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The spent hydrodesulphurization (HDS) catalyst is an important secondary source for Ni, Mo, Co and Al metals.
The high yield recovery of thesemetals is quite difficult due to the carbon accumulated on the catalyst surface and
the stability of the metal oxides. Therefore, the leaching process in the presence of sodium persulfate (Na2S2O8)
was carried out after the roasting pre-treatment to remove the carbon from the spent HDS catalyst structure and
convert the metal oxides to the soluble form in this study. The optimum experimental conditions were deter-
mined as roasting temperature, 500 °C; roasting time, 120 min.; particle size, +75–30 μm; liquid/solid ratio,
12.5 mL/g; Na2S2O8 concentration, 0.4 M; leaching temperature, 50 °C; leaching time, 90 min and stirring
speed, 400 r/min. Recovery of Mo (89.8%), Co (86.5%) and Ni (81.2%) from leach solution were achieved by pre-
cipitationmethod. The liquidfilmdiffusion controlmechanismbest represents theproposed leaching process. On
the other hand, the magnitude of Ea values (<20 kJ/mol) for Mo, Co, Ni and Al metals indicates that the leaching
process is controlled by liquid film diffusion mechanism.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

A large amount of inorganic solid catalysts is used in oil refineries to
accelerate chemical reactions in various processes known as
thermo-chemical catalytic processes [1]. These catalysts are used to re-
move sulfur, nitrogen and othermetals in the crude oil structure during
the petroleum refining process. They are generally alumina-based and
contain metals such as molybdenum (Mo), cobalt (Co) and nickel (Ni)
[2]. They lose their catalytic activities during different catalytic pro-
cesses due to the accumulation of impurities in thepetroleum to the cat-
alyst surface [3,4].

The amount of catalyst consumed by the oil industry all over the
world is estimated to be 150 × 103−170 × 103 per year [5]. The spent
catalysts in petroleum refineries constitute only 4% of the total refinery
wastes and it is classified as a hazardous waste to the environment and
human health by various organizations [1,6]. Therefore, the valorization
or disposal of the spent catalysts containing various metals are highly
important. There are different applications for the storage, disposal, re-
generation and recovery of precious metals [7]. The landfilling is not
generally preferred due to the strict laws and regulations related to
. Arslanoğlu),
the environment are very strict and the large area requirement [3,8].
Although regeneration is an attractive method, it is not preferred be-
cause this technology is not available for petroleum refineries and can
be performed for a limited number of cycles [9]. However, it is not pos-
sible to regenerate the catalysts which have lost their activity in pro-
cesses, especially in the case of thermal degradation and phase
separation [10].

Recovery of metals from the spent catalysts is a very convenient
method in terms of reduce environmental pollution, to minimize the
need for storage space and to meet the metal needs of the market. Fur-
thermore, the spent catalysts can be considered as an important second-
ary source because they contain valuable metals such as Co, Mo, Ni and
Al [11,12]. In order to recover precious metals from the spent catalysts,
two different methods are applied: hydrometallurgical and pyrometal-
lurgical [13,14]. Hydrometallurgical processes are more preferred than
pyrometallurgical method because of low energy consumption and
low gas emission and recovery of metals by high efficiency [15]. In hy-
drometallurgical processes, pre-treatments such as oxidation and
roasting are applied to the spent catalyst to ensure that precious metals
are passed to the solution in high yields [16,17]. However, leaching pro-
cess of the spent catalyst may be directly carried out in the presence of
acid or alkali leaching agents [15].

In the literature, there are studies conducted in the presence of dif-
ferent acid and alkali solvents to recover valuable metals from the
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Fig. 1. XRD patterns of the roasted spent HDS catalyst.
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spent catalysts; mixture of H2SO4, HNO3 and HCl solutions [18,19],
H2C2O4 and H2O2 solutions [20], Na2O2 and H2O2 solutions [21],
H2C2O4 solutions [22]. In addition, there are also studies in which the
roasting process was applied followed by leaching process [1,3,4,23].
However, there is no study in the presence of sodium persulfate
(Na2S2O8) leaching agent for the recovery of valuable metals from the
spent catalyst after roasting pre-treatment. The aim of the present
study is to perform recovery of Co, Ni, Mo and Al metals from the
spent hydrodesulfurization catalyst in Na2S2O8 solution medium; to in-
vestigate the effects of roasting temperature and time, particle size, liq-
uid/solid ratio, Na2S2O8 concentration, leaching temperature and time,
stirring speed on the dissolution efficiency of metals and to determine
optimum experimental conditions.

