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Abstract Cerium recovery from a secondary waste stream generated after the
extraction of Pt-group metals from spent catalytic converter has been investigated.
Different mineral acids alone used as lixiviant could leach only 33% cerium;
however, HF added acid mixture showed an increased leaching up to 96%. The
determined value of activation energy 31.8 kJ/mol revealed that leaching progressed
via diffusion-controlled mechanism. Subsequently, cerium from leach liquor was
extracted using 4 tri-alkyl phosphine oxides in kerosene, which indicated the forma-
tion of extracted species to be

[
Ce(SO4)2.2L .HSO

−
4

]
org. The loaded organic was

quantitatively stripped back into the H2SO4 solution by adding an H2O2 dosage as a
reducing agent. Thus, obtained Ce-bearing stripped solution was treated with oxalic
acid to precipitate high-purity Ce2(C2O4)3. The process is simple and potentially
dealt to recycle the critical metal values which remained less attractive until now.
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Introduction

Due to the stringent environmental regulation on automobiles’ emissions, three-
way catalytic converters became essential to modern automobiles for controlling
the gaseous emissions [1, 2]. The catalytic converters usually consist of platinum
group metals (PGMs) as the active components with wash-coated γ-Al2O3 on the
cordierite support; however, CeO2 acts as the structure stabilizer while promoting
the catalytic activity [3, 4]. After being exhausted, the spent catalysts are usually sent
to landfilling; however, certain parts are being recycled only for PGMs recovery [5].
Thus, the values of cerium are lost in residual landfilling, which is a non-sustainable
practice and one of the key areas to pay the attention for recycling of this rare earth
metal (REM). In contrast, cerium demands are continuously increasing in catalytic
materials (including the fuel cells, auto-catalysts, and fluid-cracking catalysts), glass
polishing, nuclear chemistry, semiconductor and ceramic industries, and low-energy
fluorescence bulbs [6]. A compounded growth rate of cerium that is predicted to be
8% and the controlled trade of rare earths along with its reserves limited to certain
geopolitical boundaries immensely pushes a need for the exploitation of alternative
resources that could mitigate cerium’s supply risks in the future [7, 8].

In recent times, the consumption of catalytic converters has increased proportion-
ally with the soaring production of automobiles, therefore generating a large number
of spent catalysts. The recovery of cerium from the spent catalysts can potentially
contribute to the secondary supply route of this REM. Until now, numerous pyro-
and hydro-metallurgical techniques have been studied for recycling of the exhausted
catalytic converters [5, 9]; however, a few exist for resource recovery of cerium.
Due to the refractory nature of CeO2, it is hard to leach in dilute acid solutions [10,
11], and hence, acid baking as a pre-treatment step has been suggested to yield 85%
leaching efficiency [12]. HCl leaching in the presence of H2O2 followed by sulfate
double-salt precipitation has also been reported by Steinlechner and Antrekowitsch
[13]; however, the experimental details are missing. Due to the lacking study in this
context, the present study accounts for a hydro-metallurgical route to cerium recovery
from a secondary generated after the PGMs’ leaching from spent auto-catalysts.

Notably, the leach residue generated via the bio-cyanidation leaching of PGMs
has been used as the feed material for cerium recovery in this study. Acid leaching
in the presence of hydrofluoric acid (HF) has been conducted for effective disso-
lution of cerium, while varying the parameters like HF addition, temperature, and
time. Subsequently, the extraction of cerium from leach liquor has been conducted
using an organophosphorus mixture as the extractant and the influential parameters
are optimized. Finally, cerium stripped from the loaded organic in the presence of
hydrogen peroxide has been recovered as the high-purity oxalate precipitate.
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Experimental

