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Abstract Recycling electronic scrap is a significant source of rare earth metals.
Whereas traditional recycling routes for some electronic scrap emphasize the
recovery of silver and gold, value can be attained by recovering of rare earth elements
from unique feed streams. This paper describes a hydrometallurgical process for the
recovery of rare earth elements from hard disk drives using HCl as a re-usable extrac-
tion medium. The mixture was selectively leached using HCl to remove the magnet
alloy coating from shredded hard disk drives. The dissolved rare earth elements
were precipitated using sodium sulfate, recovered as the sodium double salt, and
subsequentially converted to hydroxides. The recovery of rare earth elements is
consistent with amounts predicted using a thermodynamic model based on the MSE
(Mixed-Solvent Electrolyte) framework of precipitated double salts. The effect of
HCl concentration was measured upon the magnet dissolution rate. In addition, the
leaching rates for steel were evaluated and found to be three orders of magnitude
lower than the magnet alloy. An automated system was used to control leachate pH.
Themagnet and steel dissolution rate were examined for various HCl concentrations.
The recovery of rare earth hydroxides was over 80%.
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Introduction

Electronic waste (e-waste) or waste electrical and electronic equipment (WEEE) is
a growing feed stream of materials which were not recycled until the EU WEEE
legislative directive was approved in 2002 [1, 2]. The challenges to e-waste recy-
cling include the fact that manual separation and shredding are labor and equipment
intensive, and there are few economically relevant recycling strategies formany types
of e-waste [3]. As of 2016, 20% of e-waste was recycled worldwide in documented,
proper manner, but rest is either dumped or shipped to other companies where it is
recycled in a crude manner. In addition, rare earth elements (REEs) are not recovered
to any significant extent [4]. In fact, less than 5% of rare metals were recycled from
WEEE as of 2019 [5]. REEs are contained in displays, speakers, cell phones, motors,
hard disk drives (HDDs), voice coil actuators, and other materials. Alternatively,
according to Adamas Intelligence, the demand for rare earth oxides used in electric
cars is predicted to increase by fivefold by 2030 [6]. The United States Department
of Energy (DOE) considered neodymium (Nd), dysprosium (Dy), europium (Eu),
terbium (Tb), and yttrium (Y) as REE critical materials [7]. The overall crustal abun-
dance of the rare earth is similar to copper (Cu), but due to the technical challenges
associated with separation, the enrichment factor required for a rare earth mine must
be significantly higher than Cu [8]. For example, the cutoff grade for Cu might be
0.6%, but the cutoff grade for rare earth mine at Mt. Weld Mine is 4% [9–11]. When
the most valuable elements are dilute, additional ore must be processed to meet the
demand for those dilute metals needed for clean energy. In particular, the magnet
REEs (Nd, Dy, Pr) have increasing importance as they are required for clean energy
technologies, such as electric motors and wind turbines which justify the criticality.
Fortunately, REEs are found in HDDmagnets, particularly Nd in Nd2Fe14B (Nd-Fe-
B) magnets [12]. Reviews of REE reserves, suppliers, uses, and potential recycling
sources are available [12, 13]. The recovery of REEs from e-waste could meet future
criticality and bolster economic growth [14]. If more recycled metals are recovered
for value, less mining is required, and waste is minimized.

Because few recycling methods for REEs have reached the commercial scale and
most secondary sources of REEs are not being recycled, there is an increased interest
in recycling research. The literature has outlined potential REE recycling feedstocks,
existing recycling technologies and future needs [15–17]. A review of REE recycling
specific to Nd-Fe-B magnets was published, including both pyrometallurgical and
hydrometallurgical processes [15]. However, a more recent review outlines more
avant-garde methods for treating e-waste for REEs from HDD magnets [18]. Given
this recent review, the summary below will focus on the studies most relevant to this
paper.