2. Experimental

2.1. Material and characterization

The spentMo-Co-Ni/Al2O3 powder catalystwas obtained from an oil
refinery industry in Romania. High purity Na2S2O8 used as leaching
agent was provided fromMerck. Prior to characterization and leaching,
the powder sample was milled to ensure homogeneity. It was then
sieved to obtain the desired particle size. The prepared samples were
dried at 105 °C for 2 h and kept in capped plastic bottles for subsequent
leaching experiments.

The chemical composition of the spent catalyst was determined by
the microwave dissolution process as shown Table 1. Phase analysis of
the roasted sample was carried out with XRD (Fig. 1). The surface mor-
phology and elemental analysis of the unroasted, roasted sample and
the leached residue were determined by SEM-EDS (Fig. 2). Based on
SEM-EDS analysis, all samples have an irregular morphology. It demon-
strates that the spent catalyst contains Mo, Co, and Ni, especially Al.
However, there is sulfur in its structure due to oil refining process. The
results also indicate that metal sulfides are converted to metal oxides
by roasting pretreatment. The surface area and pore volume values of
unroasted, roasted and leaching residue were determined by BET anal-
ysis as 148.9 m2/g, 225.7 m2/g, 387.7 m2/g; 0.97 mL/g, 0.59 mL/g and
0.26 mL/g, respectively.

All leaching experiments were performed using a shaker incubator
(Zhcheng ZHWY-200D) adjustable the stirring speed and temperature.
The amount of metal passed to the solution was find out using atomic
absorption spectrophotometer (Perkin Elmer AAnalyst-400) and ICP-
MS (Agilent 7500ce Octopole).

2.2. Experimental procedure

The spent catalyst sample was firstly roasted with a heating rate of
10 °C/min. at different temperatures (300-700 °C) and time (30–360
min), while all other experimental parameters constant (Particle size:
+150–75 μm; liquid/solid ratio: 10 mL/g; Na2S2O8 concentration: 0.3
M; leaching temperature: 40 °C; leaching time: 90 min; stirring speed:
300 r/min). For all leaching experiments, different concentrations of
Na2S2O8 solutionswere prepared in 500mL erlenmeyer flasks, the solu-
tion temperature was adjusted and the powder sample was added.
Then, it was stirred during the desired reaction time and filtered. The
amount of metal passed to the leaching solution was analyzed by an
atomic absorption spectrophotometer (Perkin Elmer AAnalyst-400)
Table 1
Chemical composition of roasted Mo-Co-Ni /Al2O3 spent catalyst.

Component (wt%)

Al Mo Co Ni Ca Fe Zn

36.15 8.72 1.97 1.04 0.38 0.022 0.01
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and ICP-MS (Agilent 7500ce Octopole). The recovery values of Mo, Co
and Ni were carried out by the precipitation method in terms of Fig. 3.
The flow diagram of the process applied to the recovery of metals
from the HDS spent catalyst is shown in Fig. 3.

2.3. Dissolution reactions

The pH of the leaching medium was measured to about 5.9 in the
concentration range of Na2S2O8 in this study. Therefore, the its reaction
depending on the pH can be given as follows;

S2O
2−
8 þ 2H2O ! 2HSO−

4 þ 1=2O2 pH : 3−7ð Þ ð1Þ

S2O
2−
8 þ 2H2O ! 2HSO−

4 þ H2O2 Diluted acid mediumð Þ ð2Þ

Dissolution reactions between the roasted spent catalyst and
Na2S2O8 solution:

MoO3 þ 2NaHSO4 ! MoO2SO4 þ Na2SO4 þ H2O ð3Þ

CoOþ 2NaHSO4 ! CoSO4 þ Na2SO4 þ H2O ð4Þ

NiOþ 2NaHSO4 ! NiSO4 þ Na2SO4 þ H2O ð5Þ

Al2O3 þ 6NaHSO4 ! Al2 SO4ð Þ3 þ 3Na2SO4 þ 3H2O ð6Þ

A series of preliminary tests were carried out for roasted and
unroasted spent HDS catalysts due to the formation of H2O2 and O2 ac-
cording to the above-mentioned reaction 1 and reaction 2. The aim here
is to oxidize the sulfur into the MeS (Me=Mo, Co and Ni) structure in
the unroasted catalyst due to H2O2 and O2 released by degradation of
Na2S2O8 in aqueous medium the following reactions;

MoS2 þ 9H2O2 ! MoO2þ
2 þ 2SO2−

4 þ 2Hþ þ 8H2O ð7Þ
Cr Cu Cd Pb C S P

0.008 0.009 0.021 0.003 12.92 0.68 0.19



Fig. 2. SEM-EDX images of unroasted (a), roasted (b) and leaching residue (c), respectively.
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Co3S4 þ 15H2O2 ! 3Co2þ þ 4SO2−
4 þ 2Hþ þ 14H2O ð8Þ

NiSþ 4H2O2 ! Ni2þ þ SO2−
4 þ 4H2O ð9Þ

The results of the preliminary experiments are given in Fig. 4. It is
clearly seen that the leaching efficiency of the roasted catalyst is about
10% higher than the unroasted catalyst for all metals. On the other
hand, more metal was extracted per unit quantity than the raw spent
catalyst in the roasted product. That is, when 10 g of catalyst is roasted
at 500 °C, aweight loss of about 20% occurs. In addition, the organic sub-
stanceswhich are contaminatedwith the unroasted catalyst also pass to
the solution during leaching. However, in the leaching process where
roasted catalyst was used, the leaching solution was found to have
lower pollution and the final pH of solution was measured as 5.9. For
3

this reason, the roasting treatment was applied to the spent HDS cata-
lyst and the affecting independent variables on the process are
optimized.

2.4. Effect of roasting temperature and time

The metals in the spent catalyst structure are generally present in
the form of metal sulfides. Prior to leaching process, the roasting pre-
treatment is converted metal sulfides into metal oxides. Then, it is con-
verted to soluble metal sulfates according to the dissolution reactions
given above during the leaching reaction. The results of the roasting ex-
periments carried out at different temperatures (300-700 °C) and time
(30–360 min) are illustrated in Fig. 5 and Fig. 6, respectively. According
to the results, it is clearly seen that the extraction efficiencies of all



Fig. 3. The flow diagram of the process applied to the recovery of metals from the HDS spent catalyst.
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Fig. 4. Effect of thermal degradation on percentage dissolution of metals.

Fig. 5. Effect of roasting temperature on

Fig. 6. Effect of roasting time on pe
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metals increase due to the increase in roasting temperature and time.
There was not much increase in the dissolution yields of metals at tem-
peratures higher than 500 °C and the roasting temperature was chosen
as 500 °C for subsequent experiments to prevent the formation of more
complex structures at high temperatures [14]. In terms of roasting time,
it is clearly shown that metal dissolution percentages are an uptrend to
120 min and there is no significant increase after this value. Conse-
quently, the extraction yields of Co, Mo, Ni and Al dissolution were ob-
tained as 75.7%, 67.1%, 70.1% and 14.1% at 500 °C roasting temperature
and 120 min. Roasting time, respectively.

2.5. Effect of particle size

The particle size plays a critical role onmetal dissolution efficiency in
the leaching process [24]. Experiments were performed at particle sizes
ranging from+600–300 μmto+30–20 μmand the resultswere plotted
in Fig. 7. As seen from Fig. 7, the extraction values of all metals increase
percentage dissolution of metals.

rcentage dissolution of metals.



Fig. 7. Effect of particle size on percentage dissolution of metals.

H. Arslanoğlu and A. Yaraş Sustainable Materials and Technologies 28 (2021) e00286
with decreasing particle size. This phenomenon is attributed to
the greater of the particle surface area by smaller particle size and the
more efficient reaction between the solvent and the material [25]. The
highest dissolution efficiencies of Co (80.3%), Mo (77.1%), Ni (80.9%)
and Al (16.8%) were obtained in +30–20 μm particle size. On the
other hand, a minor raise was observed in dissolution rates in case of
particle size finer than+75–30 μm. For this reason, further experiments
were carried out at a particle size of +75–30 μm.

