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This paper reports a comprehensive recovery of valuable metals from spent
Al2O3-based catalysts using sodium carbonate roasting and water leaching. In
all experimental parameters, roasting is one of the most critical influences on
the leaching effect. During the roasting of sodium carbonate, insoluble NiA-
l2O4 and a-Al2O3 are converted to soluble NaAlO2, which can be leached by
water. Then, Al, Ni, and V were recovered by leaching solution and residue,
respectively. The experimental results showed that Al and V leaching rates
were 99.64% and 99.24%, respectively, under the optimal leaching conditions.
Moreover, the simple metal composition in the leachate and residue is more
favorable for metal recovery than the direct recovery of Al and Ni from the
spent Al2O3-based catalyst. Adding Ba(OH)2, which is stoichiometric with V,
to the leachate allows the recovery of V first. Subsequently, Al(OH)3 precipi-
tation was obtained by adding the appropriate amount of hydrochloric acid
dropwise, and c-Al2O3 was obtained by calcination. The residue was acid-
leached using sulfuric acid again, and after the reaction, Ni(OH)2 was recov-
ered by adding excess NaOH. Ni(OH)2 was heated to a certain temperature to
obtain NiO. The recoveries of Al and Ni were 98.68% and 96.31%, respectively,
during the whole experiment.

INTRODUCTION

Catalysts are critical in the petrochemical indus-
try since they are responsible for many reactions.
The share of refining catalysts in the world’s
industrial catalysts is growing yearly.1 The struc-
ture and active components of the catalyst are
irreversibly affected as the operation period, and the
number of uses rise, resulting in the deactivation of
the catalyst, which is eventually disposed of as solid
waste.2 Because of the enormous number of heavy
metals included in the consumed catalysts, random
disposal of spent catalysts harms the environment
and humans and wastes resources for the metals in
the consumed catalysts. Spent catalysts have a high
metal content, making them a valuable secondary
resource.3 To meet the development needs of

industrialized countries, the mining of primary
metal ores has also intensified. Therefore, to reduce
ore mining and environmental pollution, it is crucial
to extract metals from spent catalysts and carry out
harmless treatment.4,5

Currently, there are two main methods for recov-
ering metals from spent catalysts: hydrometallurgy
and pyrometallurgy.6,7 Due to reduced energy con-
sumption, fewer hazardous gas emissions, and less
waste formation, hydrometallurgical procedures are
preferable to pyrometallurgical techniques in recov-
ering valuable metals from spent catalysts, accord-
ing to most of these assessments.8,9

Hydrometallurgy mainly includes acid leaching,10,11

alkali leaching,12,13 oxidation leaching,14,15

bioleaching,16,17 oxide roasting leaching,18,19 and
so on. Acid leaching is one of the most common
leaching methods. Most metals or metal oxides can
be dissolved in the leaching solution.20 The leaching
behavior of Mo, Co, and Al following the addition of
oxidants to sulfuric acid to overcome the(Received February 15, 2023; accepted May 15, 2023;
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hydrophobicity of sulfides and sulfur elements in
the catalyst matrix was researched by Barik et al.
Under ideal leaching circumstances, Al extraction
rates were 99.87%, 96.25%, and 11.03%, respec-
tively.21 Nguyen et al. used HCl to recover Mo and
Co from spent desulfurization catalysts, and the
total recoveries of Mo and Co reached 96% and 93%,
respectively, under optimal conditions.22 Moreover,
Lai et al. combined mixed acid leaching with a
fluidized bed point solution process.23 It was found
that the highest leaching rates of the target metals
were achieved when concentrated HNO3: H2SO4:
HCl was mixed in a 2:1:1 ratio by volume, with 99%,
99%, and 90% for V, Ni, and Mo, respectively.
However, most metals or metal oxides are soluble in
acid, making subsequent separation more complex
and the quality of the recovered metal low, limiting
the use of acid leaching.

