regarded as
impurities in these waste materials.

Figure 2 — The waste ceramic dust
Puc. 2 — OtxopHas kepamuyeckasi nbinb
Slika 2 — Otpadni keramicki prah
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The chemical composition of the waste ceramic dust studied in this
work amounts to (in %): 1.34 Y; 0.56 Fe,O3, 0.5 TiO,; 0.48 SiO,; and
97.12 Al,Os. This fine dust fraction was approx. below 250 pm.

Experimental Procedure

Leaching tests were performed under a) atmospheric pressure in a
glass reactor at 20°C, 45°C and 70°C and b) high pressure in an
autoclave at 150°C (pressure about 5 x10° Pa) using hydrochloric acid.
The temperature was controlled within + 1 °C by a temperature control
system which controlled a water cooling system as well (see Figure 3).

Figure 3 — a) a glass reactor b) an autoclave
Puc. 3 — a) cteknsHHbIA peakTop 6) aBTOKNaB
Slika 3 — a) stakleni reaktor b) autoklav

Agitation was provided by a motor-driven impeller. A certain amount
of waste dust was mixed with a pre-calculated amount of deionised
water. The slurry was then heated up to a predetermined temperature
under continuous agitation. Upon temperature stabilisation, a certain
amount of different concentration of hydrochloric acid was injected into
the reactor under atmospheric and high pressure. Using the sampling
system, 20 ml of liquid was periodically withdrawn through a dip tube and
then rapidly cooled. After the end of the experiments, the solutions
aliquots were filtered and analysed, aiming at Y, Fe, Al and Ti by
inductively coupled plasma ICP spectrophotometry and X-ray
fluoroscency.
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Results

The influence of different experimental parameters such us the
leaching time, the leaching temperature and the concentration of
hydrochloric acid on yttrium dissolution were investigated. The
obtained results between 20°C and 150°C were shown in Figure 4 and
Figure 5:

¢
®

o
[

leaching efficiency
o o
> o

o
[SIN)

0 50 100 150

Time (min)

—@—2mol/l HCI - 20°C ——@=—2mol/| HCI - 45°C

2mol/I HCl - 70°C  =—=@=—2mol/I HCI - 150°C

Figure 4 — Influence of temperature and time on the yttrium dissolution
Puc. 4 — BnusiHne Temnepartypbl 1 BpEMEHM Ha NMPOLEeCC pacTBOPEHWE UTTPUS
Sliika 4 —Uticaj temperature i vremena na rastvaranje itrijuma

The minimum efficiency of yttrium dissolution is found at room
temperature. An increase of leaching time to 120 min and temperature
from 20°C to 150°C using 2M HCI solution leads to an increased
leaching efficiency of yttrium up to 98.6 %. At 70°C and under
atmospheric pressure, the leaching efficiency amounts to about 80 %
in 120 min. An increase of the concentration of hydrochloric acid from
0.5 mol/L to 2.0 mol/L leads to an increased yttrium dissolution
efficiency.
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Figure 5 — Influence of the concentration of hydrochloric acid on yttrium dissolution
Puc. 5 — BnusHue koHUEHTpauumn ConstHOM KUCMNOTbI Ha NPOLLeCC pacTBOPEHUS UTTpUst
Slika 5 — Uticaj koncentracije hlorovodoni¢ne kiseline na rastvaranje itrijuma

Under the same conditions, the dissolution of iron with hydrochloric
acid is very high at 70°C for all used concentrations.

o
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Figure 6 — Influence of the concentration of hydrochloric acid on iron dissolution at 70°C
Puc. 6 — BnusiHne KoHUEHTpaLMN COMNSIHOM KMCMNOTbI Ha NPOLLECC pacTBOPEHUst Xernesa
npu Temnepatype Bbiwe 70°C
Slika 6 — Uticaj koncentracije hlorovodoni¢ne kiseline na rastvaranje gvozda na
temperaturi od 70°C
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We assumed that the chemical reaction at the phase boundary solid-
liquid is the limiting step. The solid phase is yttrium oxide on aluminium
oxide as a matrix. Therefore, a kinetic analysis of the dissolution process
of waste dust was performed using the next mathematical model.

1- (1-X)"=k t (1)

Where:

X — Leaching efficiency of yttrium dissolution (between 0 and 1)

k — Rate constant, min™

t — Leaching time (min).