The sample fed in this study was obtained through the bio-cyanidation of spent auto-
catalyst that containing 26.4% Al, 4.3% Ce, 2.7% Mg, and 7.9% Si. The reagents
like hydrochloric acid (30%, Merck), nitric acid (65%, Sigma-Aldrich), sulfuric
acid (95%, Daejung), hydrofluoric acid (40%, Merck Millipore), hydrogen peroxide
(30%, Merck), oxalic acid (90%, Junsei Chemical Co.), organophosphorus organic
mixture (93%, Cytec Canada Inc.), and distilled kerosene (Junsei Chemical Co.)
were used without further purification. 15 g sample and 150 mL acid solutions of
pre-determined concentration was taken into 250 round-bottom flask under the stir-
ring condition (provided agitation of 250 rpm). For heating and stirring purpose, a
hot plate with a magnetic stirring facility was used. Until specified, leaching studies
were conducted at 60 °C for 4 h duration. When required, HF was separately added
into sulfuric acid by keeping the pulp density fixed at 10%. After completion of
leaching, the slurry was filtered, and the filtrate was analyzed using an inductively
coupled plasma optical emission spectrometer (ICP-OES, iCAP 7400 Duo, Thermo
Scientific) for knowing the leaching efficiency. Subsequently, leach liquor containing
4.2 g/L cerium was contacted with an organic solvent of a pre-determined concen-
tration at an O/A ratio of 1. For which, a 30-mL volume of each phase in a 100 mL
separating funnel was contacted for 5 min at 25 ± 2 °C. The equilibrated solution
was settled for 10 min;, thereafter, the collected raffinate was analyzed for knowing
the cerium content and determining the extraction efficacy. The back-extraction of
cerium was conducted using a stripping solution of 1.0 mol/L H2SO4 with H2O2.
Further, the precipitation of cerium with a calculated oxalic acid was conducted
using 50 mL stripped solution in 100 mL beaker, while maintaining temperature,
90(± 2) °C; agitation speed, 150 rpm; pH of the solution, 1.5(± 0.2), duration,
15 min; and settling time, 1 h. The slurry was filtered, and the filtrate was analyzed
to determine the precipitation efficiency. On the other side, the precipitates were
water-washed and overnight dried in a vacuum dryer for the characterization studies.

Results and Discussion

Acid Leaching

Leaching behavior of cerium in different acids was investigated at varying concen-
trations ranging from 1.0 to 6.0 mol/L acid. Experimental results are summarized
in Fig. 1a, revealing the poor leachability for cerium (<33%) regardless of the
acid media. This act can be ascribed to the acid resistance property of ceria [14].
Further, sulfuric acid was chosen due to low cost and less corrosive nature, and the
change in leaching yield was investigated with the acid mixture prepared by mixing
different concentrations of HF (0.25–2.0 mol/L) with 2.0 mol/L H2SO4. Figure 1b
depicts that cerium leachingwas improvedwith increasing concentration ofHF in the
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Fig. 1 Leaching behavior of ceriumwith different acids as a function of concentration (a); with acid
mixture containing 2mol/LH2SO4 and varied concentration ofHF (b); and at different temperatures
as a function of time (c)

acid mixture, indicating the influential act of fluoride ions. The leaching efficiency
improved from 30.6 to 95.6% with respect to increasing concentration of HF up to
2.0 mol/L. However, not much improvement was observed above 1.0 mol/L HF in
the acid mixture (increased from 91.4 to 95.6%), hence, the addition of 1.0 mol/L
HF was optimized.

Further, the effect of temperature ranging from 40 to 80 °Cwith respect to time (up
to 240 min) was investigated. Experimental results are shown in Fig. 1c depicted that
at 40 °C, leaching efficiency was very low (~28% in 30 min) which could improve
only to 63% in 240 min. At 60 °C, leaching was significantly improved (>90%) in
240 min which further increased up to 98% at 80 °C. To underpin the dissolution
mechanism into the acid mixture, the following equation was employed to determine
the apparent activation energy (Ea) [15]:

ln

(
t1
t2

)
= Ea

R

(
1

T1
− 1

T2

)
(1)



Resource Recovery of Cerium from Spent Catalytic Converter … 1059

where the roasting at temperaturesT 1 (40 °C) andT 2 (80 °C) for time t1 (120min) and
t2 (30 min) were considered (in which the leaching efficiency of cerium was approx-
imately the same) to determine the Ea value. Thus, calculated Ea value (31.8 kJ/mol)
indicated that the leaching process followed the diffusion-controlledmechanism [16].

Solvent Extraction with Organophosphorus Mixture

Cerium extraction from leach liquor was investigated with a commercially avail-
able organic mixture of 4 tri-alkyl phosphine oxides at different concentrations
ranging from 2 to 20% (v/v). Experimental results are shown in Fig. 2a depicted that
cerium extraction increased with increasing concentration of the organophosphorus
compound, which can be corroborated to the shifting of distribution curve with more
available extraction sites into the organic phase [17, 18]. The extraction improved
from 14 to 90% with extractant concentration increased from 2 to 16%, and finally
reached to ~93% using 20% extractant into the organic phase. The logarithmic plot
for cerium distribution into both phases versus the extractant concentration yielding
straight line with R2 value 0.98 (not shown here) and slope value 1.99 could reveal
that two moles of extractant are complexed with each mole of cerium extraction into
the organic phase.