Hydrometallurgicalmethods for the extraction ofREEs are supported by their easy
dissolution by mineral acids. The dissolution of scrap as the Nd-Fe-B magnets using
sulfuric acid dissolution and subsequent pH adjustment to capture was described in a
patent byLyman in 1992 [19].Nd-Fe-Bmagnet alloys react quicklywith protons (H+)
with copious evolution ofH2 gas [20].Due to reactivity, sinteredmagnets are typically
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coated with nickel (Ni) or layers of Ni and Cu. Selection of the acid for dissolution
(H2SO4,HCl, etc.) depends on the downstream recovery processes [21]. For example,
downstream solvent extractionmethods are supported by hydrochloric and nitric acid
leaching and selective precipitation methods prefer sulfuric acid leaching [15].

To recover REEs from solution, selective precipitation reactions have frequently
been reported to isolate dissolved REEs. All REEs form sparingly soluble trihydrox-
ides in basic medium [22], which can be used to precipitate REEs. However, a pH
shift to approximately pH 6 is higher than precipitation of co-dissolved metals such
as iron (Fe), nickel (Ni), and zinc (Zn). The REEs are highly soluble in chloride
and nitrate while having low solubility in sulfate which is pH dependent [23]. From
moderately concentrated H2SO4, a slight increase in pH to a value slightly over 1
will precipitate the REEs as double salt solids ((RE)2(SO4)3·Na2SO4·xH2O using
NaOH). As this pH is below that for precipitation of Fe [22], this method was used to
capture REEs from nickel-metal hydride (Ni-MH) batteries [24, 25]. Pietrelli et al.
used 2 M H2SO4 and obtained over 90% REE release, followed by pH adjustment
to 1.5 using NaOH to recover over 70% of REE content. The REE recovery from
magnet scrap (swarf) using the H2SO4-NaOH route have also been reported [26].
Phosphoric acid dissolution followed by pH increase has been used to precipitate
REEs from Ni-MH battery leachate solutions [26].

Recently, this group has focused on a comprehensive recovery process that can
produce different value streams from e-waste [20, 27]. An economic evaluation of
the comprehensive process has concluded that a cost-efficient recovery of REEs from
electronic scrap can only be achieved if other metals are recovered for value [14].
Specifically, for the recovery of REEs, the ferrous fraction (magnetically separated)
of mobile phones was treated using H2SO4 followed by pH increase to separate
REEs [27]. While use of H2SO4 is efficient for dissolution and recovery of REEs,
the presence of sulfate and sodium (Na) in the extraction media could complicate
material separation if the leaching solution was intended to be re-used.

This paper describes a modification to the chemistry used in that work, where an
HCl-based system is employed to dissolve REEs from mixed magnet-steel mixtures
followed Na2SO4 addition to precipitate as the sodium double salt. The resultant
double salt is then converted to rare earth hydroxide (RE(OH)3) using NaOH. While
previous work included data on the recovery of REEs, this work is dedicated to the
REE recovery process using HCl-based dissolution which includes a more thorough
assessment of recovery in comparison with the model predictions of recovery, addi-
tional purification of the powder product, and an assessment of the possibility of
leachate re-use.
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Materials and Methods

Materials

Leaching solutions were prepared in deionized water (18 M�-cm) using ACS grade
or better reagents. To examine the dissolution process, uncoated “Nd” (Nd-Fe-B) disk
magnets (1.3 cm diameter, 0.3 cm height) were used (McMaster Carr). Shredded
HDD material was obtained from Oak Ridge National Laboratory (ORNL). This
material was hand sorted using a coated Nd-Fe-Bmagnet to remove steel andmagnet
fragments from aluminum (Al), plastic, and circuit boardmaterial. This ferrousmate-
rial was used for recovery experiments. Magnetic particles and chunks were magnet-
ically attached to steel or tightly bound together onto steel as described previously
[15]. Due to the small quantity of non-homogenous scrap attained from Oak Ridge
National Laboratory, the team was unable to obtain a statistically relevant analysis
of the feed material.