2.6. Effect of liquid/solid ratio

Fig. 8 shows the experimental data performed at L/S ratios ranging
from 5mL/g to 20mL/g. Based on the results, the dissolution efficiencies
were increased for all metalswith the increase of L/S ratio, themetal ex-
traction yields increased gradually to 12.5 mL/g and no significant
Fig. 8. Effect of L/S ratio on perce
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increase was observed until liquid/solid ratio of 20mL/g and maximum
extraction values of Co (85.4%), Mo (81.0%), Ni (81.7%) and Al (18.2%)
were reached at 20 L/S ratio. This is due to the fact that there is no suf-
ficient amount of leaching agent in the medium, therefore the dissolu-
tion efficiencies of metals to the solution is limited. Therefore, the next
experiments were continued at 12.5 mL/g.

2.7. Effect of sodium persulfate concentration

A series of experiments were performed at different Na2S2O8 con-
centrations and the results were presented in Fig. 9. According to
Fig. 9, it is seen that raising Na2S2O8 concentration increases the
leaching yields of all metals. The extraction values of all metals in-
creased significantly when the Na2S2O8 concentration increased from
0.05 mol/l to 0.4 mol/l. A raise in Na2S2O8 concentration will increase
ntage dissolution of metals.



Fig. 9. Effect of sodium persulfate concentration on percentage dissolution of metals.
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its concentration gradient around particle surface and will increase the
leaching rates of metals as a result of contacting the particle with suffi-
cient amount of leaching agent [26]. However, a raising in acid concen-
tration from5 to 6 did not cause an obvious increase in leaching ratios of
all metals. The maximum dissolution yields of Co, Mo, Ni and Al are
89.9%, 84.8%, 86.7% and 18.4% inNa2S2O8 concentration of 0.4M, respec-
tively. Consequently, Na2S2O8 concentration was selected is to be 0.4 M
for further studies.

2.8. Effect of reaction temperature and time

The effects of the reaction temperature and time on the metal ex-
traction yields at Na2S2O8 concentration of 0.4 M was examined in the
range of 10-60 °C and 15–180min,while other experimental conditions
are constant. According to Fig. 10, it is seen that a raise of the reaction
Fig. 10. Effect of leaching temperature o
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temperature significantly affects the metal extraction efficiency and
the dissolution percentage exhibits an increasing trend with the tem-
perature increasing from 10 °C to 50 °C. It means that the leaching pro-
cess from the spent catalyst is an endothermic reaction. However, no
significant change was observed in the dissolution rates for all metals
at 60 °C. In addition, the maximum dissolution values of Co (92.2%),
Mo (85.1%), Ni (89.9%) and Al (19.8%) were obtained under 50 °C for
90 min and the metal extractions were found to remain stable after
90 min as shown Fig. 11. Therefore, follow up-experiments were per-
formed at 50 °C and 90 min.

2.9. Effect of stirring speed

The effect of stirring speed on the extraction of Co, Mo, Ni and Al
for leaching time of 90 min is given in the Fig. 12. The experimental
n percentage dissolution of metals.



Fig. 11. Effect of leaching time on percentage dissolution of metals.
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data clearly indicates that the stirring speed has a remarkable influ-
ence on metal extraction. It is attributed to the raising in stirring
speed to improve mass transfer and thus to accelerate the dissolution
rate of metals [27]. On the other hand, it is clear that has no effect on
the leaching efficiency of a raise in the stirring speed from 400 rpm to
600 rpm. This indicates that the process is controlled by the surface
chemical reaction [28]. In addition, it is sufficient to study at a stirring
speed of 300 to eliminate the effect of liquid film diffusion on leaching
efficiency [29].

