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Recovery of precious metals from spent Mo–Co–Ni/Al2O3

catalyst in organic acid medium: Process optimization and
kinetic studies
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ABSTRACT
In present study, the leaching kinetics of the spent Mo–Co–Ni/Al2O3 cata-
lyst was investigated in the presence of formic acid as an organic leaching
agent. Firstly, the spent catalyst was roasted in different roasting tempera-
ture (200–700 �C) and time (15–240min), the maximum metal extraction
was achieved that at 500 �C with 90min. Then, the leaching experiments
were carried out to determine the influences of process parameters follow-
ing; particle size, liquid/solid ratio, formic acid concentration, leaching tem-
perature, leaching time and stirring speed. According to the experimental
results, the highest dissolution rates of molybdenum (Mo, 75.82%), cobalt
(Co, 96.81%), nickel (Ni, 93.44%) and aluminum (Al, 19.46%) were reached
under optimum experimental conditions; particle size þ75� 30mm; liquid/
solid ratio 10ml/g; formic acid concentration 0.6M; leaching temperature
80 �C; leaching time 90min and stirring speed 300 r/min. Moreover, the
leaching kinetics clearly reveal that the leaching reaction is controlled by
liquid film diffusion and that the activation energy values (Ea) of Co, Ni, Mo
and Al were to be 24.49, 25.98, 32.36 and 33.47 kJ/mol, respectively. In
conclusion, the leaching process can be conducted in the presence of for-
mic acid for the various industrial wastes in similar structure and compos-
ition to Mo–Co–Ni/Al2O3 spent catalyst.
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GRAPHICAL ABSTRACT

HIGHLIGHTS

� A novel approach in the presence of organic acid to recover Mo, Co, Ni
and Al from a spent industrial catalyst has been developed.

� Roasting pretreatment was applied to maximize extraction efficiency.
� The highest leaching yields were achieved under optimum experimen-
tal conditions.

� Leaching kinetics followed shrinking core model and dissolution rates of
Mo, Co, Ni and Al are controlled by liquid film diffusion.

� Activation energy values of Co, Ni, Mo and Al were found to be 24.49,
25.98, 32.36 and 33.47 kJ/mol, respectively.

1. Introduction

Molybdenum (Mo), nickel (Ni), cobalt (Co) and aluminum (Al) are known to be expensive and
important metals for both human activities and industry (Pradhan et al. 2013). Due to the high
price, high demand and a gradual decrease of primary mineral resources for Mo, Ni, Co and Al,
it is extremely important to recover these metals from secondary sources, particularly the spent
catalysts (Banda et al. 2013; Marafi et al. 2007; Marafi and Stanislaus 2003).

Hydrogenation is a very comprehensive process involving the regulation of hydrogen bonds in
petroleum fractions in the presence of the catalyst during distillation and the removal of impur-
ities (such as sulfur, nitrogen). In the above-mentioned hydrogenation process, alumina-sup-
ported catalysts, containing 5–14% Mo and 1–4% Co, are widely generally used. These catalysts
have a very high resistance to degradation (poisoning) and can be easily regenerated and main-
tain their catalytic activity for a long time (Ognyanova et al. 2008).

In the previous researches on the recovery of heavy metals from industrial wastes, it has been
observed that the catalysts containing hazardous metals such as Mo, Co, Ni and Al are widely uti-
lized for the desulphurization treatment in the petroleum refining industry (Kar, Murthy, &
Misra 2005). In particular, molybdenum based catalysts are often preferred for desulfurization
from petroleum. The desulfurization process is applied to improve the color, smell and stability
of the obtained product by removing the sulfur dioxide (SO2) in the petroleum contents. In
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addition, molybdenum catalysts are used for commercial applications that the coal is liquefied
and converted to high quality liquid fuels (Chen et al. 2006; Haber 1981).

The increasing demand for metals in the worldwide requires the recovery of metals from sec-
ondary sources such as the spent catalysts. Therefore, it is important to selectively recovery the
metals contained in the catalysts that have completed their economic lifetime. In the literature,
there are various methods on leaching processes of the spent catalysts that are applied in the
presence of different acids or bases with the roasting treatment. However, several hydrometallur-
gical methods suggest that carbon and sulfur are removed from the catalyst by a roasting process
before the metals are selectively recovered. (Angelidis et al. 1995; Biswas, Wakihara, and
Taniguchi 1985; Foguenne, Van Lierde, and Dufresne 1994; Lai et al. 2007; Lunin et al. 1993;
Rabah, Hewaidy, and Farghaly 1997; Saily and Tandon 1997; Valverde, Paulino, and Afonso
2008; Villarreal et al. 1999; Zhang et al. 1995). This study was to aimed to investigate in the pres-
ence of formic acid the optimum leaching conditions of the cobalt, molybdenum, nickel and alu-
minum from the spent catalyst. Moreover, the dissolution kinetics was analyzed based on the
experimental data using the heterogeneous reaction models.

2. Materials and methods

The spent catalyst (Mo–Co–Ni/Al2O3) used in the leaching experiments was obtained from pet-
roleum refinery in Romania. Formic acid (CH2O2) as the organic leaching agent is used of analyt-
ical grade. The crushing, grounding and sieving operations were carried out to obtain the desired
particle size, respectively. The prepared samples were dried at 105 �C and stored in plastic bottles
for further experiments. The metal content of sample was analyzed by microwave dissolving treat-
ment as presented in Table 1. Then, the roasting was take place in an atmosphere controlled
chamber furnace at a heating rate of 10 �C/min for different times (15–240min). The roasted
sample was cooled to room temperature.