Magnet and Steel Dissolution Studies

Steel coupons (1.6 × 1.6 cm) were cut from C-1100 shim steel. Air or N2 gas
were purged at 0.02 m3/h into an open beaker at ambient temperature (20–22 °C).
Experiments were performed for 6–24 h in 100 mL of 1 M HCl. Uncoated magnets
were exposed to a range of diluted HCl solutions at ambient temperature (20–22
°C). A solution volume of 250 mL was chosen to avoid significant concentration
change during the test. Stirring was not employed, although bubbles of H2 produced
from the reaction agitated the solution. Magnets were carefully balanced at an angle
against the side of the beaker to minimize contact area. Weight of the magnets was
recorded three times before and after exposure. Using the weight change, known
density (7.4 g/cm3), surface area (3.88 cm2), and exposure time (1 h), the uniform
dissolution rate was calculated. A uniform rate was used due to the lack of evidence
for localized attack.

Leaching System

A diagram of the system used to process material is shown in Fig. 1. The separated
HDD material was placed in the reaction column, and a pump was used to continu-
ously flow the acid solution through the vessel containing the material. A pH probe
was inserted in-line to inform a pH controller to release acid as needed. Dissolu-
tion was performed at normal room temperature (18–22 °C). Solution was pumped
through the reaction column at approximately 250 mL/min using a diaphragm pump.
While the system was automated, operation occurred under supervision during
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Fig. 1 Diagram of the
system to perform REE
dissolution. (Color figure
online)

normal work hours as a precaution. The pH controller operated a low flow peri-
staltic pump to deliver 5 M HCl to the leach reservoir. The pH was controlled to
maintain a value below 0. The addition of acid diluted the leach solution over time.
Solution was removed periodically and precipitated individually.

Recovery of Dissolved REEs

After dissolution, REEs were precipitated from the leachate as sulfate double salts
(NaRE(SO4)2·xH2O) by adding solid Na2SO4. Samples of the leachate, before and
after REE precipitation, were taken for chemical analysis. The precipitated double
salt was converted to RE(OH)3 (REOH) by reaction in 2 M NaOH for 2 h at 70 °C
[26]. The final REOH product was filtered, rinsed, and dried. In some cases, powder
was further purified by a second treatment in 10 M NaOH at 70 °C to completely
react remaining sulfate double salt and to leach metal impurities.

Analysis

A Bruker (S2 PICOFOX) bench-top total reflection X-ray fluorescence spectrom-
eter (TXRF) was used to analyze solutions and powders. The REOH products were
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dissolved in HCl before analysis. An aliquot of solution was pipetted onto the instru-
ment sample holders and dried. A selenium (Se) internal standard was used for anal-
ysis. The concentrations of Pr, Nd, Dy, Gd in the final powder products were analyzed
by an inductive coupled plasma mass spectrometer (ICP-MS) Thermo Scientific
iCAP Q. The analysis of Na, S, Fe, and Zn was performed using an iCAP Series
6000 inductively coupled plasma optical emission spectrophotometer (ICP-OES)
from Thermo Scientific. Calibration of ICP-MS and ICP-OES was performed using
commercially prepared standards (VGH and Spex).

Powders were analyzed using X-ray diffraction (XRD) in a Bruker D8 Advance
diffractometer operated at 40kVand40mA,with a cobalt (Co) target (K=1.78897A)
being used for the characterization of the REE deposits formed. The XRD spectra
were obtained for the REE sulfate double salts and hydroxides by scanning from 5
to 70° 2θ with a step size of 0.02° 2θ.

Thermodynamic Modelling

Aqueous systems containing REEs were modelled using the previously developed
mixed-solvent electrolyte (MSE) model [27, 28]. The model parameters were deter-
mined for REE sulfate-containing systems using the procedures that were described
in a previous work [30]. These procedures ensure that the model matches the avail-
able experimental data for solid–liquid equilibria, vapor–liquid equilibria, and caloric
properties. Subsequently, the model was used to calculate the solubility of REE—
sodium sulfate double salts and to predict on a thermodynamic basis the amounts of
the solids that are expected to precipitate in the experiments.

Results and Discussion

Dissolution Rate Determination

As described in previous work, the magnet alloy was reactive to acid solutions with
visible H2 evolution [20]. Due to challenges of separating magnets from electronic
devices, this process examined dissolution from steel-magnet mixtures. As described
in Eq. 1, the alloys react directly with H+ in strong acids to form H2, as shown in this
proposed reaction.

