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Dichloromethane-assisted phase
separation for simultaneous recovery of
oil and rare earth elements from oil-rich
grinding sludge
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B. Dejun®, K. Hua?, Z. Suiyi'?

Abstract

Grinding sludge is a gel-like hazardous waste generated in large quantities during metal
cutting processes. Conventional calcination and hydrometallurgical treatment of oil-
rich grinding sludges emit flue gases and generate insoluble residues. This study proposes
CH2Cl2-assisted phase separation under mild conditions to enhance oil removal and metal
recovery by overcoming encapsulation effects. Neodymium iron boron grinding sludge,
containing 10.4% oil, 8.3% neodymium, 4.5% praseodymium), and 55.8% Fe was selected as
a representative material. The dissolution efficiency of the sludge in hydrochloric acid alone
or after dichloromethane pretreatment was less than 85%, whereas complete dissolution
was achieved using a dichloromethane/hydrochloric acid mixed solvent. After that, phase
separation produced an organic phase enriched with 10.44% oil, as well as carbon and grease,
and an aqueous phase containing 10 g/L Nd, 3.75 g/L Pr, and 71 g/L Fe. The organic phase could
be easily evaporated, allowing for the recovery of approximately 90% of the dichloromethane,
with oil, carbon powder, and grease remaining as residues. The aqueous phase was subsequently
processed to sequentially precipitate a double salt containing 98.58% Nd/Pr and an iron yellow
product with 99.97% Fe. This approach provides an effective and economical strategy for the
simultaneous recovery of oil and metallic products from grinding sludge, avoiding the need for
harsh conditions or costly equipment. Consequently, it offers significant potential for practical
on-site applications in industrial settings.
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Introduction

Neodymium iron boron (NdFeB) is a significant magnetic material consisting of various rare earth
elements (Miinchen, Veit, 2017). It demonstrates exceptional magnetic properties (Herbst, Croat, 1991),
corrosion resistance, and thermal stability, which render it widely applicable in multiple fields, including
electric motors (Bozkurt et al., 2021), generators (Rahman, Slemon, 1985), loudspeakers (Warren, 1995),
and magnetic resonance imaging (Torresan et al., 2021). During the manufacturing process, NdFeB
materials are typically processed into various geometries to meet diverse installation requirements or to
enhance their performance characteristics. However, during processing, the generation of NdFeB waste is
unavoidable. This waste not only depletes valuable resources but also poses potential environmental risks
(Kumari, Sahu, 2023).

The hydrometallurgical process offers several advantages for recovering NdFeB waste, including the
generation of high-purity products under mild conditions, reduction of gas emissions, and minimisation
of secondary waste (Lin et al., 2019; Onal et al., 2017). A classic approach involves leaching NdFeB
waste with hydrochloric acid, which facilitates the precipitation of rare earth elements using oxalic
acid (Vander Hoogerstraete et al., 2014) or carbonate (Li et al,, 2025). The resulting precipitates are
then calcined to produce rare earth powders suitable for reuse in NdFeB magnet production (Kumari
etal,, 2018). To reduce impurity leaching, various pretreatment methods are employed, including
high-temperature calcination (Cong et al., 2023; Erust et al., 2023; Jiang et al., 2020; Omodara et al.,
2019; Yadav et al.,, 2024), hydrothermal leaching (Heo et al., 2024; Rabatho et al., 2013), and hydrogen
peroxide/nitrate oxidation (Zhihan et al., 2022). For example, Jiang et al. (2020) calcined NdFeB waste
at 800 oC and subsequently treated it hydrothermally at 120 oC, achieving leaching efficiencies of
96.3% for rare earth elements and 13.3% for iron; iron was then precipitated at pH 3.5 with the addition
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of hydrogen peroxide. The resultant waste typically appears as
powder or fragments from dry cutting processes. However, in some
manufacturing processes, the lubricants and auxiliary reagents were
used to enhance machining accuracy, leading to the generation of
abundant oil-rich NdFeB waste (Wang et al., 2022). The removal

of oil from the waste is critical in the recovery process (Kang et al.,
2024).