A graphical representation of the experimental data of the leaching

processes in the coordinate system which corresponds to the chemical
rate control for spherical particles is shown in Figure 7:

0,45
@ 1mol/IHC -70°C
04
@ 2mol/IHCl - 70°C °
0,35 2mol /I HCl - 45°C y =0,0032%+0,0067
3 Bl
- 03 ® 2mol/IHCl - 20°C R*=0,9854 L) ®
~ Linear (1mol/I HCI - 70°C)
T 025 -
= Linear (2mol/I HCI - 70°C) Y =0,0026x+0,0117
- 02 Linear (2mol/I HCI- 45°C) R?=0,9861
- GaE —— Linear (2mol/I HCI - y =0,0012x+0,0137
‘ RZ=0,9613

y=0,0005x+0,0104
=0, 8

0 20 40 60 80 100 120 140

Time (min)

Figure 7 — Testing of kinetic model for dissolution of yttrium
Puc. 7 — TeCT KMHETUYECKON MOLENN PaCTBOPEHUS UTTPUSA
Slika 7 — Ispitivanje kinetickog modela rastvaranja itrijuma

Good linearization exists for all three investigated temperatures. In
all three cases, at 20°C, 45°C and 70°C, the straight lines begin from the
origin of the coordinate system. The slopes of these lines correspond to
the rate constants of the corresponding reactions of yttrium dissolution in
hydrochloric acid (Eq. 2).

Y203 + 6 HCI = 2 Y* 10+ 6 Cl'aqy+ 3 H20 )
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The reaction rate constants for yttrium dissolution at different
temperatures were graphically determined:

kzo-c= tan (0,0032)= 5,585*10"° min™
kss -c= tan (0,0012)= 2,0944*10%10° min™’
kao «c= tan (0,0005)= 8,7266*10*10° min™

The statement on the rate-limiting step was further investigated
using the Arrhenius plot.

k= ko-exp (-EA/RT) 3)

If in k over 1000/T is applied, the apparent activation energy E, can
be determined (as shown in Figure 8).

12
y =3,7551x - 1,108
2=0,9946 .* 11649

11,5

11 -

= <" 10,77365835

10,5

10

9,792841032
9.5
2.8 2.9 3 3.1 32 33 34 35

(1/T)*1000 KA-1

Figure 8 — Arrhenius plot for the dissolution of yttrium with hydrochloric acid between
20°C and 70°C
Puc. 8 — 'paduk ypaBHeHMs AppeHunyca a5s pacTBOPEHUS UTTPUS B COSIIHOW KUCnoTone
npu Temnepatype 20° C-70°C
Slika 8 — Graficki prikaz Arenijusove jednacine rastvaranja itrijuma u hlorovodoni¢noj
kiselini na temperaturi izmedu 20°C i 70°C

The calculated activation energy amounts to 31.2 kJd/mol. The
dissolution of yttrium as yttrium oxide with hydrochloric acid from
aluminum oxide as matrix depends on a reaction at the solid-liquid
phase.
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Conclusions

The present study summarized the influence of different reaction
parameters such as leaching temperature, time and concentration of
hydrochloric acid on yttrium dissolution from waste ceramic dust. An
increase of dissolution time and temperature increases yttrium
dissolution. The maximal yttrium dissolution efficiency was obtained
using 2M HCI at atmospheric pressure at 70°C (about 80%). An
increase of pressure from atmospheric pressure to 0.5 MPA at 150°C
leads to the maximum dissolution of yttrium (about 98.6 %). A kinetic
analysis revealed that the dissolution of yttrium with hydrochloric acid
can be described using a kinetic model based on the reaction at the
solid-liquid phase as a limiting step. The calculated activation energy
Ea between 20°C and 70°C amounts to 31.2 kdJ/mol. The selectivity of
the dissolution process regarding the presence of iron will be studied
in our future work. Precipitation and solvent extraction will be used in
particular for a production of a cleaned solution based on yttrium
chloride.
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KWHETWKA PACTBOPEHUA NTTPUA N3 OTXOAHOM
KEPAMMYECKOMU MblJTN

Cpeuko P. Ctonuy, bepHd I'. dpuegpunx
TexHuYeckuit yHuBepcuUTeT ropoaa AxeH, IHCTUTYT MeTannypruyeckux
MPOLIECCOB 1 PELMKIMPOBaHNa MeTannos, FepmaHus

OBNACTb: xummnyeckne TeXHONormm
BWO CTATbW: opurmHanbHasa HayyYHas ctatbsl
A3bIK CTATbW: aHrnuiickuin

Pe3swome:

Ummpuli ceemio-cepebpucmbili pedKo3eMernbHbIU memarn rno-
6oyHoU epynnbl, obradarowull aHano2udHbIMU aHmamaooudy xumu-
Yyeckumu ceolicmeamul.