Consequently, the highest extraction yields of Co (98.5%), Mo
(92.6%), Ni (95.3%) and Al (21.3%) were achieved under optimum ex-
perimental conditions; roasting temperature, 500 °C; roasting time,
120 min.; particle size, +75–30 μm; liquid/solid ratio, 12.5 mL/g;
Na2S2O8 concentration, 0.4 M; leaching temperature, 50 °C; leaching
Fig. 12. Effect of strring speed on pe
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time, 90 min and stirring speed, 400 r/min. For further the precipitation
processes performed at different pH values, Mo (89.8%), Ni (81.2%) and
Co (86.5%) from leach solutions were recovered as (NH4)2MoO4,
Ni((CH3C(NOH)C(NO)CH3))2, Co(OH)2, respectively. Finally, the aver-
age purity of the extracted metals is 95%.

It draws attention to the following; Al is the metal with the largest
proportion in the spent HDS catalyst and also has the lowest extraction
efficiency among metals. As is known, Al production is carried through
from bauxite mineral with high alumina content under rigid process
conditions; high temperature and pressure, high-alkaline medium
(concentrated NaOH) [30]. On the contrary, this study was conducted
at low temperature and atmospheric pressure, low Na2S2O8 concentra-
tion. Therefore, the amount of aluminum leached (about 20%) is limited
even under optimum experimental conditions.
rcentage dissolution of metals.
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2.10. Kinetic studies

The leaching of Co, Mo, Ni and Al from the spent catalyst is a hetero-
geneous reaction between the solid and liquid phases. Themetal oxides
contained in the solid spent catalyst are dissolved and passed to the so-
lution during the leaching process. The shrinking core model is one of
the models used to evaluate the kinetic data of the leaching process. In
this reaction model, when the reactant in the core is shrinking during
reaction time, the porosity layer is formed around the unreacted solid
or reaction products over time. This situation is confirmed by the results
of BET surface areas of solid samples before and after leaching. Thus,
there are two resistances for mass transfer between solid and liquid
phase; the resistance to the diffusion of fluid along the outer layer and
the resistance to the reaction between the fluid and the solid. The
slowest step in all leaching reactions controls the reaction rate [31,32].
In our study, the optimum experimental parameters will be determined
to overcome these two resistances and to obtain the maximum yield of
metals from the spent HDS catalyst. According to the shrinking core
model, any leaching process is controlled by either the liquid film diffu-
sion (eq. 1), film diffusion through product layer (eq. 2) or surface
chemical reaction (eq. 3) mechanism. The equations of the above-
mentioned reaction mechanisms are as follows;
Fig. 13. Liquid film diffusion model of each le
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t ¼ k 1− 1−xð Þ½ � ð10Þ

t ¼ k 1−3 1−xð Þ2=3 þ 2 1−xð Þ
h i

ð11Þ

t ¼ k 1− 1−xð Þ1=3
h i

ð12Þ

x is the amount of metal passing into solution, t is the reaction time
(min) and k is the reaction rate constant (min−1). For each equation
above, the correlation coefficients (R2) values at different temperatures
for all metals were calculated separately. In the light of the findings, it is
clearly seen that leaching kinetics of all metals are very compatible with
liquid phase diffusion mechanism due to the highest R2 (0.99) value at
all temperatures as presented Fig. 13.

The activation energy (Ea) values for eachmetals in the leaching pro-
cess were calculated using Arrhenius equation (eq. 4).

k ¼ A:e−Ea=RT ð13Þ

k is the reaction constant (min−1), A is the frequency factor, Ea is the ac-
tivation energy (J/mol) and t is the leaching temperature (K). From
ached metals at different temperatures.



Fig. 14. Arrhenius plot for leaching of spent Mo-Co-Ni/Al2O3 catalyst by Na2S2O8.

Table 2
Comparison of dissolution efficiencies and process conditions of waste cataly

