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AbstractAcid leaching and a two-step solvent extraction procedure were developed to produce high purity mixture
of La and Ce from iron-rich spent FCC catalyst discharged from Dzung Quat refinery (Vietnam). Acid leaching of the
spent catalyst with 2 M HNO3 and a solid-to-liquid ratio of 1/3 at 80 oC in 1 h dissolved almost 90% of La while 12% of
Al and 25% of Fe were transferred to the leachate. The extraction of RE metals and main impurities such as Al and Fe
by a mixture of di-2-ethylhexyl phosphoric acid (D2EHPA) and tributyl phosphate (TBP) was investigated. Experi-
ments showed that it was necessary to remove Fe before extracting RE and the optimum extraction conditions for a
high recovery of RE while 0% of Al extraction were pH1, contact time=10 min, and D2EHPA/TBP volume ratio=
4 : 1. At these conditions, the extraction yields of La(III) and Ce(III) were 72% and 89%, respectively. A two-step sol-
vent extraction was developed to achieve a high purity of RE mixture, which included (1) the removal of impurity Fe
by 25% (v/v) diisooctyl phosphinic acid (DiOPA) in n-octane for 140 min, (2) the extraction of rare earths by a mix-
ture of di-2-ethylhexyl phosphoric acid (D2EHPA) and tributyl phosphate (TBP) in n-octane for 10 min without the
need for adjusting the pH of the leaching solution.
Keywords: Spent FCC Catalyst, Rare Earth, Leaching, Solvent Extraction, Dzung Quat Refinery, Iron

INTRODUCTION

Fluid catalytic cracking (FCC) is an important process that con-
verts heavy and low-value gas oil into lighter and more valuable
products such as gasoline, diesel, propylene and C4 gases [1]. It is
estimated that about 700,000 tons of FCC catalyst are used world-
wide per year, which results in about 360,000 tons of waste catalyst
each year [2,3]. In Vietnam, Dzung Quat refinery produces about
20 tons of spent catalyst per day, which sums up to 7,300 tons per
year [4]. Due to the increased demand of high-grade refined oil
products, the production of FCC catalysts will also go up as well
as their waste. Therefore, an efficient way to reuse FCC catalysts is
necessary to reduce the catalyst cost. Currently, spent FCC catalysts
are usually disposed to land or used as cement additive [3]. How-
ever, many toxic metals such as Ni or V still reside within the cata-
lysts, which possibly cause a negative impact on environment as
those metal ions can be leached into the soil and ground water.
Moreover, a typical spent FCC catalyst can contain at least 0.5 wt%
of rare earth oxides [5]. With the current options of treating spent
FCC catalysts, a considerably large amount of rare earth (RE) met-
als is wasted each year. Consequently, recovery of RE from the spent
FCC catalysts not only limits the influence of the Chinese govern-

ment on RE market, but also provides a sustainable supply of RE
metals for those countries that do not possess primary ores [3,6,7].

Hydrometallurgical process is a common method to recover met-
als from wastes. This technique usually consists of three steps: leach-
ing, purification of the leach solution and metal recovery [8]. Many
studies have used the above method to recover RE from several
industrial wastes such as spent nickel-metal hydrides (Ni-MH) bat-
teries [9-12], optical glasses [13,14] or spent permanent magnets
[15,16]. However, only few studies have been carried out in the
recovery from the spent FCC catalysts [17,18]. After acid leaching
step, RE could be recovered from the leachate by precipitation [5] or
by solvent extraction [17]. Solvent extraction was shown to obtain
a higher recovery and purer product with 98% of purity [17]. Zhao
et al. [18] recovered RE from the spent FCC catalyst through acid
leaching and solvent extraction with 2-ethylhexylphosphonic mono-
2-ethylhexyl ester (HEHEHP) and bis(2-ethylhexyl) phosphoric acid
(D2EHPA) in kerosene. The maximum RE leaching yield was
99.3% when using 2 M HCl, the solid-to-liquid ratio of 1/10, at a
temperature of 60 oC for 2 h, and 2 h of roasting at 750 oC prior to
leaching. D2EHPA proved to be more effective than HEHEHP in
extracting RE, while the difference in extracting Al (the main impu-
rity) between these two extractants was small. About 85% of RE
could be extracted by D2EHPA; however, at least 30% of Al was
also co-extracted.