Nd2Fe14B(s) + 3H2O(aq) + 34H+(aq) → 2Nd+3(aq) + 14Fe+2(aq)

+ H3BO3(aq) + 18.5H2(g) (1)

The H2 gas produced by the dissolution reaction would need to be dealt with in an
industrial process through simple flaring, energy recovery or through dilution with
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air. Produced H2 acts as an indicator of reaction progress as does the time between
pH doses (H+ consumption).

To selectively dissolve the magnet alloy, previous work employed a N2 gas purge
to reduce the concentration of dissolved O2 [25]. This was in attempt to control
steel corrosion, as described in the well-known iron corrosion reaction (Eq. 2), by
reducing the concentration of dissolved oxygen.

2Fe + O2 + 4H+ → 2Fe2+ + 2H2O (2)

To assess the corrosion of mild steel, coupons of mild steel were exposed to 1 M
HCl with either N2 gas or air bubbling into the solution. The corrosion rate measured
over 24 h was 6.82 × 10–4 mm/h in air and decreased to 1.31 × 10–4 mm/h in N2.
Purging with an inert gas to remove O2 reduces the rate as Eq. 2 suggests.

Uncoated disk magnets were used to measure the dissolution rate of REEmagnets
as a function of HCl concentration. The rate of dissolution increased almost linearly
with HCl concentration (slope = 0.109 mm/h/M), with the rate at 1 M HCl being
0.170 mm/h, three orders of magnitude greater than that of steel. The dissolution
rates are rapid demonstrating the reactive nature of the magnet alloy.

However, as will be described below, even in the presence of oxygen, the disso-
lution rate is three orders of magnitude lower than the rate for the Nd-Fe-B magnet
alloy. Thus, it was decided to not purge O2 from the dissolution reactor, as the O2

removal may not be critical to control dissolution selectivity. It is anticipated that
steel corrosion will be even lower than measured for two reasons: (1) Dissolved
hydrogen from magnet dissolution should shift the corrosion potential of the steel to
prevent active corrosion and (2) the internally produced H2 should act to purge O2.

Recovery of REEs from HDDs

The REE recovery was performed using 200 g of magnetically separated HDDmate-
rial. Although the dissolution rate was demonstrated to increase with HCl concentra-
tion, a pH of 0 (1MHCl) was selected as the control value. The system was operated
over several days for a total of 52 h. A total of 545 mL of 5 M HCl was added
during operation. Solutions were pulled periodically (five total solutions) and each
processed individually to produce REOH powders. Figure 2 shows the elemental
weight, measured with TXRF, for all five solutions (4 pulls and the remains) before
and after sodium sulfate precipitation. The data was calculated using concentration
and measured volume followed by adding each solution. The inset in Fig. 2 shows
the % of mass decrease for the REEs in the solutions after precipitation (recovery).
The Nd showed the greatest drop in weight along with Y which was present in very
small quantities. The REEs such as Pr and Dy showed intermediate recovery while
La showed very poor recovery. The lower recovery was presumably due to the lower
starting concentrations close to the solubility limit for the double salt. Note that Fe
largely remains in solution while Zn appears to carry over to the precipitate. There
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Fig. 2 Total weight of elements before and after precipitation for all five solutions. Inset figure
shows the percent change for REEs after precipitation. (Color figure online)

was some carry-over of Cl as well. The S increases due to addition of excess Na2SO4.
Measurement of Na was not reliable using TXRF and was excluded from Fig. 2.

Table 1 provides recovery data as well as compositions of the recovered REOH
powders. The total weight of REOH product was 5.176 g. The% recovery was calcu-
lated using the solution analysis before precipitation and compared to the powder
analysis andweight of powder recovered. Recoveries of REOHexceeded 80%except
for Solution 2. The composition of the powder was determined using various analysis
methods described in the table.