Using pyrometallurgical roasting processes may
be more effective in recovering valuable metals,
especially for catalysts that use Al2O3 as a carrier.
Wang et al.24 reported a process for recovering
valuable metals from spent catalysts by blank
roasting and NaOH leaching. To convert c-Al2O3 to
a-Al2O3 by roasting, the thermodynamics of the
roasting process was systematically analyzed. The
a-Al2O3 was made to be retained in the solid phase
during the alkaline leaching process, thus allowing
the separation of valuable metals for leaching. Kim
et al. used sodium carbonate roasting and boiling
water immersion to recover V and W from spent
selective catalytic reduction catalysts. The ultimate
leaching rates of V and W were 46% and 92%,
respectively.25 Ye et al. used microwave sodium salt
roasting method to recover Mo from spent desulfu-
rization and hydrogenation catalysts to achieve
in situ sulfur fixation. While achieving the maxi-
mum harmless treatment of the spent catalyst, the
Mo leaching rate was as high as 99%.26 Li et al.
studied the leaching of Mo and V under the
condition that 10% NaCl was added to the spent
desulfurization and hydrogenation catalyst for aux-
iliary roasting. The leaching rates of Mo and V
under the optimal conditions were 93.5% and 87.5%,
respectively.27 Therefore, roasting leaching plays a
positive role in the selective recovery of metals and
has the characteristics of a high metal recovery rate
and purity.

As the literature mentioned above shows, devel-
oping an efficient method for recovering spent
catalysts is crucial. Most of the valuable metals
have been recovered in some studies, but the carrier
Al2O3 has not been recovered, which also causes
environmental pollution and resource waste. There-
fore, this study uses sodium carbonate roasting to
selectively leach and recover Al, Ni, and V with
stable phase compositions. The process parameters
affecting the recovery rate were studied in detail,
and the optimum process conditions were estab-
lished for Al, Ni, and V recovery. The process is
characterized by changing the phase transformation

mechanism of spent catalyst ore, revealing the
reaction mechanism of sodium carbonate with a-
Al2O3 and NiAl2O4 during the roasting process and
promoting the practical application of pyro-com-
bined hydrometallurgical technology in the field of
solid waste resource recovery.

EXPERIMENTAL

Materials and Pretreatment

Spent Al2O3-based catalyst was provided by
Huludao Oil Refining Chemical Plant in China. It
should be mentioned here that the spent catalysts
used in this study did not contain Mo. The spent
catalysts were crushed, ground, and sieved (< 100
mesh after grinding) before the experiments and
then dried in a desiccator at 105�C for 24 h for the
experiments. Chemical reagents were of analytical
grade, including Na2CO3, NaOH, Ba(OH)2, HCl,
H2SO4, and H2O2. They were used as received from
Sinopharm Chemical Reagent Co., Ltd. All of the
chemicals used in the experiment were not purified
before use. The pH meter used for pH adjustment is
from the Shanghai Leici PHS-3E model. The high-
speed centrifuge used in the liquid–solid separation
stage was from Xiang Yi TG16-WS. Deionized water
from the GWB-2 ultrapure water device of Beijing
Puyan General Instrument Co., Ltd., was used in all
experiments.

Experimental Method

The roasted spent catalyst is mixed and crushed
in a ball mill with sodium carbonate in a specific
ratio. The mixed spent catalyst powder was roasted
in a muffle furnace. After roasting, transfer the
sample to a three-necked flask, add a certain
amount of distilled water, and put the three-necked
flask into it after the constant magnetic stirrer has
been heated to the required temperature. The
residue after the reaction was separated from the
filtrate, and the pulp density used was 10% unless
otherwise specified. The leaching residue was then
repeatedly washed with distilled water, dried at
105�C for 24 h, and characterized for its chemical
composition and content. The chemical composition
and content of the spent catalyst and each leaching
residue were analyzed by ICP-OES. The formula for
calculating the target metal leaching efficiency is as
follows:

%Leaching ¼ 1 � WlMl

WsMs
ð1Þ

where Ws is the percentage of metal in the original
spent catalyst and Ms is the mass of the original
spent catalyst; Wl is the percentage of metal in the
leach residue and Ml is the mass of the leach
residue.