In some factories, the oil-rich NdFeB waste is often disposed
of by direct combustion. During this process, metallic iron and
rare earth powders are oxidised, while the oil components combust
and decompose, resulting in significant smoke emissions (Gong
et al., 2022). The oxidation of iron can lead to the formation of
spinel crystals, which co-crystallise with rare earth elements
(Zakeri, Tafaghodsi, 2025), thereby reducing the leaching efficiency.
Additionally, high-temperature pyrolysis is employed to decompose
the oil and facilitate the in situ reduction of rare earth and iron
oxides (Chu et al., 2023). In these processes, a layer of “carbon-
coating” and “metallic-coating” is generated on NdFeB particles
(Liu et al., 2023; Suiyi et al., 2025), leading to substantial leaching
residues (Piyawit et al., 2018). To date, recovering oily sludge under
mild conditions has not been reported.

This study presents a novel strategy for converting oily sludge
into organic compounds, double salts, and akaganeite particles
under atmospheric conditions. The corresponding parameters are
optimised, and the underlying principles are also discussed.

Materials and methods

Sludge pretreatment

The oil sludge was acquired from Dongya rare earth company
(Jilin, China). It was directly immersed into 6M HCl liquid at
the solid to liquid ratio of 1:10 without drying, and then agitated
at 400 rpm for 6 h. After that, it was collected by the high-speed
centrifugation. A repeat experiment was also performed, in which
the HCl liquid was replaced by H20, H2SOs, and NaOH, separately.

During the leaching tests, the hydrochloric acid was optimised
in the leaching of rare earths and then used in the following steps
(Figure 1). Firstly, 75 mL hydrochloric acid was mixed with 25 mL
dichloromethane, to form a mixed solution. Secondly, 10 g sludge
was added to the solution, and then agitated at 400 rpm for 6 h.
Thirdly, the mixture was left to stand overnight for stratification.
Thus, the water phase and the oil phase were collected separately.
The experiment was repeated by replacing the dichloromethane by
kerosene, and ethanol, respectively.

= Na,SO,
ACI.d Supernatant
=" | leaching 1
NdFeB Shake
oil sludge
\ Organic Rare earth
phase double salts
Figure 1—Flow chart of oil sludge treatment
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Leachate treatment

Rare earth separation

The water phase was rich in rare earths, and then simulated in the
laboratory by using pure reagents. To separate the valuable rare
earth, the water phase was mixed with 4.5 g Na2SOs, and then
agitated at 200 rpm for 5 min. Correspondingly, the Na2SO4 was
replaced by using Na2C204, NaH2PO4, K2SOs4, and (NH4)250s,
separately. In addition, the reaction conditions were also optimised
in the range of 30 g/L - 100 g/L Na2SO4 dosage, room temperature
t0160 oC and at pH -0.2 - pH 1.5. After reaction, some precipitates
were generated, and then collected. The supernatant was also
collected for characterisation.

Fe separation

After the separation of rare earths, the resulting supernatant was
treated to separate Fe in the following steps. The supernatant

was mixed with 4.4 g nitrite, and then heated to 90 oC under
atmosphere condition, and then stepwisely adjusted to pH 1.5, 2.0,
2.5, and 3.0. Accordingly, a portion of supernatant was sampled for
characterisation.

Results and discussion

Leaching of rare earth from the sludge

The oil sludge was a black adhesive polymer, and did not show any
special diffraction peaks in its XRD pattern (Figures 2a, b, and ¢). It
contained 11.70% water, 10.44% oil, 55.82% Fe, 8.28% Nd, 4.48% Pr,
and few impurities of Mn/Cu (Figure 2d).

When the oil sludge was washed by water and NaOH, no
significant change was observed (Figure 3a). However, by using
hydrochloric acid, the leaching efficiencies of Fe, Nd, and Pr were
84.82%, 55.35%, and 32.12%, respectively, higher than those when
using sulfuric acid. This showed the benefit of hydrochloric acid in
the leaching.

To increase the leaching efficiency, dichlormethane, kerosene,
and ethanol were added to act as promoters in hydrochloric acid
leaching (Figure 3a). By using dichloromethane, the Fe leaching did
not change, but the Nd and Pr leaching became more efficient. The
leaching efficiencies of Fe, Nd, and Pr were decreased to 58.03%,
44.41% and 25.26%, respectively, by adding ethanol, and decreased
t0 2.13%, 1.69% and 1.48%, respectively, by adding kerosene.