In determining the composition %, REEs were assumed to be RE(OH)3, as
supported by the XRD data to be discussed below. Using a weighted average (based
on fraction of total powder collected), the REOH powder was over 77 wt%Nd(OH)3
and 81 wt% RE(OH)3. Note that the total wt%, which accounts for all analyzed
components, averaged 85%. It would be assumed the missing weight would be due
to O and H in waters of hydration, hydrous oxides, or sulfates. The adjusted %
RE(OH)3 values, obtained by ratio of the total REOH % to the total wt%, show an
average of 96%. The presence of significant Na and S is likely carry-over from the
Na2SO4 in solution 5. The primary transition metal contaminate is Zn which aver-
ages 1.3%. Well-known from cementation post-processing, Zn readily dissolves in
HCl. As shown in Fig. 2, most Zn reports to the precipitate. The Fe was present at
much lower levels, averaging 0.03%. This also agrees with Fig. 3 where most of the
Fe remained in solution. Other significant impurities were Ca and Cl. The origin of
Ca impurities is not known.
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Table 1 Results for powder products from the five solutions processed. REEs % were reported as
hydroxides. Average values were weighted in contribution based on the powder product recovered
for that solution

Solution 1 2 3 4 5 Average Total

Wt REE (g) 1.462 1.155 0.366 0.203 1.99 5.176

% Recovery 86.9 74.2 82.0 86.5 85.6 83.2

% Na 0.10 0.13 0.16 0.23 3.18 1.30

% S 0.38 0.38 0.12 0.08 1.32 0.71

% Cl 0.34 0.17 0.70 1.23 0.87 0.57

% K 0.08 0.11 0.04 0.05 0.06 0.07

% Ca 0.22 0.20 0.24 0.12 0.89 0.47

% Fe 0.02 0.04 0.03 0.03 0.04 0.03

% Co 0.10 0.09 0.08 0.09 0.11 0.10

% Zn 1.06 0.92 1.60 1.54 1.62 1.30

% Br 0.01 0.01 0.01 0.01 0.01 0.01

% Y(OH)3 0.01 0.00 0.00 0.01 0.01 0.01

% La(OH)3 0.46 0.41 0.26 0.33 0.42 0.41

% Pr(OH)3 3.59 3.20 2.95 2.73 2.82 3.13

% Nd(OH)3 81.23 78.64 75.03 72.84 74.19 77.18

% Dy(OH)3 0.78 1.25 1.29 1.52 0.87 0.99

% Gd(OH)3 0.08 0.07 0.07 0.07 0.06 0.07

Total % RE(OH)3 86.15 83.57 79.60 77.49 78.38 81.78

Total wt% 88.44 85.61 82.56 80.88 83.30 85.12

Adjusted % RE(OH)3 97.41 97.62 96.41 95.81 94.09 96.05

Fig. 3 The XRD spectrum of the solid obtained from solution #5. (Color figure online)
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Another way to estimate recovery is through acid consumption. If it is assumed
that all the acid consumed (0.545 mol H+) was due to magnet dissolution using Eq. 1,
0.0321 mol of REOH are expected to be in solution. Using the assumption that the
powder product was entirely Nd(OH)3 that equates to 0.0265 mol Nd(OH)3. Thus,
approximately 0.0056 mol were not recovered (~17%). Considering that the powder
product contains some water, this agrees well with the % recovery reported in Table
1.

A sample of the REOH powder recovered from solution 5 was analyzed by XRD
as shown in Fig. 3. The powder was identified as a match for Nd(OH)3 with no other
phases observed.

Comparison of Recovery to Model

The MSE model predicts the thermodynamic equilibrium state for the reaction of
Na, REE, sulfate ion, and water in the following equation:

Na2REE2(SO4)4 · nH2O(s) = 2Na+ + 2REE3+ + 4SO4 + nH2O (3)