Further, the extraction behavior was examined as a function of acid concentra-
tion in the range of 0.25–2.0 mol/L H2SO4 using 20% (v/v) extractant in the organic
phase. The results are shown in Fig. 2b depicted that the extraction decreased from 95
to <86% when H2SO4 concentration changed from 0.25 to 2.0 mol/L. This behavior
can be a resultant of the competition between metal species and bisulfate ions [19,
20]. Additionally, a decline in cerium extraction with lower HF-H2SO4 ratio might
be due to the presence of aluminum fluoride in the leach liquor which acts as a deflu-
orinating agent to scrub the fluorinated species co-extracted into the organic phase.
The logarithmic plot for cerium distribution versus H2SO4 concentration yielding
straight line with R2 value 0.976 (not shown here) and slope value 0.6 could reveal
the requirement of one mole acid against each mole of cerium extraction. As sulfuric

Fig. 2 Extraction behavior of cerium from leach liquor as a function of extractant concentration
(a); acid concentration (b); and stripping behavior from the loaded organic as a function of H2O2
addition (c)
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acid dissociates as bisulfate ions (pka value, 1.99), the stoichiometric reaction can
be given as:

Ce(SO4)2 + 2{Cyanex 923}org + HSO−
4 ↔ [

Ce(SO4)2.2{Cyanex 923}.HSO−
4

]
org

(2)

As per the phase ratio variations at different O/A between 1/4 and 4/1, the extrac-
tion could be increased from 30 to >99%. Using the experimental data, the McCabe–
Thiele diagram was drawn, which showed that the quantitative extraction of cerium
can be achieved in two-stages of counter-current extraction (CCE) at an O/A ratio of
1. A batch simulation under CCE yielded 4.1 g/L cerium extraction into the organic
phase,which further underwent to stripping studies.Ceriumstripping from the loaded
organic was examined as a function of H2O2 addition in 1 mol/L H2SO4 solution.
Results are shown in Fig. 2c revealed that the stripping efficiency increased with
increasing addition of H2O2 and reached to about 98% using 0.5 mol/L H2O2.

Oxalate Precipitation

Cerium form insoluble compound in the presence of oxalate ions by following the
reaction below:

Ce2(SO4)3 + 3(H2C2O4) → Ce2(C2O4)3 + 3H2SO4 (3)

The precipitation of cerium from stripped solution after maintaining the pH at
~1.5 was investigated as a function of oxalic acid addition in the variation range of
Ce3+:H2C2O4 = 1:0.5–1:5. The results are shown in Fig. 3a revealed that precip-
itation requires a high oxalic acid possibly due to the acceleration of nucleation

Fig. 3 Cerium precipitation from stripped liquor as a function of stoichiometric ratio with oxalic
acid (a); and XRD patter of the oxalate precipitate (b)
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growth in the presence of higher oxalate ions. The precipitation efficiency could
be improved from 18.6 to 54% by changing addition from 1:0.5 to 1:2, which was
further increased to achieve above 99% cerium recovery at 1:5. The vacuum-dried
precipitate was characterized using the XRD technique, indicating the formation of
Ce2(C2O4)3.10H2O (Fig. 3b). Finally, the purity of the oxalate product was analyzed
to be >99.6%.

Conclusions

The efficient recovery of cerium was conducted from the secondary waste of bio-
cyanide processed auto-catalysts while using the advantages of aqueous metallurgy.
Due to poor leaching of cerium (<34%) in strong mineral acids, HF was intro-
duced with 2.0 mol/L H2SO4 solution that could improve efficiency up to 95%. The
activation energy for leaching cerium into the acid mixture was determined to be
31.8 kJ/mol, which revealed that leaching followed the diffusion-controlled mech-
anism. Cerium from leach liquor was subsequently extracted using an organophos-
phorusmixture that forming

[
Ce(SO4)2.2L .HSO

−
4

]
org species into the organic phase.

Further, the quantitatively extracted cerium into the organic phase was stripped back
into the aqueous phase while contacting with 1.0 mol/L H2SO4 + 0.5 mol/L H2O2.
Finally, the high-purity Ce2(C2O4)3.10H2O was recovered by precipitating cerium
with oxalic acid at Ce3+:H2C2O4 mole ratio = 1:5.
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