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Acid dissolution of neodymium magnet Nd-Fe-B in different conditions

The separation of rare-earth elements (REE) from a neodymium magnet has been widely studied last year.
During the research it was identified that the waste of computer hard disk contains 25.41 % neodymium,
64.09 % iron, and <<1 % boron. To further isolate rare-earth metals, the magnet‘was acidically dissolved in
open and closed systems. In both methods of dissolution, concentrated nitric acid was used. The difference
between these methods is the conditions of dissolution of magnet. The. magnet was dissolved in a microwave
sample preparation system at different temperatures and pressures in.a closed system. In the open system, the
acid dissolution of the magnet is conducted at room temperature. 0.2 g of the neodymium magnet sample was
taken under two conditions, and the dissolution process in the clased system lasted 1 hour, and in the open
system 30-40 minutes. The open system is a non-laborious; simple, and cheap method of dissolving the mag-
net by comparing both systems. Therefore, an open sample preparation system is used for further work. To
remove the iron in the magnet, oxalic acid was used and REEs are precipitated as oxalates under both condi-
tions. According to the result of the Inductively coupled plasma mass spectrometry (ICP-MS) method, it was
identified that the neodymium and iron contents in the precipitate are 24.66 % and 0.06 %, respectively. This
shows that the iron has almost completely passed to the filtrate.

Keywords: acid dissolution, neodymium magnet, rare-earth metals, neodymium, praseodymium, dysprosium,
open system, microwave sample preparation system, ICP-MS analysis.

Introduction

Currently, rare-earth metals are widely used in electronic devices and equipment and their production is
constantly growing. For<example, neodymium magnet NdFeB from computer hard disk HDD, LiH lithium
hydride batteries, fluorescent lamps, etc. At this rate of growth of electronic equipment with REE, the
amount of electronic waste will increase. As a result, every year a large amount of waste from REE is re-
leased into the environment. According to the United Nations Global Monitoring Organization, in 2019, the
global velume of electronic wastes reached 53.6 million tons [1]. This creates serious environmental and
economic problems: The separation of metals and REE from electronic wastes reduces environmental prob-
lems and-helps the development of waste-free production. At the same time, it is important to effectively
separate REE. The dissolution of neodymium magnets and the separation of rare-earth metals from them are
considered in the following works [2-6].

In [7], the demagnetization of a neodymium magnet in the temperature range of 300-400 °C with dif-
ferent holding times in a muffle furnace is considered. The optimal time is 30 minutes at a temperature of
350°C. The dissolution is carried out with organic acids, such as malic and citric. The best values of the pa-
rameters were observed at a temperature of 90 °C at a concentration of 1.0 M and a ratio of 1: 20 for both
organic acids. The content of elements was determined by X-ray fluorescence analysis in the calcined and
non-calcined form of magnetic powder, which is 66.69 % and 58.5 % iron, 25.19 % and 32.36 % neodymi-
um, respectively.

In [8], rare-earth metals are deposited as oxalates. After thermal decomposition of oxalates, rare-earth
metal oxides were obtained. Neodymium was separated by electrochemical method.
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For the acid dissolution of the magnet, different acids and mixtures, such as nitric, hydrochloric, sulfu-
ric, hydrogen fluoride, “Aqua regia” are used. In this work, concentrated nitric acid was applied. In concen-
trated HNO; (in small volumes), the magnet alloy was completely dissolved.

The main purpose of this work is to study and determine the optimal method for dissolving a neodymi-
um magnet under various conditions and effectively removing iron — a macronutrient in the magnet. Acid
dissolution is used to separate REE from the magnet and, also, it was conducted a comparative analysis with
other works.

Experimental

Reagents

The following reagents were used for the experiment: nitric acid HNO; (67 %), oxalic acid (purity,
99.6 %), neodymium magnet Nd-Fe-B taken from a computer hard disk.

Apparatus

The following instruments were applied for sample preparation and analysis: ICP-MS inductively cou-
pled plasma mass spectrometry (Agilent 7500a, USA), muffle furnace (SNOL 7,2/1300; Lithuania), analyti-
cal scales (Acculab, ALC-210.4, Germany), microwave sample preparation system (Speedwave four
“Berghof”, Germany), X-Ray Diffractometer (DRON -4-07, Russia).