The filtrate is first separated from the filter
residue in the comprehensive recovery of metals.
The filtered residue was added to the H2SO4
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solution, and after the reaction, the reddish brown
Fe(OH)3 and Ni(OH)2 could be obtained by adding
NaOH to adjust the pH, respectively. Ba(OH)2 was
added to the separated filtrate to obtain Ba3(VO4)2.
Filter again and add NaOH to adjust the pH to get
the precipitate. The precipitate was roasted to
700�C to obtain the c-Al2O3 carrier for the catalyst
again.

Characterization and Analysis

The distribution and content of metals in the
spent Al2O3-based catalyst and the spent catalyst
after roasting were determined by X-ray fluores-
cence spectrometer (XRF, ARL PERFORM’X USA).
Chemical analysis was carried out by EDTA com-
plexation titration.28 Sulfate was estimated by the
gravimetric method with 5% BaCl2 solution.29 The
spent catalyst mineral phase is analyzed by X-ray
diffraction (XRD, XRD-7000X, Japan). TG–DTA
curve (T = 30–1000�C, heating rate 10�C/min, a
nitrogen atmosphere) was obtained by vacuum-
sealed synchronous TG–DTA thermal analyzer
(STA 449 F5 Jupiter, Germany). Surface morphol-
ogy and composition of spent catalysts, leaching
residues, and obtained products were obtained
using a scanning electron microscope (SEM, Gemini
SEM 300, Japan) equipped with an energy-disper-
sive X-ray spectrometer (EDS, Oxford Instruments).
The concentration of metal ions in the leachate was
detected using ICP-AES (Prodigy Plus, Leeman,
USA).

RESULTS AND DISCUSSION

Spent Al2O3-Based Catalyst Roasting

Characterization of the Spent Al2O3-Based Catalyst

According to the SEM and EDS results in Fig. 1a,
the surface roughness of the spent Al2O3-based
catalyst is mainly composed of large mass particles,
and the main elements present on the surface are
Al, Ni, V, and Fe. The XRF results show that the
spent catalyst has a complex composition with many
heavy metals such as Al, Ni, and V, as shown in
Table I. Small amounts of metals such as Na, Si,
and Ca are also present in the spent catalyst, which
may be due to the trace metals left by the oil
attached to the spent catalyst. Moreover, XRD
patterns show that the main phases of the spent
catalyst are a-Al2O3 (PDF card no. 71-1683),
NiAl2O4 (PDF card no. 10-0339), and Fe2O3 (PDF
card no. 33-0664) as presented in Fig. 1b. Phases for
other metals were not detected, probably because of
the lower metal content. The formation of NiAl2O4

may be due to the formation of many insoluble by-
products during the air oxidation roasting of the
spent catalyst in the refinery, which increases the
difficulty of subsequent recovery.30,31

Thermodynamic Analysis of the Roasting Process

A certain amount of sodium carbonate is added to
the spent catalyst for roasting, and the occurrence of
metal and sodium carbonate in the roasting process
is as follows:

Al2O3+Na2CO3=2NaAlO2+CO2(g) ð2Þ

V2O5+Na2CO3 ¼ 2NaVO3+3CO2(g) ð3Þ

1/3P2O5+Na2CO3=2/3Na3PO4+CO2(g) ð4Þ

Generally, sodium carbonate reaches a molten
state at 854�C and starts to react with metals (Al, V,
and so on) in the spent catalyst. Sodium carbonate
will decompose into sodium oxide and CO2, and the
decomposition rate is slow.32,33 Figure 2 shows the
Gibbs free energy calculated based on the above
reaction as a function of temperature (this data was
calculated by HSC software). The Gibbs free energy
of reaction (2) is negative when the temperature
is > 800�C, so to ensure that reaction (2) can be
carried out, the reaction temperature should be>
800�C. The Gibbs free energy of reactions (3) and

(4) is always< 0 at 400–1000�C. It shows that when
the temperature is > 800�C, Al2O3 is converted to
the corresponding product by reaction with Na2CO3.
The results of the TG–DTA tests and thermody-
namic calculations provide the theoretical basis and
data support for the determination of the subse-
quent reaction temperature.