Our previous work [19] also studied the hydrometallurgical re-
covery of rare earths from the spent FCC catalyst. The study focused
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on investigating factors that possibly affected the leaching step such
as types of acid, acid concentration, temperature, time, and solid-
to-liquid ratio. In addition, some first experiments towards solvent
extraction using a 1 : 1 mixture of 25% (v/v) TBP (0.92 M) and 25%
(v/v) D2EHPA (0.76 M) in n-decane were performed. The results
show that La(III) and Ce(III) can be extracted with 60% and 74%
yield, respectively, in one stage and no extraction of Al(III) could
be observed. However, up to 99% of Fe (III) is also extracted with
La and Ce that cause the poor purity of rare earth mixture.

In this present work, we continued studying the recovery of RE
by solvent extraction. Our objective was to enhance both the RE
extraction yields and the purity of the extracted RE mixture. Fac-
tors that could promote the extraction of RE such as time, pH, and
D2EHPA/TBP ratio were analyzed, and their influences on Al ex-
traction yield were also evaluated. Furthermore, the separation of
impurity Fe from the leaching solution was studied in detail to
improve the purity of the product RE mixture. Note that the spent
FCC catalyst used in this present work is different from the previ-
ous one especially in iron content. Therefore, some previous experi-
ments were performed again, including XRF analysis and acid
leaching.

EXPERIMENTAL

1. Materials
The spent FCC catalyst was collected from Dzung Quat refin-

ery located in the middle of Vietnam. The catalyst was dried at
140 oC for two days and stored in a desiccator. Nitric acid (Merck,
65%) was used as a leaching agent, and sodium hydroxide (Merck,
99%) was used for precipitation. The stock solutions of metals
used in this study were prepared by dissolving analytical grade metal
nitrites in distilled water. Di-2-ethylhexyl phosphoric acid (D2EHPA),
tributyl phosphate (TBP), diisooctyl phosphinic acid (DiOPA), and
2-ethylhexylphosphonic mono-2-ethylhexyl ester (HEHEHP) were
purchased from Sigma-Aldrich or TCI and used as extractants diluted
in n-octane (VWR international GmbH) for solvent extraction.
2. Experimental Procedure
2-1. Acid Leaching

The optimum acid leaching conditions for the highest RE and
lowest Al yields obtained from our previous study [19] were em-
ployed. These conditions were: 10 g of spent FCC catalyst was
leached with 30 ml of 2 M HNO3 at 80 oC in 1 h. The solid residue
was filtered and washed three times with distilled water (10 ml of
water for each time). The solution obtained after acid leaching and
water washing was withdrawn, added with distilled water to reach
100 ml, and analyzed by an inductively coupled plasma (ICP-OES)
spectrometer.
2-2. Model Solutions

Model solutions with pH<1 containing 4 key elements Al(III),
Fe(III), La(III), and Ce(III) as nitrates were prepared from 10,000
ppm Al(III); 1,000 ppm Fe(III); 5,000 ppm La(III); and 1,000 ppm
Ce(III) stock solutions such that they have similar metals concen-
tration with the obtained leach liquor, and the pH was adjusted by
the addition of 1 M HNO3 solution.
2-3. Precipitation

Each 50 ml of model solution with pH of 0.77 was added with

0.2 M NaOH solution under constant stirring to obtain a desired
pH in a range of 2.5 to 6. The samples were then centrifuged at
5,000 rpm for 20 min, and the centrifugate was taken for ICP-OES
analysis.
2-4. Solvent Extraction