Material preparation. Demagnetization

Neodymium magnet Nd-Fe-B from the computer hard disk is provided. by the company “Taza
Alemdik” LLP (Kazakhstan), which is engaged in the disposal of electronic waste. Several stages of sample
preparation were carried out:

1) Removing the magnet from the hard disk drive (HDD);

2) Cleaning the nickel shell of the magnet;

3) Demagnetization of the sample in the muffle furnace;

4) Grinding the sample to a homogeneous mass.

After removing the nickel shell, the sample is ready for demagnetization. Demagnetization was carried
out by heating at 750 °C in a muffle furnace (SNOL 7,2/1300, Lithuania) for 1 hour. The demagnetized sam-
ple is ground to a homogeneous mass.

Acid dissolution of a neodymium magnet in a closed.system

The sample was decomposed in a closed system in an autoclave (Speedwave four “Berghof”, Germa-
ny). Concentrated nitric acid (acid concentration of 15 M) is added to the sample. The decomposition process
in HNO; must be carried out until the ending of the NO; release. Then the samples were placed in an auto-
clave at different temperatures and’ pressures (at 100 °C, p=3 MPa, t=10 min; 160 °C, p=2 MPa,
1 =10 min and cooled at 50 °C, p= 2 MPa, T = 10 min). After dissolution, the samples were cooled at room
temperature and diluted with distilled water, and semi-quantitative analysis was performed using ICP-MS to
determine the chemical composition of the sample. The total time for dissolving the magnet in the autoclave
is 1 hour.

Acid dissolution of a neodymium magnet in an opened system

The 0.2 g magnet sample was dissolved in concentrated nitric acid at room temperature. When the
magnet is dissolved, NOy:is released, so the process must be carried out until the gas is released. After that,
the magnet solution is diluted with distilled water (NO is released). Semi-quantitative analysis was per-
formed using the ICP-MS method. The total time to dissolve the magnet is 30-40 minutes.

Precipitation of rare-earth metals and iron removal

In both methods, a saturated solution of oxalic acid was added to the resulting neodymium magnet solu-
tion. REE isdeposited as oxalates. The precipitate was filtered through a paper filter “blue ribbon filter” and
after 2 hours the filtrate was checked for the presence of Fe**, Fe** cations. Both forms of iron ions were pre-
sent in the filtrate. The precipitate was then calcined in a platinum crucible at 650 °C for 40 minutes. The
resulting precipitate was dissolved in concentrated nitric acid, and a pale lilac solution was obtained. The
composition of the resulting solution was analyzed by inductively coupled plasma mass spectrometry. The
operation parameters of the ICP-MS 7500 are as follows: the carrier gas flow rate is 0.82 L/min, the plasma
gas flow rate is 0.17 L/min, the signal integration time is 0.1 s, and the high-frequency signal power is 1450
W. Figure 1 shows the scheme of dissolution in the open and closed systems and the removal of iron in a
neodymium magnet sample.
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Figure 1. Scheme of acid dissolution and removal of iron in a neodymium magnet sample
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Results and Discussion

In this paper, the dissolution of a neodymium magnet have been carried out in an open and closed sys-
tem. The neodymium magnet was dissolved in nitric acid (Eq. (1)). Then a semi-quantitative analysis was
performed using the ICP-MS method. The result showed that for further analysis is necessary to select ele-
ments with concentration values are significantly higher than those of other elements: iron, neodymium, pra-
seodymium, dysprosium, and nickel. The concentration of boron is insignificant, but the neodymium magnet
contains boron, and therefore, in the literature the formula of the neodymium magnet is written in the form of
NdFeB.

Table 1
Advantages and disadvantages of open and closed dissolution systems
Open system of dissolution Closed system of dissolution
Advantages Disadvantages Advantages Disadvantages
—simple; —non-modern — modern — high temperature;
— safety; — energy-intensive;
— not time-consuming; — complex-equipment;
— non-energy-intensive; —explosive;
— cheap — limited sample weight;
— time-consuming;
— restrictions on the choice of
acid for dissolution

Table 1 describes the comparative characteristics of open and.closed dissolution systems. It is illustrated
that an open system is more efficient than a closed one, sincethey have many advantages. Therefore, an open
system for dissolving a neodymium magnet was chosen for further research. A closed system has many dis-
advantages and limitations, such as sample weight limitations.and restrictions on the use of different acids. In
a closed system, an explosion can occur at high temperatures, even at low pressures. Therefore, this method
is more complex than the open system.

Nevertheless, in a closed system, the neodymium magnet decomposes faster than in an open system,
because in a closed system, the neodymium magnet solution is heated in an autoclave to 160 °C. This con-
tributes to the rapid dissolution of the magnet.