These results demonstrated the advantage of hydrochloric acid and
dichloromethane in leaching the oil sludge.

= NaOH = NaOH
Supernatant Supernatant
) 3 \
Low
Heat at 90°C 1mpur1ty
clearin
Iron Al, Cu, Mn £
precipitates Precipitation
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Figure 2—(a) Picture, (b) SEM, (c) XRD pattern, and (d) major composition
of the oil sludge

When the ratio of hydrochloric acid and dichloromethane
was varied from 1:3 to 3:1, the leaching efficiencies of Fe, Nd and
Pr were also increased from 3.69%, 6.84%, and 9.73, respectively,
t0 97.89%, 95.93%, and 87.61% respectively; however, when the
ratio was further varied to 5:1 the leaching efficiencies dropped to
26.18%, 12.45% and 12.83%, respectively (Figure 3b). The optimal
ratio of hydrochloride acid and dichloromethane was 3:1, and the
generated leachate contained 71 g/L Fe, 10.0 g/L Nd, 3.75 g/L Pr,
0.90 g/L Al 0.34 g/L Cu, and 0.24 g/L Mn.

The resulting organic phase was yellowish and is further
evaporated at 40 oC to separate dichloromethane, whilst the
resulting component comprised 98.63% base oil, 0.13% carbon,
and 1.24% grease (Figure 3c). The base oil mainly contained 2, 6,
and 10-trimethyltridecane, tetradecane, butylated hydroxytoluene,
nonadecane, eicosane, and 1 and 3-benzenedicarboxylic acid bis
(2-ethylhexyl) ester (Figure 3d). The regenerated dichloromethane
was purified to > 99.7% (Figures 3e and f). However, the base oil
comprised 24.98% aromatic hydrocarbons and 75.02% long-chair
alkanes (Figure 3e), and can be refined. During the organic phase
recovery, about 12.21% dichloromethane was lost due to its rapid
evaporation.

After leaching, a small portion of undissolved solid was also
generated and attached onto the beaker wall. It is also blackish
and sticky, and showed amorphous aggregates with porous surface
(Figures 3g and h). After drying, its major composition included
28.98% Na, 43.65% Si, 6.57% Cl, and minor amounts of S, Ca, and
Mg.

Rare earth separation and Fe recycling

Rare earth separation route

The leachate was treated by adding sodium salts. When the sodium
sulphate was added at the dosage of 60 g/L, the removal of Nd

and Pr achieved by 98.25% and 98.92%, with the co-removal of
1.79% Fe, 12.07% Al, 21.74% Cu, and 3.13% Mn (Figure 4a). But
by adding sodium oxalate, the removal efficiencies of Nd and Pr
were decreased to 93.70% and 93.84%, respectively, whilst these of

The Journal of the Southern African Institute of Mining and Metallurgy

—
o
-~
—
(g}
~

Single sotvenr | Donble salvent (organic pliase)

[l

Fe 80 |

N
(==

J 11 ‘
LAl

(Regenerated solvent)

Leaching efficiency(%)
Leaching efficiency(%)
Intensity (a.u.)

2: 4l ]H {ﬂ s

O At s o N o L P SR SRy T 4 v
hid “*\\‘?\‘-\'f:e\fg\;‘_‘\'\'c_c\‘g Ll S 05 10 15 20 25 30
W CILCLTICT Volume ratio Time (min)
CH(CH,),(CH,
H
CH,(CH,),CH,
_
= CyeH
= 16H34
=
= CH(CH,), ,CH; CagHsgOs
w
=
7]
]
5
T T T T T T T T T
5 10 15 20 25 30
Time (min)
(e)
—_
=3
<
=
&
‘o
=
51
S
=
(‘HZH![‘]
i
T T T T T T -

2 4 6 8 10

Time(min)

) 100
Aromstic hydrocarbons:
CobiyO,
80 CHICH,), CHy
Long-chain alkanes:
;\:; 60 Eil:g::lnms
5 Cifty
=] CHICHy),,CH,
'5: 40 CHCL,
20
0

Qil phase Recovery of CH,Cl,

E

—
=
=
—
=
(=1

)
=1

=2
(=]

Intensity(a.u.)