All extraction tests were performed at room temperature in 2 ml
microcentrifuge tubes by mechanical shaking with a defined con-
tact time. The organic and aqueous phases were equal in volume
(0.9 ml each). D2EHPA, TBP, DiOPA, and HEHEHP were extract-
ants, while n-octane was used as an organic diluent. All samples
were centrifuged after extraction, and the metal concentration in
the aqueous phase before and after the extraction was analyzed by
ICP-OES.
3. Analysis

The chemical composition of the spent FCC catalyst was deter-
mined by X-ray fluorescence (XRF) using S4 Pioneer instrument
(Bruker) based on ASTM D 7085 [20]. The catalyst powders were
heated in the oven at 600 oC for 3 h to remove carbon. The catalyst
was then ground, mixed with binder and pelletized under pressure
of about 630 atm for 3 min.

ICP-OES spectrometer OPTIMA 2000DV (PerkinElmer) was
used to analyze the metal concentration in the aqueous solutions.
The metal concentration in the organic phase was obtained from
mass balance. The percentage of extraction (%E) was calculated
from the distribution ratio (DM) as follows:

DM=cM(organic)/cM(aqueous)

%E=100·DM/(DM+1)

RESULT AND DISCUSSION

1. Characterization of the Initial Spent FCC Catalyst and the
Leaching Results

Table 1 shows the result of XRF analysis of the spent FCC cata-
lyst collected from Dzung Quat refinery. Silicon and aluminum are
the most major elements (27.15 wt% Al and 14.51 wt% Si). The total
RE content only accounts for 1.88 wt% (1.82 wt% La and 0.06 wt%
Ce). The iron content (0.51 wt% of Fe or 1.46 wt% of Fe2O3) in
this spent FCC catalyst is higher than other sources [17,18,21]. The
higher iron content in spent FCC would increase the difficulties of

Table 1. XRF analysis of the spent FCC catalyst powder
Component Weight%
Al 27.15
Ca 00.18
Ce 00.06
Co 00.07
Fe 00.51
K 00.04
La 01.82
Na 00.10
Ni 00.54
Si 14.51
Ti 00.72
V 00.10
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purification step.
10 g of spent FCC catalyst was leached by 30 ml of 2 M HNO3

at 80 oC in 1 h. The composition of 100 ml leach liquor collected
after filtration and water washing as described in the acid leaching
procedure is summarized in Table 2. The leaching yield of each
metal is also included in this table. These data indicated that the
selected leaching conditions were very efficient to extract La (almost
90% of La was leached out). Although Si and Al are the most
dominant components in the initial material, their leaching yields
are extremely low compared to other metal elements (only 0.4%
for Si, and 12% for Al). However, Al still has the highest concen-
tration in the leaching solution with 3,238±10 mg/L and needs to
be removed in order to obtain a solution that is rich in RE. Other
main impurities include Na (75±2 mg/L), Si (55±1 mg/L), and Ca
(44±0.4 mg/L). With exception of Fe, the leaching of the present
base metals, namely Fe, Co and Ni, is negligible. The determined
concentrations are 11±0.1 mg/L and 0 mg/L for Ni and Co, respec-
tively, whereas 25% of the Fe detected in the spent FCC catalyst
powder is leached to give a concentration of 136±2 mg/L in the
leach liquor.

Among other main impurities, Fe shares many similarities with
RE as the common valence of Fe is also +3 [22]. Fe(III) was found
to be extractable in organophosphorus acidic extractants (e.g.,
D2EHPA and HEHEHP) [23]. In our previous study [19], Fe was
also extracted up to 99% by a mixture of 25% (v/v) D2EHPA and
25% (v/v) TBP in n-decane, while the extraction yields of the base
metal Ni and the other impurities such as Si, Ca or Mg (which have

ion valence of +2, and +4 in the case of Si) were 0%. Therefore,
besides Al, it is also essential to study the methods to separate Fe
from the leaching solution.
2. Solvent Extraction of RE from the Model Leaching Solution