Fig. 1. (a) SEM, (b) EDS and (c) XRD patterns of original spent
Al2O3-based catalysts.
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Roasting Mechanisms

Samples of the spent Al2O3-based catalyst mixed
with sodium carbonate were subjected to TG–DTA
testing to verify the accuracy of the baking temper-
ature. The test was performed in a nitrogen atmo-
sphere at a heating rate of 10�C/min. Figure S1 (see
supplementary material) shows the TG–DTA curve
of the original spent catalyst, where the mass of the
spent catalyst decreases with increasing tempera-
ture in the range of 100–200�C. Continue to
increase the temperature and quality without sig-
nificant change. No exothermic peaks exist in the
DTA curve. The TG–DTA curve is shown in Fig. 3,
where the mass decreases to about 86.25 wt.%
during the roasting process. From 100 to 200�C, the
quality of the raw material decreases slightly, which
is caused by the evaporation of water in the raw
material. There is an apparent endothermic peak at
861.2�C compared with the thermodynamic results
of the HSC Chemistry 6.0 software and the melting
point of sodium carbonate, indicating that Al2O3

begins to react with sodium carbonate. However,
heat is released during the reaction of Al2O3 with
Na2CO3. Sodium carbonate melts and absorbs a
large amount of heat at 851�C. Therefore, a heat
absorption peak rather than an exothermic peak is
generated at 861.2�C. The mass of the feedstock
decreases rapidly because of the production of CO2.

The curve stabilizes when 900�C is reached, indi-
cating the end of the reaction. Therefore, the
reaction temperature was determined to be 900�C
by TG–DTA and thermodynamic calculation results.

During the roasting of sodium carbonate, the
change of phase in the spent Al2O3-based catalyst
determines the extent to which the reaction pro-
ceeds.34 According to the thermodynamic theoreti-
cal calculations and TG-TDA test results, the phase
transformation process of the sample at 800–1000�C
was characterized. As shown in Fig. 4, the peak a-
Al2O3 was 19.06, 31.24, 37.04, 45.04, 49.26, 55.84,
59.52, and 65.48 degrees, respectively, and there
was no c-Al2O3. In addition, Ni exists in the form of
NiAl2O4, and the content of V in the spent catalyst
is low and cannot be found in the XRD analysis.
When the spent catalyst is calcined with sodium
carbonate at 800�C, there is no significant change in
other phases except the characteristic diffraction
peak of sodium carbonate. It is because the reaction
kinetics between Al2O3 and sodium carbonate can-
not be satisfied at this temperature. When the
calcination temperature was increased to 900�C,
NiAl2O4 and a-Al2O3 reacted with sodium carbon-
ate. The corresponding characteristic diffraction
peaks completely disappeared and were trans-
formed into NiO and NaAlO2 phases, indicating
sufficient reaction. When the temperature was
further raised to 1000�C, there was no significant
change in the test results. The phase transition

Table I. XRF analysis of the original spent Al2O3-based catalyst

Compound Al2O3 NiO Na2O Fe2O3 V2O5 SiO2 CaO P2O5 LOI

Wt.% 74.92 11.49 2.67 2.36 0.99 1.64 0.74 0.86 1.97

LOI Loss on ignition at 1323 K.

Fig. 2. The relationship between temperature and DGh.

Fig. 3. TG–DTA curve of spent catalyst mixed with sodium
carbonate (Sodium carbonate addition: 1.5).
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seemed to have been completed, and NaAlO2 and
NiO became stable phases.

We also characterized the microscopic morphol-
ogy of the mixed roasting of sodium carbonate and
spent catalyst at different roasting temperatures by
SEM, as shown in Fig. 5. At 600�C, the surface of
large-size particles of the spent catalyst produces
small bulk sintered matter, which may be due to the
reaction of V, Si, P, and other substances in the
spent catalyst with sodium carbonate at this tem-
perature. When the calcination temperature
increased from 600�C to 700�C, the surface did not
change significantly, indicating that no reaction
occurred at the calcination temperature of 800�C,
and more sintering products accumulated on the
surface of the spent catalyst, indicating that sodium
carbonate began to participate in the reaction.
However, many large particles are still on the
surface, indicating that the reaction is incomplete
and the calcination temperature needs to be
increased. As the roasting temperature increased
to 900�C, many tiny holes appeared on the surface.
There was no significant difference in roasting at
1000�C compared to 900�C, proving that the reac-
tion had proceeded completely. At this time, Al in
the spent catalyst has been transformed into
NaAlO2.