In this paper, we considered a sample of a single neodymium magnet, with an average weight of 3.86 g,
and 0.2 g of the sample was taken from this magnet for analysis. The magnet contains several rare-earth met-
als. However, the concentration of neodymium, praseodymium, and dysprosium is much higher than that of
other rare-earth metals.
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Figure 2. Composition of precipitate REE with X-Ray phase analysis
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Table 2 demonstrates the comparative results of the analysis of the precipitate of REE after dissolution
with nitric acid and the addition of oxalic acid (element concentrations in %). As can be seen from Table 2,
the concentration of iron after acid dissolution was 2 times greater than that of neodymium. Therefore, it is
necessary to remove the Fe in the sample. It is important to note the possibility of separating REE from iron
ions by precipitation in the form of oxalates (Eg. (2)), and this helps to get rid of iron for further REE isola-
tion. Iron (111) passes into solution, and Fe?* in an acidic medium is oxidized to Fe** (Eq. (6)). Therefore, al-
most all of the iron passes into the filtrate. The composition of the precipitate is only 0.06 % Fe (Table 2).
This proves that the iron was almost completely removed. Figure 2 indicates the content of REE sediment in
X-Ray phase analysis. This shows the main composition of the precipitate of REE consists of neodymium
oxide (praseodymium oxide together) and iron oxide in a small amount. Reflexes of neodymium and praseo-
dymium oxides are the same.

Table 2
Results of the analysis of acid dissolution of neodymium magnet and REE precipitate
Element Acid dissolution of magnet Precipitate of REE, HI\!O3, %
(opened and closed systems), HNO3z, % (after removing macro--and microelements)
Nd 25.41 24.66
Pr 6.28 596
Dy 2.53 2.4
Fe 64.09 0.06
Ni 1.2 0
B 2.6x10” 2.6x10°
Other elements 0.5 -

It should be recalled that Table 2 illustrates the concentrations of elements after the decomposition of
0.2 g of the magnet. The analysis was conducted in an.open-and closed system 3 times, the table shows the
average values of the concentrations of elements. The concentrations of neodymium, praseodymium, and
dysprosium were almost the same in open and closed systems. After acid dissolution of the magnet, the con-
centration of iron was 2.5 times greater than that of neodymium. And after the addition of oxalic acid, the
iron content was negligible, and nickel was also present in negligible amounts or absent. The boron content
was low and the concentration was the same in both conditions. The result of the analysis with ICP-MS
pointed out the concentration of REE<inthe precipitate which almost did not change after dissolution with
nitric acid, as in the initial solution.

Table 3 shows the comparative composition of a neodymium magnet dissolved under different condi-
tions in comparison with the works of other authors. According to the work [6], the content of the main ele-
ments (neodymium, iron, and beron) in the composition of magnet waste, three groups can be distinguished:
waste with a low content of REE (REE < 20 %), waste with an average content of REE (REE about 20-
30 %), and waste with a high content of REE (REE > 30 %). Table 3 designates the content of magnet waste
with average concentrations of REE and it can be seen nitric acid and “aqua regia” are often used to dissolve
the magnet.

Table 3

Comparative contents of main elements (%) of neodymium magnet NdFeB in this work and other data [6]

Ne Condition of magnet dissolution ® (Nd), % o (Fe),% | o (B),% References
A) Acid dissolution of neodymium magnet (in

1 |opened and closed systems) 67 % HNO; 2541 64.09 =<1 In this work
B) 67 % HNO;, precipitation with H,C,04-2H,0 24.66 0.06 <<1

2 |Dissolution in “aqua regia” and 0.5M HNO; 25.38 61.09 1.00 [9]
Dissolution in HCI:HNO3:H,0 (1:1:1) and precipi-
Dissolution in 0.1M H,SO,50 °C/“aqua regia”, and

4 precipitation with H,C,04-2H,0 19.40 66.30 0.96 [11]
Dissolution in 65 % HNO; at 80 °C, 72 hour; and

S precipitated iron (11) with 35 % H,0, at 40 °C 25.95 58.16 1.00 [12]
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The chemical reactions of all processes are shown below:

NdFeB + 2HNO; + 2H,0 — Nd** + NO; + Fe** (Fe*") + BO;* + NO, + 6H* (1)
2Nd** + 3H,C,04 — Ndy(C,04)s + 6H" (2)
Nd2(C20,)3-nH,0 — Nd,03+ 3CO, + 3CO + nH,0 (3)
(REE)»(C,04)3-nH,0 — (REE),0;+ 3CO, + 3CO + nH,0 (4)

here, REE — rare-earth elements
Fe?*—e — Fe* (5)

Eq. (3) and (4) illustrate the decomposition of oxalates. The decomposition products were oxides of ra-
re-earth metals and iron (I1) oxide. In the initial solution of the magnet, iron Fe?" is oxidized to Fe*’ (Eq. (5)).
Most of the iron passes into the filtrate. The effective use of the filtrate can be described as follows.