.
S

Relative Weight (%)

)
(=1

7
1
Eﬂmwnlﬂ

s e
] Qbk%sﬁ@(e

Elements

=]

20 40 60 80
2-Theta(®)

Figure 3—Dissolution of oil sludge. (a) method comparison, (b) ratio
optimisation, (c) composition of the separated oil phase, GC-MS spectra of
(d) oil phase and (e) the recycled dichloromethane, (f) composition of liquid
base oil and regenerated dichloromethane, (g) SEM, (h) XRD pattern and (i)
major composition of undissolved particles

Fe, Al, Cu, and Mn were increased to 35.73%, 21.06%, 78.85% and
16.88%, respectively. When the sodium oxalate was replaced by the
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sodium phosphate, the removal efficiency of Fe did not change, but
these of Nd, Pr, Al, and Mn increased to 99.71%, 98.77%, 96.01%
and 20.58%, respectively, whilst that of Cu dropped to 20.58%.
After precipitation, only the leachate pH of sodium phosphate was
increased to 1.94, whilst the others did not vary (Figure 4a). The
sodium sulphate was cheap and then used in the following test.
When the dosage of sodium sulphate was increased from 30 g/L
to 60 g/L, and 100 g/L, the removal efficiencies of Nd and Pr were
increased from 75.10% and 80.18%, respectively (Figure 4b), to
98.25% and 98.92%, respectively, and further to 99.79% and 98.59%,
respectively, whilst the removal of Fe, Al, Cu, and Mn did not vary
apparently. Accordingly, the leachate pH was slightly increased from
-0.2 to 0.47. When the reaction temperature was increased from
room temperature to 120 oC, and further to 160 oC, the removal
efficiencies of Nd and Pr were unchanged, and those of Fe, Al, Cu,
and Mn showed similar variation (Figure 4c). In addition, when the
leachate pH was adjusted from -0.2 to 0, 0.8 and 1.5, the Nd and Pr
removal also did not vary, whilst the loss of Fe, Al, Cu, and Mn were
slightly increased to 3.79%, 18.96%, 24.21%, and 15.61% (Figure
4d), respectively. The final pH also varied to 0.28, 0.84, 1.24, and
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£ 80 e
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= 401
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1.60. Thereby, the separation of Nd and Pr from the leachate was
optimal at the initial pH -0.2 at room temperature with the addition
of 60 g/L sodium sulphate. Under such condition, the generated
precipitate was a mixture of Nd/Pr sulphate salt (Figure 4e) in the
stick-shaped aggregates (Figure 4f). It contained 44.73% Nd, 14.12%
Pr, 24.53% S, and 14.91% Na (Figure 4g), in accordance with the
formation of Nd3Pr (SO4)3-3Na2S04-H-0.

Fe removal route

After precipitating Nd and Pr, the resulting concentrations of Nd,
Pr, Fe, Al, Cu, and Mn were 0.371 g/L, 0.117 g/L, 70.965 g/L, 0.834
g/L, 0.297 g/L and 0.207 g/L in the supernatant, respectively. The
supernatant was further heated to 90 oC with the addition of 58
g/L nitrite, and then adjusted by NaOH. The removal efficiency of
Fe was 74.69% at pH 0.5, and rapidly increased to 96.98% at pH

1, and further to 99.92% at pH 1.5, and nearly 100% at pH 2 and
3. Accordingly, the removal efficiencies of Al and Cu were only
5.62% and 7.17% at pH 0.5, respectively, but steadily increased to
15.59% and 10.94% at pH 1 and further to 67.23 and 23.96% at pH
3, respectively. However, the removal efficiencies of Nd, Pr, and
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(d) initial pH; (e) SEM, (f) XRD and (g) major composition of precipitates

» 450 AUGUST 2026 VOLUME 126

The Journal of the Southern African Institute of Mining and Metallurgy



Dichloromethane-assisted phase separation for simultaneous recovery

Mn were 7.35%, 2.45%, and 15.92% at pH 0.5, respectively, and did
not vary with the pH increasing to 1 and 3. The optimal pH for Fe
removal is 3.0, and the removed Fe was in the form of akaganeite
particles (Figures 5 b and c) and comprised of 68.34% Fe with the
major impurities of 10.45% Na, 12.72% S, 3.187% Al, 4.26% Cl,
and few Cu, Mn (Figure 5d). The generated akaganeite particles
exhibited a high iron (Fe) content exceeding 65%, meeting the
standard for high-grade iron ore concentrates. Consequently, these
particles serve as a highly desirable raw material for smelting in the
iron and steel market.