Effect of Roasting Temperature

Figure 6a shows the effect of roasting time on the
leaching efficiency. Since the selective Ni of sodium
carbonate roasting does not react with it, only the
effects on Al and V leaching efficiency are studied.
The conditions of water leaching are leaching
temperature: 95�C, leaching time: 2 h, L/S: 10 mL/
g, and stirring speed: 300 rpm. In the range of 600–
1000�C, the leaching efficiency of Al and V is higher
with the increase in temperature. The actual

roasting temperature is higher than the theoretical
roasting temperature, which may be because the
reaction is about to complete when the roasting
temperature is higher. At 1000�C, Al and V leaching
rates were 99.46% and 98.98%, respectively. Com-
pared with the direct sulfuric acid in and out, the
method of roasting and leaching using Na2CO3 can
effectively leach aluminum because, at 1000�C, the
alumina has wholly reacted with sodium carbonate
and is converted into NaAlO2 with high solubility.
The results show that the addition of Na2CO3 is
practical for the separation of Al and Ni. To ensure
the complete reaction, the optimal roasting temper-
ature is determined to be 1000�C.

Effect of Roasting Time

To study the effect of roasting temperature on the
leaching of Al and V, the roasting temperature was
fixed at 900�C, and the amount of sodium carbonate
was 1.5. The conditions of water leaching are
leaching temperature: 95�C, leaching time: 2 h, L/
S: 10 mL/g, and stirring speed: 300 rpm. The roast-
ing time has a significant effect on the leaching
efficiency of Al and V. The experimental results are
shown in Fig. 6b. The results showed that the
leaching rates of Al and V increased significantly
with the roasting time in the range of 1–4 h. The
leaching rates were 98.86% and 98.4%, respectively,
which proved the good roasting effect. Therefore,
the roasting time was kept at 4 h in the subsequent
experiments.

Effect of Sodium Carbonate Addition

To investigate the effect of sodium carbonate
addition on the roasting effect, experiments were
conducted at a roasting temperature of 900�C and a
roasting time of 4 h, with sodium carbonate addition
in the range of 1–2. The amount of sodium carbon-
ate added is the ratio of the stoichiometric number
of sodium carbonate to the aluminum in the spent
catalyst. The conditions of water leaching are
leaching temperature: 95�C, leaching time: 2 h, L/
S: 10 mL/g, and stirring speed: 300 rpm. The leach-
ing efficiency of Al affects the subsequent acid
leaching to dissolve Ni and Fe and reduce the
content of Al in the acid leach solution. Therefore,
the content of sodium carbonate needs to be
increased to leach out as much Al as possible. The
experimental results are shown in Fig. 6c. When the
addition of sodium carbonate reaches 1.5, the
leaching rate of Al increases rapidly to 98.24%.
The leaching rate of V increases insignificantly.
Therefore, the addition amount of 1.5 was chosen as
the best parameter.

Spent Al2O3-Based Catalyst Water Leaching

Effect of Leaching Time on Leaching Efficiency

In addition, the effect of leaching time was
investigated. Other process parameters were fixed:

Fig. 4. XRD patterns of spent catalysts at different roasting
temperatures. (Roasting time: 4 h, Sodium carbonate addition: 1.5,
Heating rate: 10�C/min).
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a leaching temperature of 75�C, L/S of 10 g/mL, and
stirring speed of 300 rpm. The results are shown in
Fig. 7a. This indicates that the leaching of Al and V
was not significantly affected by the leaching time,
and the leaching efficiencies were 96.72% and 97.4%
for Al and V, respectively, when the leaching time
was 2 h.