The extraction experiments were started by using model solu-
tions containing the four most important elements: Al, Ce, La, and
Fe. The metals concentration and pH values of the used model solu-
tion are comparable with the real leach liquor (Table 3).
2-1. Effect of Type of Extractants

D2EHPA, TBP and a mixture of D2EHPA and TBP were selected
to investigate in this study as these reagents are the two most com-
mon extractants used in RE extraction [24]. The results of compa-
rable experimental conditions (pH=0.77, room temperature, ex-
traction time of 10 min, n-octane as diluent) are shown in Table 4.
The extraction for all studied metals is negligible by TBP. In con-
trast, D2EHPA is very efficient with high extraction yields for Ce
(96%) and La (66%). However, significant quantity of Fe and Al was
also extracted by D2EHPA, namely 32% Fe and 1.3% Al, respec-
tively. Even though the extraction yield for Al is only 1.3%, the
large amount of Al present (approximately 3,000 mg/L, see Table
3) in the leach liquor results in a considerable amount of Al being
extracted. The application of a 1 : 1 mixture of D2EHPA and TBP
has a lower RE extraction power (84% Ce and 55% La), but its
selectivity towards RE is improved. The Fe extraction drops to 9%,
whereas no Al is transferred into the organic phase. Therefore, a
mixture of D2EHPA and TBP was selected for a further extraction
investigation. Factors that could enhance RE extraction yields such
as time, pH, and D2EHPA/TBP ratio were examined, and their
influences on Al extraction yield were also evaluated.
2-2. Effect of Contact Time and pH on the Extraction Performance
of Mixture of 1 : 1 D2EHPA and TBP

The contact time was varied from 10-140 min, while the other

Table 2. Compositions of 100ml leach liquor and the leaching yields
by 30 ml 2 M HNO3 at 80 oC in 1 h

Element Concentration (mg/L) Leaching yield (%)
Al 3238±10 12
Ca 0044±0.4 25
Ce 0015±0.03 25
Co 0000 00
Fe 0136±2 25
K 0009±0.4 22
La 1608±3 88
Na 0075±2 75
Ni 0011±0.1 02
Si 0055±1 00.4
V 0021±2 21

Table 3. Composition and pH of model solution compared to those
of obtained leaching solution

Element Concentration in model
solution (mg/L)

Concentration in real
solution (mg/L)

Al 2926±7 3238±10
Ce 0015±0.4 0015±0.03
Fe 0130±2 0136±2
La 1530±5 1608±3
pH values 0.77 0.79

Table 4. % Extraction of selected metals by n-octane and various extractants and mixtures thereof in n-octane. T=23 oC, pH=0.77, t=10 min

Metal/
pH

n-Octane (75% v/v)
D2EHPA (25% v/v)

n-Octane (75% v/v)
TBP (25% v/v)

n-Octane (50% v/v)
D2EHPA (25% v/v)

TBP (25% v/v)
Al 1.3 0 00
Ce 96 0 84
Fe 32 2 09
La 66 0 55
pH 0.72 0.81 0.77
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parameters such as temperature, pH, ratio of organic and aqueous
phases were kept constant. The effect of the applied contact time is
shown in Fig. 1.

As contact time increases, the extraction yields of RE decrease
while those of impurities (Al and Fe) increase. Interestingly, from
the four metals Al, Ce, La and Fe, the extraction power of Fe depends
on time most significantly, presumably due to a series of species and
parallel steps occurring during the Fe complex formation at the
interface [25-27]. Therefore, the best extraction time is 10 min to
minimize the amount of impurities extracted together with RE
(especially Fe), while the efficiency of rare earth extraction is highest.