Major mechanism for recycling oil sludge

The oil sludge was a mixture of metallic particles/oxides, oil and
carbon materials, which was then dissolved into the mixture

of dichloromethane and hydrochloric acid, with the residual of
Si-bearing undissolved solid. The metallic particles and oxides
were dissolved in mineral acid, but not in pure water and alkaline
liquid. By using hydrochloric acid, the dissolution of Fe, Nd,

and Pr only achieved by 84.82%, 55.35% and 32.12%, due to the
formation of oil-coated particles (Figure 6a). The oil layer stopped
the diffusion of acid, so that large portions of Nd and Pr were not
dissolved. The oil sludge comprised 10.44% organics, and showed

a 128.22-125.11 contact angle (Figure 6b). It had a hydrophobic
surface and was then washed by dichloromethane, to produce
amorphous aggregates (Figures 6¢ and d). Such aggregates were also
dissolved using hydrochloric acid. In order to produce a portion

of undissolved particles twenty-four times greater, a mixture of
dichloromethane and hydrochloric acid was used. This is attributed
to the metallic layer and the oil layer. The metallic layer covered

the organics and then inhibited the dissolution of organics into
dichloromethane (Figure 6a). Subsequently, the metallic layer was
dissolved by hydrochloride acid, and then the oil layer was exposed,
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Figure 5—(a) removal efficiency of Fe and other elements, (b) SEM, (c)
XRD pattern, and (d) major composition of generated deposit
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to stop the following dissolution of hydrochloric acid. Thus, by
using the mixture of dichloromethane and hydrochloric acid, the
dissolution of oil layer and the metallic layer continued, into the
dichloromethane phase and the acid liquid phase, separately.

The sulphuric acid also dissolved Nd and Pr from the oil sludge,
to form FeHSO4+, Fe*+ and FeSOx (Figure 6e). This step did not
precipitate the double salt due to the lack of sodium ion. Comparing
with the sulfuric acid, the hydrochloric acid provided enough
chloride to complex Nd and Pr to form Fe*+ and FeCl* (Figure 6f),
and thereby showed high dissolution efficiency of Nd and Pr. The
dichloromethane was a good solvent that can efficiently dissolve
oils, compared to ethanol and kerosene. Only a few organic-metal
complexes were attached onto the sludge and then released into
water, in accordance with the low dissolution of Fe, Nd, and Pr into
the pure water and the alkaline liquid.

After dissolution, the dichloromethane became blackish, and
was regenerated to a transparent via an evaporation route, with
the separation of base oil. The obtained acid solution contained
Fe, Nd, Pr and other metallic ions, and was precipitated by using
sodium sulphate, to separate Nd and Pr prior to Fe (Equations
1 and 2). The separation of Nd and Pr as a double salt was only
affected with a dosage of sodium sulphate, and not with the reaction
temperature and the initial pH condition. The Nd/Pr double salt was
small particles and revealed a surface to adsorb such metallic ions,
including Fe, Al, Cu, and Mn. When the initial pH was adjusted to
1.5, a portion of Fe, Al, Cu, and Mn was also hydrolysed as hydrated
ion. This enhanced the attachment/adsorption of Fe/Al/Cu/Mn on
the Nd/Pr double salt. But when the sodium sulphate was replaced
by sodium oxalate, the reaction of oxalate and Nd/Pr took place,
along with the precipitation of ferrous iron oxalate and cupric
oxalate (Klemettinen et al., 2023). The phosphate similarly reacted
to precipitate Nd, Pr, Fe, and Al. This added more impurities into
the Nd/Pr double salt(He et al., 2022).