Effect of L/S on Leaching Efficiency

Subsequently, the effect of L/S on leaching was
investigated, and the experimental results are
shown in Fig. 7b. It is obvious that the leaching of
Al and V is more influenced by L/S, which may be
related to the fact that the samples are denser after
roasting. Therefore, a larger L/S is more favorable

for better leaching of Al and V. An L/S of 7 mL/g is a
good choice.

Effect of Leaching Temperature on Leaching
Efficiency

Unlike other reported methods using acid–base
leaching, this paper uses water as a leaching agent
to leach the valuable metals from the roasted
samples. The water solubility of NaAlO2 and
Na3VO4 is good, so they can be easily dissolved in
the leaching solution. The effects on Al and V were
investigated by varying the leaching temperature at
65–95�C, keeping other parameters at a leaching
time of 2 h, a L/S of 10 g/mL, and a stirring speed of
300 rpm. The results are shown in Fig. 7c. When

Fig. 5. SEM characterization at (a) 600�C, (b) 700�C, (c) 800�C, (d) 900�C and (e) 1000�C. (Roasting time: 4 h, Sodium carbonate addition: 1.5).
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the leaching temperature reached 75�C, Al and V
leaching rates were 97.6% and 97.66%, respectively.
With the increased leaching temperature, the
change in leaching efficiency was not noticeable, so
75�C was chosen as the best leaching temperature.

Effect of Stirring Speed on Leaching Efficiency

Finally, we carried out another experiment to
check the leaching efficiency of Al and V under
different stirring speed (200–400 rpm) conditions.
As seen in Fig. 7d, the stirring speed has little effect
on the leaching of both metals. When the stirring
speed reached 200 rpm, Al and V leaching rates
were > 94%. The leaching efficiency of V did not
change significantly throughout the process due to
the low content of V, which was relatively easy in
the leaching process. Contrarily, Al increased with
the stirring speed, and the leaching efficiency of Al
was 97.04% when it reached 350 rpm.

Characterization of leaching residue

To investigate the component changes of the
roasting and leaching processes of the spent
Al2O3-based catalysts, the analysis of roasting slag
and leaching slag was analyzed. Figure S2 shows
the XRD analysis under three different conditions.
The XRD characterization results show that the
residue phase is mainly NiO. Due to the low content
of other elements, no other phases were found.
Subsequently, SEM and EDS analyses were per-
formed on the leach residue, as shown in Fig. S3.
The analysis results show that the spent catalyst
shows a fine granular spherical shape, and Al and V
react well with sodium carbonate. The presence of V
is no longer observed on the surface. Meanwhile, the
content of Ni increases significantly, which also
agrees with the XRD results. Subsequently, the
residual phase was also characterized using XRF,
and the results are shown in Table S1. Al and V
were leached entirely out compared to the initially
spent catalyst. The leachate and residue are recov-
ered separately for further separation and recovery.

Fig. 6. Effect of (a) roasting temperature, (b) roasting time and (c) equivalent ratio of Na2CO3 on the leaching effect of Al and V.
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Recovery of Aluminum from Leaching
Solution

To obtain high purity, Al one should first remove
V from the leachate since Ba3(VO4)2 has very low
solubility in water. In the recovery process, V was
recovered by the dropwise addition of Ba(OH)2.35

Under 40�C, reaction time of 30 min, and chemical
reaction measurement of Ba(OH)2, the precipitation
rate of V can be 95.84%. Ba(OH)2 has no side effect
on the decomposition of sodium aluminate solution.

The leachate after water leaching was collected
using a beaker, and the acid method was used to
obtain boehmite precipitation by adjusting the pH
by adding hydrochloric acid dropwise. The accuracy
of pH adjustment was achieved using a pH meter.
The white precipitate was obtained by adjusting the
pH to the pH range of the aluminum ion precipitate,
and the white precipitate obtained was a milky
white suspension colloid. The chemical reaction
equation that occurred was as follows:

AlO�
2 +H3Oþ=AlOOH+H2O ð5Þ

The precipitation was characterized by XRD and
obtained as AlOOH. The results are shown in
Fig. 8a. AlOOH is the precursor of c-Al2O3, which
can be roasted to obtain c-Al2O3 and re-prepare the
carrier of the catalyst.36 The AlOOH was calcined at
800�C to obtain c-Al2O3 with a purity of 97.42%
(Supplementary Table. S2). The obtained c-Al2O3

was characterized by XRD as shown in Fig. 8b with
PDF cards of 74-2206, and the experimental results
were consistent with those of Zhang et al.37. The
obtained c-Al2O3 can be reused for the preparation
of catalysts, achieving the recycling of carrier
resources.38

Recovery of Nickel from the Residue

Table S1 shows that the main components in the
residue are Ni and Fe, which can be recovered by
acid leaching and precipitation of Ni. Considering
the strong oxidation of nitric acid, the leaching
efficiency of Ni is lower than that of sulfuric acid. At
the same time, the generated Ni(NO3)2Æ6H2O is a

Fig. 7. Effect of (a) leaching time, (b) L/S, (c) leaching temperature, and (d) stirring speed on the leaching effect of Al and V.

Liang, Tang, Li and Wu4696



toxic substance that is hazardous to human health.
Therefore, sulfuric acid was chosen as the leaching
agent. In addition, the leaching effect of hydrochlo-
ric acid on nickel was not significant.39

Effect of leaching temperature on leaching efficiency

Figure S4(a) shows the leaching efficiency of Ni in
the residue at different leaching temperatures. The
other parameters were fixed by varying the leaching
temperature to 40–90�C. The leaching temperature
strongly influences the leaching of metals, and
leaching efficiency is low at leaching tempera-
tures< 60�C, which provides inadequate reaction
thermodynamics. When the temperature was
increased to 60�C, Ni leaching rates increased to
98.22%. Continuing to increase the leaching tem-
perature had little effect on the leaching efficiency
of Ni. However, the reaction of NiO with sulfuric
acid at 60�C is an exothermic reaction: NiO +
H2SO4 = NiSO4 + H2O, DH = � 105.325 kJ/mol.

Therefore, the leaching temperature of 60�C was
used to leach Ni effectively.

Effect of Leaching Time on Leaching Efficiency

The leaching efficiency of nickel increased with
the increase of leaching time, and the leaching
efficiency of nickel could reach 92.83% after 3 h.
Continuing to increase the concentration had no
significant effect on the leaching of nickel (Supple-
mentary Fig. S4(b)). Therefore, the leaching time
was kept at 3 h during the subsequent experiments.

Effect of Sulfuric Acid Concentration on Leaching
Efficiency

The sulfuric acid concentration is critical for Ni
leaching, and the effect on Ni was tested in the
range of 1–3 M. The results are shown in Fig. S4(c).
When the sulfuric acid concentration was increased
from 1 to 2 M, the leaching efficiency of Ni increased

from 72.46% to 97.26%. The sulfuric acid concen-
tration influences Ni and Fe because of the simple
metal composition in the residue and easy leaching.
As the concentration of sulfuric acid increases, the
dissolution efficiency of Fe increases with it, and the
leaching of Fe should be controlled to reduce the
difficulty of subsequent separation. Therefore, 2 M
is the most suitable concentration.

Effect of L/S on Leaching Efficiency

The leaching efficiency of nickel increased with
the increase of L/S, and the resultant increase of
surface L/S favored the leaching of nickel. When L/S
was increased to 6 mL/g, the leaching efficiency of
nickel could reach 98.68% (Supplementary
Fig. S4(d)). Therefore, L/S was kept at 6 mL/g
during the subsequent experiments.