Ummpul u okcud ummpusi UCrosib3ytomcecsi 8 rnpou3soocmae Jsio-
MUHECUEEeHMHbIX namr, 371eKkmpodos8, 3MeKMPOHHbIX  buibmMpos,
C8EepPXMPOBOOHUKO8 U 8 Kadecmee yKpennsouwux 006asok K pasrnuy-
HbIM Mamepuarnam.

bonbwas yacme ummpus useriekaemcsi U3 e2o MuHeparsnos, ma-
Kux kak moHauyumni [(Ce,La, Th,Nd,Y)PO.,] u kceHomumbl YPO,,

Hanu4ue paduoakmueHbix 3/1IeMEHMO8 MOpPUSs U ypaHa, a makxe
ummpusi yCrI0XKHSIem pouecc rosiydeHusi okcuda ummpusi u3 pyod u
KOHUeHmpamoe.

Tak kak cmaHOapmbl 10 OXpaHe oKpyxaroujel cpedbl ¢ KaxObiM
OHeM roebIWarmcs, u3eredyeHue OaHHbIX 3/1IeMEHMO8 CMaHo8UMCs
PUCKOBAHHBIM.

lMoamomy peuuknuposaHue okcuda ummpusi U3 8MOPUYHbIX pe-
Cypco8, maKuX Kak: KpacHbIU wiiam, nokpbimue Osl KepaMuKu U Ucro-
JIb308aHHbLIE Mamepuarsibl 8 MPou38oocmee fIIOMUHECUEHMHbIX flaMmrl
umeem bosibwoe 3HaYeHue.

OcHosHoU yenbto daHHOU pabomel sierissemcsi usydeHue KUHemu-
KU pacmeopeHusi ummpusi ¢ consiHoU Kucromol u3 omxoOHol Kepa-
Mu4eckoU rbifu.

KnioueBble cnosa: ummputl, peyuknuposaHue, 2udpomemarniypaus,
Kepamuka.

KINETIKA RASTVARANJA ITRIJUMA IZ OTPADNOG
KERAMICKOG PRAHA

Srecko R. Stopi¢, Bernd G. Friedrih
Tehni€ki Univerzitet u Ahenu, Institut za procesnu metalurgiju
i recikliranje metala, Nemacka

OBLAST: hemijske tehnologije
VRSTA CLANKA: originalni nau¢ni ¢lanak
JEZIK CLANKA: engleski
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Sazetak:

Itrijum je srebrnasti prelazni metal sa hemijskim svojstvima slic-
nim lantanoidima. Zbog ovih sliénosti itrijum pripada elementima retkih
zemalja. lItrijum i itrijumoksid koriste se u fluoroscentnim lampama, u
proizvodnji elektroda, u elektronskim filterima, superprovodnicima i kao
dodatak u razli¢itim materijalima radi poboljSanja njihove stabilnosti.
Veliki deo itrijluma dobijen je iz njegovih minerala kao $to su monazit
[(Ce,La, Th,Nd,Y)PQ,] i ksenotim YPO, Prisustvo radioaktivnih eleme-
nata torijuma i urana, zajedno sa itrijumom, predstavija teskocu u dobi-
jJanju itrijumoksida iz ruda i koncentrata. Regulisanje zastite Zivotne
sredine je sve stroZe i povecava rizik u njihovom snabdevanju. Zbog
svega toga recikliranje itrijumoksida iz sekundarnih izvora, kao $to su
crveni mulj, previake u keramici i istroS§eni materijali u fluoroscentnim
lampama, ima veliki znacaj. Osnovni cilj ovog rada jeste da prouci ki-
netiku rastvaranja itrijuma sa hlorovodoni¢nom kiselinom iz otpadnog
praha keramickih materijala.

Kljuéne redi: itrijum, recikliranje, hidrometalurgija, keramika.
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