Fig. 2 depicts the influence of pH on the extraction of Al, Ce, La
and Fe. It is clearly shown that increasing pH enhances consider-
ably the extraction of all metal ions. This is attributed to the presence
of D2EHPA in the mixture of extractants. As organophosphorus acid
D2EHPA can extract RE by cation exchange, hence the extraction
by D2EHPA is strongly pH dependent. At pH>1, the mixture of
1 : 1 D2EHPA and TBP starts to extract Al along with RE and Fe.
Up to 5% of Al is extracted at pH=1.7. Consequently, pH of the
aqueous phase should be kept at 1 or lower for a 0% Al extraction.
2-3. Effect of D2EHPA/TBP Ratio

Volume ratio of D2EHPA/TBP was increased from 1 : 4 to 4 : 1,
while the other conditions were kept constant (pH=0.77, room tem-

perature, contact time=10 min, and n-octane=50% (v/v) of organic
phase).

Fig. 3 shows that the extraction of all studied metals, except for Al,
increases with rising D2EHPA proportion in the applied D2EHPA/
TBP mixture. As demonstrated in section 2.1 D2EHPA is more
efficient than TBP in extracting trivalent metals, and hence will
improve the observed extraction power. The highest extraction
power of 89% for Ce and 72% for La is observed for a mixture of
40% (v/v) D2EHPA and 10% (v/v) TBP in n-octane. This is compa-
rable to the observed extraction power towards the RE for D2EHPA
only (25% (v/v) in n-octane: 96% Ce and 66% La extraction, respec-
tively). However, the extraction power for Fe is also rising with the
rising D2EHPA proportion in the D2EHPA/TBP mixture reach-
ing 30% for the 4 : 1 mixture.

Apparently, choosing a suitable contact time, pH and D2EHPA/
TBP volume ratio can promote a high RE extraction power while
keeping the extraction of Al at 0%. The remaining problem is to
remove Fe(III) impurity. According to the above presented extraction
results, Fe(III) is always co-extracted with RE with a substantial
extraction efficiency in a range of 9% to 80%. Therefore, it is essen-
tial to remove Fe(III) prior to RE extraction by D2EHPA or a mix-
ture of D2EHPA and TBP.
3. Removal of Fe(III) from the Model Leaching Solution

Two methods to remove Fe(III) from the model leaching solu-
tion were studied: precipitation and solvent extraction.
3-1. Precipitation Method

Based on the solubility product constant values, Ksp, of Al(OH)3

[28], Ce [29], La [30], Fe(OH)3 [28] at 25 oC and their concentra-
tions in the model solution (Table 3), the calculated pH range in
which Fe(III), Al(III), La(III) and Ce(III) precipitated as metal hy-
droxides are pH 2-3, 3.1-4.1, 8.3-9.3 and 8.8-9.8, respectively. There-
fore, Fe(III) can be theoretically separated from La and Ce by hy-
droxide precipitation. However, hydroxide precipitation of Fe(III)
is problematic due to two reasons. First, the separation of the RE
form the main impurity Al by the developed solvent extraction
method should be performed at pH=1 or below; thus, precipita-
tion of iron hydroxide requires increase of the pH followed by a
readjustment of the pH to approximately 1 to perform the RE ex-
traction. Secondly, iron hydroxide is prone to form metastable col-

Fig. 1. Extraction of Ce, La, Al, and Fe in dependence of the con-
tact time using a mixture of 25% (v/v) D2EHPA and 25% (v/v)
TBP in n-octane. T=23 oC, pH=0.77.

Fig. 2. Extraction of RE and Al, Fe impurities in dependence of the
pH using 25% (v/v) D2EHPA and 25% (v/v) TBP in n-octane.
T=23 oC, t=10 min.

Fig. 3. Extraction of Ce, La, Al, and Fe in dependence of the D2EHPA/
TBP ratio in 50% (v/v) n-octane. T=23 oC, pH=0.77, t=10min.
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loids which require a posttreatment, such as an hour-long boiling
stage, flocculation, or the addition of surfactants to enhance set-
tling [23]. To ensure that the removal of Fe(III) by a simple precip-
itation is challenging, simple bench scale precipitation experiments
were performed.