Roasting Conditions Leaching Conditions

T = 500 °C
t = 3 h

Na2CO3 = 30 g/l
T = 90 °C
t = 1 h
L/S = 10

T = 500 °C
t = 2 h

Concentrated NH3

Room temperature
L/S = 25

T = 500 °C
t = 3 h

H2SO4 = 6 mol/l
T = 30 °C
t = 1 h
L/S = 10

T = 450 °C
t = 2 h

H2SO4 = 10 g/l
T = 100 °C
t = 2 h
L/S = 20

T = 500 °C
t = 3 h
KHSO4 10 wt%

Deionized water
T = 90–100 °C
t = 40 min

T = 750 °C
t = 30 min
Na2O
nNa2O/nAl2O3 = 1.2

Deionized water
T = 80 °C
t = 2 h
L/S = 10

T = 600 °C
t = 30 min
Na2CO3 12 wt%

Deionized water
T = 80 °C
t = 2 h
L/S = 10

T = 900 °C
t = 1 h
NaCl 20 wt%

Deionized water
T = 70–90 °C
t = 1 h
L/S = 5

No roasting Na2CO3 = 85 g/l
H2O2 = 10 vol%
t = 1 h
L/S = 5

No roasting H2O2

pH =1.3
t = 1 h
L/S = 7.5

No roasting Na2CO3 = 40 g/l
H2O2 = 6 vol%
t = 1 h
L/S = 5

T = 500 °C
t = 2 h

Na2S2O8 = 0.4 mol/l
T = 50 °C
t = 90 min
L/S = 12.5

H. Arslanoğlu and A. Yaraş Sustainable Materials and Technologies 28 (2021) e00286
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Fig. 14 data, Ea values were found to be Mo, Co, Ni and Al 12.23 kJ/mol,
10.95 kJ/mol, 11.42 kJ/mol and 13.71 kJ/mol, respectively. Its magnitude
indicates that the leaching processwas controlled by the Liquid film dif-
fusion control mechanism [33].

As a result, the leaching reagent and roasting pretreatment are also
highly effective on the leaching efficiency in hydrometallurgical pro-
cesses. Table 2 shows the comparison of other studies in the literature
with our study in terms of both experimental conditions and metal ex-
traction efficiencies.

According to Table 2, Mo and Co dissolution efficiencies are above
90% and the high amount of Al (>60%) passed into solution [35]. How-
ever, a high concentration of sulfuric acid was used as leaching agent in
the mentioned paper and the leaching temperature is twice that of our
study. In addition, although the process was carried out in the presence
of deionized water, the high leaching temperature provided a signifi-
cant advantage on the metal dissolution [36,37]. On the other hand,
for oxidizing leaching processes without roasting pre-treatment, while
Mo, Co and Ni dissolution percentages are close to our results, the disso-
lution efficiency of Al is quite low [21,40,41]. In our study, the dissolu-
tion rates of aluminum as well as other metals increased with the
roasting process.
st in literature.

Extraction Yield (%) References

Mo = 98
Al = 2.6

[16]

Mo = 83 [34]

Mo = 97
Co = 87
Al = 38

[14]

Mo = 96
Co = 91
Al = 68

[35]

Mo = 99
Co = 91
Al = 96

[36]

Mo = 99
Al = 97

[37]

Mo = 92 [38]

Mo = 99 [39]

Mo = 84
Ni = 0.3
Al = 1.5

[21]

Mo = 90
Co = 83
Al = 8

[40]

Mo = 85
Ni = 65
Al = 3

[41]

Mo = 92.1
Co = 98.4
Ni = 94.7
Al = 20.8

This study
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3. Conclusions

The proposed combination of roasting and Na2S2O8 leaching process
can be used effectively in the recovery of metals from the
hydrodesulphurization catalysts containing alumina-based Co, Mo and
Ni metals. The optimum process conditions were determined as
roasting temperature, 500 °C; roasting time, 120 min.; particle size,
+75–30 μm; liquid/solid ratio, 12.5 mL/g; Na2S2O8 concentration, 0.4
M; leaching temperature, 50 °C; leaching time, 90 min and stirring
speed, 400 r/min. Recovery of Mo (89.8%), Co (86.5%) and Ni (81.2%)
from leach solution were achieved by precipitation method. The results
find out that a raise in temperature and Na2S2O8 concentration posi-
tively affect leaching efficiency. The liquid film diffusion control mecha-
nism best represents the proposed leaching process. On the other hand,
themagnitude of Ea values (<20 kJ/mol) indicates that the leaching pro-
cess is controlled by liquid film diffusion.

The recycling of the leaching reagent is extremely critical for the ex-
traction process. In this sense, no studies were found in the literature on
the recyclability of acids/bases as leaching agents. However, it is known
that EDTA can be recycled following that a series of treatments in chelat-
ing extraction processes [42,43]. Therefore, the authors will focus on re-
covery and re-utilization of the leaching agent for further studies.
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