Spedding and Jaffe [29] first described the relationship between REE sulfate
solubility and ionic radius. Recently, Das et al. [30] developed a comprehensive
parameterization of theMSEmodel for bothREE sulfates andNa-REEdouble sulfate
salts by analyzing various experimental thermodynamic data across the REE series.
Based on this parameterization, the MSE model was used as the thermodynamic
basis for determining the recovery of REEs as sodium double salts from the leaching
solution. The analysis ofDas et al. [30] revealed a characteristic, non-monotonic trend
in the solubilities of the sulfates as a function of the ionic radius. The non-monotonic
or “two-series” behavior is in fact a pervasive feature ofREE salt solutions. It has been
attributed to the combined effect of the change in the REE radius (which decreases
smoothly across the REE series) and the variation in the number of water molecules
in the first coordination sphere of REE ions. In particular, it was demonstrated that the
hydration number forREEsvaries in theREEseries [32–34]. La throughNdhave nine
water molecules of hydration and Tb to Lu have eight. Pm toGd have an intermediate
number of water molecules which causes a change in expected chemical property
relationships. Consequently, for many salt solutions, the transition in the hydration
behavior gives rise to non-monotonic behavior of thermodynamic properties [30]. As
a result, thermodynamic properties ofREEsoften havemaximaorminima at Pr orNd.
In the case of Na-REE double sulfates, this effect manifests itself in a pronounced
minimum in the solubility for Pr. Starting with Nd, the solubility increases as a
function of crystalline radius and becomes substantially higher for heavy REEs.
Based on the analysis of Das et al., the solubilities of different Na2RE2(SO4)4 salts
were calculated at 25 °C for different Na2SO4 concentrations and are presented in
Fig. 4 as a function of crystal cationic radii of REEs [31]. In particular, the solubility
of Dy is over an order of magnitude higher. The model also shows a decrease in
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Fig. 4 Prediction of
Na2REE2(SO4)4 solubility
in 0.1 m (blue circles), 0.5 m
(pink triangles), and 1 m
(green squares) Na2SO4 at
25 °C as a function of crystal
cationic radii [21] of REEs
(listed in reverse atomic
radius). (Color figure online)
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the predicted recovery was somewhat higher than the actual recovery for sample S1
and moderately lower for samples S2–S4. In the case of Pr, the initial concentration
wasmuch lower than forNd and, therefore, near-complete recoverywas not predicted
because a non-negligible fraction of Pr had to remain in solution according to double
salt solubility. Finally, the recovery of Dy was not predicted by the MSE model yet
significant recovery was observed. This is due to the very small initial concentrations
of Dy, whichwere lower than the solubility of the double salts.While this observation
could not be reconciled based on solubility calculations, the predictions for Nd and
Pr were reasonable. The reason for the apparent discrepancy for Dy may lie in the
co-precipitation of Dy and Nd due to the overwhelmingly larger amount of Nd in the
samples. It is well known that rare earth salts have a strong propensity to form solid
solutions containing two or more rare earth elements. This has been observed for
multiple classes of compounds, including REE oxides [35–39], chlorides [40, 41],
nitrates [40], and cuprates [42]. Although the formation of solid solutions has not
been reported for REE—Na double sulfate salts—it can be reasonably presumed that
solid solutions are also possible for this class of compounds. If this is the case, then
a relatively small amount of Dy may be incorporated into a Nd-dominated double
salt, thus leading to the recovery of Dy together with Nd. Also, note that XRF is a
semiquantitative measurement method for the rapid measurement of many elements.
Future work will include more robust quantitative measurements for the REEs.

Recovery of REEs from HDDs Using Recycled Solution

To assess the potential for recycling the leachate solution, a portion of the remaining
solution (after precipitation) was recycled with the aim of minimizing water usage
and waste volume. A second benefit of this approach is that REEs not precipi-
tated previously would carry over and thus could reduce overall losses. Acid is
the primary reactant in dissolving the magnets (Reaction 1), and this is not signif-
icantly improved by recycling. Table 2 shows results of recovered REEs. Results
were similar to the previous experiment using fresh HCl; however, recovery values
were about 10% lower. This could be due to a lower magnet composition in this feed
material (compositional variation) and thus a smaller percentage dropped out in the
precipitation step. A smaller quantity of 5 M HCl was added (451 mL) compared
with the previous experiment, and the final REOH product contained much less Zn
than the previous extraction. Although not shown, the powder obtained from solution
3 indicated Na2SO4 phase in the XRD pattern. This indicates that too much Na2SO4

was added and that additional processing might be needed to purify the product. It
is interesting that about 1/3 less Zn was observed compared with powders described
in Sect. 3.2.
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Table 2 Results of powder product analysis from the three solutions processed using recycled
solution