The adjustment of the pH from initial 0.77 to a pH of 2.5, 3.5,
3.9, 4.5 and 5.6 upon the addition of 0.2 M NaOH to 50 mL of the
model solution indeed gives colloidal solution from which the iron
hydroxide cannot be separated by filtration, even though an almost
complete precipitation of Fe(III) at this examined pH range is known
[31,32]. Attempts to perform a liquid-solid separation by centrifu-
gation at 5,000 rpm for 20 min failed, too. It was observed, that the
initial colorless solution started changing to orange-yellow color at
pH=3.5, suggesting the presence of iron hydroxide species in solu-
tion or as colloids. However, even after centrifuging, the liquid kept
this orange-yellow color. To probe if the observed color was caused
by the presence of iron hydroxide colloids, two sets of experiments
were performed: The supernatant liquid of the sample with pH of
4.5 was transferred to another tube and was observed to be clear of
solid. Upon the addition of a few drops of a concentrated HNO3

(65%) the color of the solution vanished, indicating that iron hy-
droxide colloids were still present in the supernatant liquid. In addi-
tion, the Fe concentration of the supernatant liquids was analyzed
by ICP-OES. The determined Fe concentrations are listed in Table 5
and displayed with the calculated Fe content for the case that no pre-
cipitation of iron hydroxide occurred. The results show that both
values are approximately equal, which demonstrates that iron hydrox-
ide forms metastable colloids, which could not be separated from
the leach liquor by centrifugation or filtration without further treat-
ment. Thus, a removal of Fe from the leaching solution by hydroxide
precipitation method under the conditions studied is not possible and
hence removal of the impurity by solvent extraction will be applied.
3-2. Solvent Extraction Method

There are several possibilities to separate iron from rare earth
concentrates by solvent extraction methods [23]. For example, the
application of amines, such as trioctylamine (TOA) or other ter-
tiary amines enables the extraction of iron at low pH [33-35]. How-
ever, the formation of a third phase is sometimes limiting the per-
formance of these process [36]. For an iron removal at pH of up
to 2.5 the application of tertiary amines in the presence of phos-
phonic acid or phosphinic acid, respectively, is reported [37]. Also,
mixed alkyl/aryl phosphinic acid or alkyl phosphinic acid, such as
diisooctyl phosphinic acid (DiOPA) are suggested for the extraction
of Fe(III) impurities [38,39]. The phosphinic acids have no ester-O

atoms in their structures, and hence are weaker acid than D2EHPA
[40]. As a result, their RE (e.g., La and Ce) extraction is less effec-
tive than D2EHPA. Therefore, it is predicted that dialkyl phos-
phinic acids are potential extractants for separation of Fe(III) from
the mixture of La and Ce. Diisooctyl phosphinic acid (DiOPA)
was chosen to investigate in this study.

The results in Table 6 show, that DiOPA does not extract RE or
Al at pH=0.77, room temperature, and a contact time of 10 min.
However, DiOPA extracts 24% Fe. At increased volume of DiOPA
to 50% in n-octane, the extraction of Fe slightly decreases to 20%.
Thus, DiOPA (25% (v/v) in n-octane) was further examined for
Fe extraction. To tune the Fe extraction yield, the influence of the
pH (Fig. 4) and the contact time (Fig. 5) was investigated. As de-
picted in Fig. 4, the extraction efficiency of Fe increases markedly
with increasing pH, reaching a quantitative Fe extraction at pH=
1.7 or higher. Whereas, notable extraction of Ce was observed for
a pH of 1.5 (8%) and above (22% at pH=2.9). Thus, the pH of the
aqueous phase should be less than 1.5 to minimize loss of Ce