Na* + Nd®* + 2HSOy +H:0 — NaNd(SOyyH>0 + 2H [1]
Na' + Pr* + 2HSO; +H:0 — NaPr(S0y)yH.0 + 2H' 2]
NO7 + Fe*' + 2H' — Fe’' + NOT + H,0 [3]
Fe'' + 3H,0 = Fe(OH)s+ 3H' 4]
Fe'' + 2H,0 — FeOOH + 3H' (5]
FeOOH— Fe:0; + H:0 (6]
3K+ 28504 + Na* + 6H,0 — NaFes(SO4)(0H)s + 6H* (7]

After the precipitation of Nd and Pr, the supernatant contained
an abundance of ferrous iron and minor Al, Cu, and Mn. The
ferrous iron was rapidly oxidised to ferric iron by adding nitrite
(Equation 3), and then precipitated as Fe-rich oxyhydroxides
(Equations 4 and 5) by adding sodium hydroxide. At room
temperature, the ferric iron was hydrolysed as flocs, which
flocculated and co-precipitated Al, Cu, and Mn. But the ferric iron
was hydrolysed and rapidly crystallised as needle-sharp akaganeite
particles at 90 oC (Figure 6g). The particles showed a small number
of surface sites comparing with the flocs, and led to the decrease of
the co-removal of Al, Cu, and Mn.

Application and perspectives
After Fe separation, the resulting supernatant also comprised 0.25
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g/L Fe, 0.33 g/L Nd, 0.19 g/L Pr, and few Al, Cu, and Mn (Figure
7a). The solution was directly adjusted to pH 12, and more than
99.51% Fe, Nd, Pr, Al, Cu, and Mn were co-precipitated as irregular
particles (Figure 7b). The particles also showed a broad peak in
their XRD patterns (Figure 7c), in accordance with the formation of
amorphous Fe-rich oxyhydroxides. Such deposits can be collected
and then re-dissolved in the hydrochloric acid. Thus, they can be
mixed with the oil sludge and dissolved in the aforementioned step.
However, with the precipitation treatment, the resulting solution
was rich in sodium chloride and sodium sulphate, and often
evaporated to produce waste salt that should be further treated by
others.
With the aforementioned treatment, the oil sludge was
completely recycled as products, including the base oil, the
double salt and the Fe-rich particles. Figure 7d showed that
nearly all organics were separated as base oil, carbon particles
and grease. 98.25% Nd and 98.92% Pr were recycled as the
double salt, and more than 98.13% Fe was separated as high-
purity Fe oxyhydroxides. The base oil can be reused as fuel, in
calcination or in the heating industry. The Fe-rich oxyhydroxides
contained 65.12% Fe and can be used as raw materials in iron and
steel smelting. The resulting rare earths and other metals were
coprecipitated and then collected for dissolution in the next process.
The aforementioned recycling of oil sludge also has some
» 452
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defects. Firstly, the dichloromethane was used as solvent for
dissolving the oil sludge, but it is volatile and carcinogenic, and
harmful to the atmospheric environment. Secondly, the Fe removal
was performed at 90 oC, and often consumed extra energy. Thirdly,
sodium and sulphate ions were added to the leachate with the
removal of Fe, Nd, and Pr. The leachate was salty waste and should
be further treated.

Conclusion

A novel strategy was developed to recover organic products, double
salts, and akaganeite particles from the oil-rich NdFeB waste under
atmospheric conditions. The NdFeB sample was composed of
10.44% oil phase and 77.62% metallic components. It was effectively
dissolved in a mixed reagent comprising 98.86% dichloromethane
and 99.17% hydrochloric acid. Following stratification, this process
resulted in the separation of an organic phase and an acid leachate,
with a small amount of Si/Na-rich undissolved solids remaining.
Moreover, over 85% of the dichloromethane was regenerated by
evaporating the organic phase at 40 °C. The evaporation process also
yielded three marketable products: carbon materials, grease, and
base oil. The acid leachate, which demonstrated high concentrations
of Nd, Pr, and Fe, was subsequently processed to precipitate Nd/

Pr as double salts and Fe as akaganeite particles. This strategy
facilitated the recycling of 98.25% Nd, 98.92% Pr, 99.97% Fe, and
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Figure 7—(a) Major composition of the residual solution, (b) SEM and (c) XRD pattern of deposits; (d) Mass balance of rare earth recycling from the oil sludge

nearly 100% of the organic components from the oil-rich NdFeB.
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