For waste-free production, it is to use a filtrate separated from the REE precipitate. ‘In-the filtrate, iron
ions Fe** are present in large quantities, so it is necessary to isolate iron in an effective way. For this purpose,
an ion exchange reaction with an ammonia solution was carried out:

Fe**+3NH,OH — Fe(OH);+3NH," (6)

The resulting iron (I11) hydroxide precipitate was subjected to thermal decomposition and iron (111) ox-
ide was formed at 500 °C (Eq. (7)) (thermogravimetric analysis (TGA)).

2Fe(OH); — Fe,0O3+ 3H,0 @)
The further task of this work is to effectively isolate rare-earth metals such-as neodymium, dysprosium,

and praseodymium from the matrix by extraction and sorption methods, and to consider the possibility of
isolating other metals contained in significant amounts (iron, nickel, etc.).

Conclusions

The comparative acid dissolution of the NdFeB neodymium magnet alloy under open and closed condi-
tions have been considered. To remove iron, REE was precipitated in the form of oxalates, in an acidic me-
dium, iron (I1) passed into iron (111). Therefore, iron in.the composition of the REE precipitate is contained in
a small amount, which contributes to the effective separation of REE from the magnet alloy. This method is
simple and can be effectively used in production, in which a large amount of neodymium magnet can be dis-
solved, given the waste-free technology. The.scheme of dissolving a neodymium magnet in an open system
is very simple, not labor-intensive, and safer thanin a closed system. It can be concluded that the open sys-
tem of dissolution of neodymium magnet is effective in production for the separation of not only REE, but
also other metals, such as iron, nickel, etc. Therefore, it is more effective to perform the dissolution in open
conditions.
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A.l'. Ucmaunosa, I'.)K. Akanosa, JI.X. KambicOacB

opryp.i xkarnaiina Nd-Fe-B Heogumai MarHMTTI KbIIIKbLIBIK €piTy

CoHFBI yaKpITTa HEOIWMJI MarHuTTeH cuperkep smemeHTTepin (CXKD) Gemim amy KeHiHEH 3epTTelyne.
Kangpik marmutTiH KypambiHga 25,41 % neomuMm, 64,09 % Temip xoHe <<l % Oop Oap. Cuperxep
MeTaJIIapbIH 9pi Kapaii 0eiy YIIiH MarHUTTI alIbIK KSHE XaObIK JKyiene KbIIIKBUIABIK epiTy xyprizinai. Exi
)Karqaija Ja epiTyre KOHLEHTpJI a30T KBIIIKbUIBI KOJAAaHBULABL EKi SmIiCTIH aibIpMallIbUIBIFBI MarHHUTTI
epiTy karaainapbeiaaa. JKaObIK jxyiieie MarHUTTI epiTy MEKPOTOJIKBIH/IBI YIIT1 JallblHaay JKYHeciHae apTypai
TeMIIepaTypa MEH KBICBIMJIA JKYPTi3iiami. ANIBIK jKyleae MarHUTTi KBIIKBUIIBIK epiTy OenMe TemrepaTypa-
ceiHAa skacanael. Exi skarmaiina ga 0,2.T HEOAMMII MarHMT YJTiCI aJBIHIBI JKOHE KaOBIK JKYHemeri epity
npoueci 1 caratka, an amslK xyiene 30-40 MuHyTKa co3buibl. JKaObIK kKyleMeH calbICThIpFaHIa aIlibIK
JKyHe Keml eHOCKTI KaKeT eTIICHTIH, KapamaibM jkoHe ap3aH oiic Oonbim Ta0butanbl. COHABIKTAH, allIaFbl
JKYMBICTapFa amblK KyHeae Yiri gaifblHaay KojgaHbUIaabl. MarHUTTIH KypaMbIHAAFbl TEMIpi KO0 YIIiH
KBIMBI3/IBIK KBIIIKBUTBI KOJIAHBUIIBI JKOHE eKi skarmaiina ga CXKD okcanat kyiiinae Tynbara tycipinami. ICP-
MS opiciHiH HoTHKeci OOWBIHIIA, TYHOAHBIH KypaMBIHIAFbl HEOIUM MeH TeMip colikeciHie 24.66 % xoHe
0,06 % Gomnapl. Byt TeMip/IiH TOJIBIKTAM AepiIiK GUIBTPATKA OTKCHIITIH KOPCETETi.