Table 5. Concentration of Fe(III) in case of no precipitation and in supernatant liquid after centrifugation
Volume of NaOH

added (ml)
Total liquid
volume (ml) pH Calculated Fe concentration

(no precipitation) (mg/L)
Concentration of Fe in the supernatant

liquid after centrifugation (mg/L)
000 050 0.77 130 130
048 098 2.50 063 061
057 107 3.50 057 049
088 138 3.90 045 037
115 165 4.50 037 037
125 175 5.60 035 035

Table 6. % Extraction of selected metals by DiOPA with various %
vol in n-octane. T=23 oC, pH=0.77, t=10 min

Metal n-Octane (75% v/v)
DiOPA (25% v/v)

n-Octane (50% v/v)
DiOPA (50% v/v)

Al 00 00
Ce 00 00
Fe 24 20
La 00 00

Fig. 4. Extraction of Ce, La, Al, and Fe by 25% (v/v) DiOPA in n-
octane in dependence of the pH. T=23 oC, t=10 min.
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during Fe removal. At pH=1.5, about 80% Fe is removed from the
solution containing RE.

In contrast, an increase of the contact time enhances the extraction
power for Fe only and does not affect the extraction of other ele-
ments such as Al, Ce, and La (Fig. 5). At 140 min, 98% of Fe is ex-
tracted, while no extraction of the other metals ions is observed.
Apparently, DiOPA cannot extract Al, Ce and La at this low pH of
0.77. Therefore, increasing the contact time will be more effective
towards a complete removal of the Fe impurities without losing
rare earths compared to increasing the pH.

Comparable experiments were performed employing 2-ethyl-
hexylphosphonic mono-2-ethylhexyl ester (HEHEHP) as extract
in n-octane. The obtained extraction power for Al, Ce, Fe and La
in dependence of the pH of the aqueous phase is depicted in Fig. 6.
The results show that a high Fe extraction is achieved at all studied
pH values, ranging from 94% at pH=0.5 to quantitative extractions
for pH=0.9 and 2.0. However, at these conditions notable extraction
of Al (2% at pH=0.5; 9% at pH=2.7), as well as La (8% at pH=0.5;
70% at pH=2.7) and Ce (17% at pH=0.5; 89% at pH=2.7) was ob-
served. Thus, a Fe removal is not achievable using HEHEHP under
the conditions chosen in this study and not further experiments
were performed.
4. Solvent Extraction of RE from the Real Leaching Solution

Based on the results achieved from the model solution, the ap-

plication of a mixture of D2EHPA and TBP allows high extraction
yields of RE while 0% of Al is extracted. Additionally, DiOPA is
very effective in removing Fe impurity when the contact time is
increased to 140 min. As a result, a two-step solvent extraction pro-
cess was constructed to obtain a RE mixture of high purity from
the leach liquor: (1) removing Fe by using 25% (v/v) DiOPA in n-
octane at pH=0.79, applying a contact time of 140 min; (2) extract-
ing RE from the solution obtained from step (1) by a mixture of
D2EHPA and TBP at pH1 with a contact time of 10 min. The
corresponding results for a mixture of 1 : 1 D2EHPA and TBP at
pH=0.79 are given in Table 7. DiOPA separates almost completely
Fe (98%) from the leaching solution, which is in a good agreement
with the obtained results from the model solution. Other elements
that can be extracted by DiOPA include K, Na, Si and V. A small
amount of Ce (3%) is also extracted, whereas the quantity of La is
preserved in the aqueous phase.

After step (2) extraction, a significant amount of La and Ce is
transferred into the organic phase (73% Ce and 52% La), while
none of the major impurities, such as Al, Fe, Na, and Ni, are ex-
tracted. The analysis shows that a very high purity of a concentrate
of La and Ce are extracted by this two-step extraction process
(99.6 wt%). The stripping process to transfer this RE concentrate
back to the aqueous phase was not performed in these series of

Fig. 5. Extraction of Ce, La, Al, and Fe by 25% (v/v) DiOPA in n-
octane in dependence of the contact time. T=23 oC, pH=0.77. Fig. 6. Extraction of Ce, La, Al, and Fe by 2 mol/L HEHEHP in n-

octane in dependence of the pH. T=22 oC, t=10 min.