Solution 1 2 3 Avg. Total

Total weight (g) 0.31 0.447 2.193 2.95

% Recovery 70.83 76.06 67.68 69.28

Na 0.63 2.57 7.387 5.95

S 0.10 1.08 3.190 2.55

Cl 0.39 0.13 0.142 0.17

K 0.04 0.05 0.085 0.07

Ca 1.17 0.93 0.270 0.46

Fe 0.04 0.04 0.013 0.02

Co 0.00 0.11 0.120 0.11

Zn 0.38 0.35 0.242 0.27

Br 0.01 0.01 0.019 0.02

Y(OH)3 0.01 0.00 0.004 0.00

La(OH)3 0.54 0.45 0.466 0.47

Pr(OH)3 5.82 4.89 2.416 3.15

Nd(OH)3 70.64 69.00 50.717 55.58

Dy(OH)3 2.28 4.16 1.404 1.91

Gd(OH)3 0.13 0.102 0.052 0.07

Total % RE(OH)3 79.42 78.61 55.059 61.19

Total wt. % 82.16 83.88 66.526 70.80

Adjusted % RE(OH)3 96.66 93.72 82.763 85.88

Elemental results were obtained by TXRF for Ca, Co, Cl, and Br. Na, S, Fe, and Zn analyses were
performed using ICP-OES. The remaining elements were analyzed by ICP-MS. The total wt.%
includes all analyzed elements. Adjusted % REE uses total wt.% to make an adjusted calculation.

Purification of Recovered Powders

With the aim to improve the purity of the REOH product by removing the unreacted
sulfate and other metal impurities, REOH powder 4 (Table 2) was subjected to a
second alkaline digestion in 10 M KOH. The purification results shown in Table 3
indicate a 12% increase in theREOHcomposition after the second alkaline treatment.
Elemental analysis performed with XRF did not detect sulfur in the re-processed
sample, which indicates that sulfates are no longer present in the refined REOH.
Regarding metal impurities, reductions of 50% and 65% were achieved for Fe and
Zn, respectively, while Co was completely removed from the REOH product.

Both, Co and Zn can re-dissolve at high pH forming dicobaltite (HCoO2
−) and

zincate (ZnO2
−) [22]. The purified REOH product obtained reached a REE purity

of 99.1% metal basis.
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Table 3 Elemental
composition of REOH
product before and after
purification in metal basis

Composition (%) Before After

Nd 91.35 93.73

Pr 3.40 3.45

Zn 2.58 0.89

Dy 1.96 1.68

La 0.40 0.13

Co 0.15 0.00

Gd 0.09 0.09

Fe 0.05 0.03

Y 0.01 0.00

Total REE 77.5 86.93

Total REE (metal basis) 97.2 99.1

Conclusions

Electronic scrap offers a significant source of REEs and the efficient recovery of
REEs could be important to clean energy technologies. This paper was built upon
a foundation of previous work regarding the recovery of REEs from mixed steel-
Nd-Fe-B alloy material. This mixture is a feed from shredded HDDs as output from
data destruction services. Experiments examined HCl concentration upon the rate of
dissolution of uncoated Nd-Fe-Bmagnets. It was determined that the HCl concentra-
tion had a linear effect upon leaching rate of magnets. The rate for steel was found to
bemuch lower andwas not of significant consequence in the process.ApH-controlled
flowing dissolution system was used to dissolve Nd-Fe-B magnet fragments from
shredded HDDs. After dissolution, the REEs were precipitated using sodium sulfate
and subsequently converted to REOH powder. Analysis demonstrated over 80% of
dissolved REEs were recovered. The product showed Na, S, Fe, and Zn were major
impurities. The purity level was decreased significantly by a secondNaOH treatment.
Therefore, a REOH intermediate product with a purity of 99.1% (metal basis) was
obtained from processed HDD. Recycling of the acidic dissolution solution resulted
in slightly lower recovery of about 70%. It is uncertain if the decreased recovery was
due to the recycling of acidic solution or simply a lower Nd-Fe-B composition in the
second batch.
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