Kinm ce30ep: KBILKBUINBIK = €piTY, HEOAMMJII MAarHuT, CHPEKKEp METAIAapbl, HEOIMM, IIPa3CoIiM,
TUCTIPO3UH, AIIBIK JKYie, MEKPOTOJIKBIH/IBI VAT naipiaay xyieci, ICP-MS tangayst.

A.T'. Ucmaunosa, I'.)K. Axanosa, JI.X. KambicOaeB

Kucnornoe pacteopenne HeonumoBoro maraura Nd-Fe-B
B Pa3JIMYHBbIX YCJOBHSAX

B nocnennee Bpems BBIACNICHHE PEAKO3EMENBHEIX 31eMeHTOB (P33) U3 HEOMMMOBOrO MarHUTa MIMPOKO HC-
cienyercs. ABTOpaMy CTaThH MTOKAa3aHO, YTO OTXOJ MarHuTa couepkut 25,41 % uveonnuma, 64,09 % sxenesa u
<<1 % Gopa. 1 ganbHeHIero BBACICHNS PeJKO3EeMENbHBIX METAIOB IPOBECHO KHCIOTHOE PACTBOPEHUE
MarHuTa B OTKPBITOH M 3aKpBITON cucTeMax. B obonx crocobax pacTBOpEeHUs MCHOJIb30BaHA KOHIEHTPHPO-
BaHHAs a30THAs KUCJIOTa. PasHuIa MEXIy STUMH METOJaMH 3aK/II0YaeTCsl B YCIOBHUIX MPOBE/ICHUS PacTBO-
peHust MarHuTa. B 3akphITOi cucTeMe pacTBOPEHHE MarHuTa MPOBOJMIM B MUKPOBOJHOBOW CHCTEME NMPo0o-
MOATOTOBKHY IIPH PA3HBIX TEMIIEPATypax M JABICHHUSAX, B OTKPBHITOH cHCTEMe — IPH KOMHATHOH TeMIepaTy-
pe. B o6oux ycnoBusx Oputm B3sTO 0,2 T 00pa3ua HEOAMMOBOTO MarHHUTa, M MPOLIECC PACTBOPEHHUS B 3aKPhI-
Tol cucreMe mmwics 1 4, a B oTKpsITOi cucreme — 30-40 muH. [lo cpaBHEHUIO C 3aKpPBITOI CHCTEMOI, OT-
KpPBITasi CHCTEMa SIBJISICTCS] HETPYJOSMKHM, IIPOCTBIM U JIEIIEBBIM METOJOM ISl pacTBOpeHust Maraura. Ilo-
9TOMY JUIsl HaibHeHIed paboThl BEIOpaHa OTKpPHITas CHCTEMa IPOOOMOATroTOBKH. s ymaneHus kene3a B
COCTaBe MarHMTa IPHUMEHSUIN IIABEJIEBYI0 KHCIOTY U ocakaanu P30 B Buie OKcalaToB B 000MX YCJIOBHUSX.
Pesynbrarel ncnonb3oBanus Metona |CP-MS nokaszany, 4To 1mocie ocaxaeHHs CoJepiKaHUue HEOAUMa M xKe-
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A.G. Ismailova, G.Zh. Akanova, D.Kh. Kamysbayev

ne3a coctasisiet 24,66 u 0,06 % cooTBeTCTBEHHO. DTO yKa3bIBaeT Ha TO, YTO JKEJIE30 ITOYTU MOIHOCTHIO Me-
penuio B GUIbTpaT.

Kniouesvie crosa: KUCIOTHOE PACTBOPEHUE, HEOJMMOBBIN MAarHUT, PEAKO3EMEIbHBIC METAIIIBI, HEOANM, Tpa-
3€0/IUM, JUCIPO3Hi, OTKPHITAs CHCTEMa, MUKPOBOJIHOBas CHCTeMa MpodonoaArotoBku, ICP-MS ananms.
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