Table 7. Extraction of metals in the actual leaching solution by a two-step solvent extraction. T=23 oC, pH=0.79

Element
Content in a leaching solution (mg/L) % Extraction

Before extraction After step (1) extraction After step (2) extraction Step (1) Step (2)
Al 3238±10 3272±21 3328±2 00 00
Ca 0044±0.4 0045±0.04 0044±0.8 00 00
Ce 0015±0.03 0014±0.4 0003±0.4 03 73
Fe 0136±2 0001±0.1 0001±0.2 99 00
K 0009±0.4 0008±0.1 0009±0.3 07 00
La 1608±3 1634±15 0768±21 00 52
Na 0075±2 0067±10 0080±7 11 00
Ni 0011±0.1 0011±0.05 0012±0.02 00 00
Si 0055±1 0053±0.7 0052±1 04 02
V 0021±2 0013±0.6 0011±1 38 09
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experiments.

CONCLUSION

Hydrometallurgical recovery of RE from the spent FCC cata-
lyst from Dzung Quat Refinery was developed to achieve an RE
mixture of high purity. The initial spent FCC catalyst contained
two most major components, which were Al (27.15 wt%) and Si
(14.51 wt%), whereas RE only accounted for 1.88 wt% (1.82 wt%
La and 0.06 wt% Ce). Almost 90% of La while only 12% of Al was
transferred from the spent FCC catalyst solid to the solution under
the leaching conditions of 2 M HNO3 at 80 oC and a solid-to-liq-
uid ratio of 1/3 for 1 h.

Solvent extraction with D2EHPA, TBP and their 1 : 1 (v/v) mix-
ture in n-octane was first performed on a model solution consist-
ing of four key metal ions (Al, Ce, La and Fe) with metal con-
centrations and pH similar to those obtained in the leaching solu-
tion. The results showed that the mixture 1 : 1 of D2EHPA and TBP
was less effective than D2EHPA in extracting rare earths (84% Ce
and 55% La are extracted). However, its extraction power for Al
(the most major impurity) was 0%. Therefore, a mixture of D2EHPA
and TBP was further investigated for the effect of time, pH, and
D2EHPA/TBP ratio on the extraction of RE and Al. Increasing time
reduced the extraction of RE while facilitating that of impurities
(Al and Fe). Therefore, 10 min was the optimum time to obtain a
high RE extraction yield while minimizing the co-extraction of
impurities. Increasing pH enhanced the extraction of all elements,
and hence, the pH should be kept at 1 or below for no co-extrac-
tion of Al. The extraction of RE was also improved by rising the
D2EHPA/TBP ratio. Interestingly, none of Al was co-extracted
even at D2EHPA/TBP ratio of 4/1. At this D2EHPA/TBP ratio
with pH=0.77 and contact time of 10 min, the extraction power
for La, Ce, and Fe was 72%, 89%, and 30% respectively.

To remove Fe from the leaching solution two methods were
studied: precipitation and solvent extraction. Under the studied
conditions, Fe could not be separated by hydroxide precipitation.
However, Fe was removed almost completely by 25% (v/v) DiOPA
in n-octane using a contact time of 140 min. Most importantly, no
RE was lost during the removal of Fe by this solvent extraction
method. From that, a two-step solvent extraction method was devel-
oped: (1) removing Fe by 25% (v/v) DiOPA in n-octane applying a
contact time of 140min; (2) extracting RE by a mixture of D2EHPA
and TBP at pH1 with a contact time of 10 min. This two-step sol-
vent extraction was applied to a real leaching solution using a mix-
ture of 1 : 1 D2EHPA/TBP at pH=0.79. A very high purity of a con-
centrate of La and Ce was extracted to the organic phase (99.6
wt%). This procedure can be applied for another type of spent FCC
catalyst with high iron content and have high potential practical
implications.
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