Recovery and Characterization of Nickel

H2O2 is added to the leachate to ensure that all
Fe2+ is converted to Fe3+. The leaching solution
after acid leaching was characterized by ICP-AES to
detect the concentration of metal ions in the liquid
phase, and the results are shown in Table II. The
metal ions in the liquid phase were mainly Ni and
Fe, with concentrations of 0.3642 mol/L and
0.0269 mol/L, respectively. Figure S5 shows the
species distribution of Ni and Fe in the leachate at
different pH conditions. The acid leaching solution
obtained from the above optimal leaching process
was recovered, and Ni and Fe were separated by
dropwise addition of NaOH. A small amount of
flocculent reddish-brown precipitate started to be
produced when the pH reached about 2.9. The pH is
kept at 5 to avoid the loss of Ni. Subsequently, the
solution was recovered by separating Fe(OH)3

through a centrifuge. The purity of nickel hydroxide
was then characterized using XRF, as shown in
Table S3. The characterization results show that

Fig. 8. XRD patterns of (a) recovered AlOOH and (b) c-Al2O3 obtained at 800�C.
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the main component of the recovered product is
nickel oxide, and its purity can reach 98.177%
(Supplementary Fig. S3). The obtained PDF cards of
Ni(OH)2 (PDF card no. 14-0117) are in agreement
with the literature results, as shown in Fig. 9a.40

Then, Ni(OH)2 was roasted at 400�C to obtain NiO.
The NiO was characterized by XRD, as shown in
Fig. 9b. The obtained product is consistent with the
position of the diffraction peak of NiO (PDF card no.
78-0643).41

The results of the study also confirm that the high
efficiency and purity of aluminum and nickel recov-
ery make it an efficient closed-loop integrated
recovery process route. The recovery efficiencies of
aluminum and nickel were 98.68% and 96.31%,
indicating that almost all aluminum and nickel
were recovered. Therefore, aluminum and nickel
can be separated effectively by the proposed sodium
carbonate roasting and water leaching. A process
flow diagram for the leaching and recovery of
valuable metals from spent Al2O3-based catalysts
was obtained through a series of experimental
studies, as shown in Fig. 10.

CONCLUSION

This paper presents a comprehensive and efficient
integrated recovery process for the closed-loop recov-
ery of Al, Ni, and V from spent Al2O3-based catalysts.
A process for separating and recovering Al, Ni, and V

from spent Al2O3-based catalysts is reported based on
the characterization of phase transitions and compo-
sitions at different temperatures. Valuable metals
are effectively separated by sodium carbonate roast-
ing and water leaching, and the elemental composi-
tion of the leachate and slag phase is simple, reducing
the difficulty of recovery. The water leaching method
also avoids using acid and alkali in conventional
leaching, reducing the cost and contributing to
protecting the environment. The most significant
advantage of the process is that the valuable metals
to be recovered are recovered separately, avoiding
the complex content of single component elements
and reducing the difficulty of recovery. Meanwhile,
the disadvantage of low purity of the product
obtained by recovery is improved.

Then, 1.5 sodium carbonate was added to the
spent catalyst and calcined at 900�C for 4 h. After
the reaction, NiAl2O4 and a-Al2O3 in the spent
catalyst can be converted to NiO and soluble
NaAlO2. Similarly, V was converted to Na3VO4,
creating conditions for subsequent leaching. At the
leaching temperature of 75�C, L/S of 7, and leaching
time of 2 h, Al and V leaching ratios were 99.64%
and 99.24%, respectively. Therefore, the efficient
leaching of Al and V was achieved, and NiO was
detached from NiAl2O4. The leaching solution and
residue are recovered separately. First, the stoi-
chiometric Ba(OH)2 with V was added to the
leaching solution to obtain Ba3(VO4)2. The c-Al2O3

Table II. The concentration of ions in the sulfuric acid leaching solution

Element Ni2+ Mg2+ Fe2+ Ca2+ Si2+

Concentration, mol/L 0.3642 0.0069 0.0269 0.0034 0.006

Fig. 9. XRD pattern of the recovered (a) Ni(OH)2 and (b) NiO.
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was obtained under roasting conditions at 800�C
and can be used to re-prepare the catalyst. Then,
continue to drop hydrochloric acid, and obtain
precipitation and recovery. Second, sulfuric acid is
used to leach Ni and Fe from the residue. Under the
optimal conditions of 2 mol/L sulfuric acid and 60�C
leaching temperature, the leaching rates of V and
Fe are 98.22% and 98.44%. Subsequently, the
solution was recovered by adding NaOH dropwise
to fix the pH at 5. The product was calcined in a
muffle furnace to obtain NiO.
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