Thermal properties of before and after roasting treatment of the spent catalyst were deter-
mined at heating rate 10 �C/min under nitrogen atmosphere by TGA. As shown in Figure 1, a
continuous weight loss of up to final temperatures has occurred for the unroasted (12%) and
roasted (10%) spent catalysts. It is probably due to the removal of moisture on alumina surface,
carbonization reactions, burning of metal sulfides-oxides and dehydroxylation of alumina

Figure 1. TGA curves of unroasted and roasted catalyst.

Table 1. Chemical analysis of used the spent catalyst in experiments

Component (wt. %)

Al Mo Co Ni Ca Fe Zn Cr Cu Cd Pb C S P

37.42 9.35 2.18 1.72 0.34 0.019 0.008 0.005 0.003 0.015 0.001 13.71 0.73 0.28
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(Mohapatra & Park 2007). In conclusion, the results indicate that thermal stability of the spent
catalyst was not significantly changed after roasting process.

The surface morphologies and elemental contents of the unroasted, roasted and leached resi-
due catalysts were characterized by SEM-EDX analysis. According these results in Figure 2, it is
observed that the catalyst contains Mo, Co, Ni and Al before roasting treatment, the SO2 and
CO2 gases are output from the structure after the roasting process depending on the temperature,
and the catalyst structure is rich in terms of metal content. On the other hand, as seen from
Table 2, the roasting and leaching process were caused an increase in surface area and also a
decrease in pore volume.

Figure 2. SEM images of unroasted (a), roasted (b) and leached catalyst.

Table 2. Values of surface area and pore volume of the spent catalyst

Sample Surface area (m2/g) Pore volume (ml/g)

Unroasted catalyst 148.9 0.97
Roasted catalyst 225.7 0.59
Leached catalyst 299.1 0.29
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The phase analysis of the samples (unroasted, roasted and leached residue catalysts) was char-
acterized by X-ray diffraction (Rigaku, SmartLab). The XRD patterns are illustrated in Figure 3.
The structure of the spent catalyst is quite complex and amorphous. In addition, it is seen that
the main characteristic peaks belong to metal oxide and metal sulfur compounds (Al2O3, NiS2,
NiO MoS2, MoO3).

2.1. Leaching experiments

All leaching tests were performed in 500ml. erlenmeyer flasks using a shaker incubator (Zhcheng
ZHWY-200D) adjustable the temperature and stirring speed (Mtops HSD180). Firstly, formic
acid solutions were prepared in the indicated concentrations (0.1, 0.2, 0.4, 0.6, 0.8 and 1.0mol/l).
After the temperature of the solution reached the desired value, the prepared sample was added
to the solution, stirred for the desired reaction time and then filtered. The amount of metals pass-
ing to the solution was determined using an atomic absorption spectrophotometer (Perkin Elmer
AAnalyst-400) and ICP-MS (Agilent 7500ce Octopole) device.

3. Result and discussion

3.1. Influence of roasting temperature and time

Experiments were conducted at different roasting times and temperatures ranging from 15 to
240min and 200 to 700 �C, to determine the influence on the dissolution of Mo, Co, Ni and Al
under constant conditions (roasting time: 120min; particle size: þ150� 75mm; L/S ratio: 7.5ml/
g; formic acid concentration: 0.4M; temperature: 60 �C; time: 120min; stirring speed: 200 rev/
min). The results in Figure 4 and Figure 5 demonstrate that an increase in the roasting tempera-
ture and time leads to an increase in the extraction of metals from the spent catalyst. The highest
metal extraction values of Mo, Ni, Co and Al reached to 57.93%, 58.56%, 60.92% and 12.41% at
500 �C at the end of 90min, respectively. Similarly, the elevation of roasting time caused an
increase in the extraction values for all metals studied. However, since there was no significant
increase after 90min., it was studied in this roasting time for subsequent experiments.

3.2. Influence of particle size

The influence of particle size on the leaching process was investigated in the range of
þ30� 20 mm to þ600� 300mm, at roasting temperature of 500 �C, roasting time of 90min, L/S
ratio of 7.5ml/g, formic acid concentration of 0.4M, leaching temperature of 60 �C, stirring speed
of 200 r/min and leaching time of 120min. As seen from Figure 6, it is obviously come out that
an increase in particle size adversely effects on percentage dissolution of metals and a decrease in
particle size caused an increase in the metal extractions. In these leaching conditions, the max-
imum extraction values for Co, Ni, Mo and Al metals were obtained as 60%, 50%, 47% and 10%,
respectively. On the other hand, there was no noticeable change in the recovery of metals when
the particle size lower than þ75� 30 mm for all metals. This raise can be explained by the finer
particle size, more metals in the spent catalyst are exactly liberated and exposed to the organic
leaching reagent. For unliberated metals entrapped in the spent catalyst, the distance that formic
acid has to penetrate into the spent catalyst and the distance the leaching products have to diffuse
out of the particle are shorter. This allows the spent catalyst to be leached more easily and to
pass to solution of the maximum amount of metals (Yaras and Arslanoglu 2018).
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Figure 3. XRD patterns of samples.

Figure 4. Effect of roasting temperature on percentage dissolution of metals.

Figure 5. Effect of roasting time on percentage dissolution of metals.

Figure 6. Effect of particle size on percentage dissolution of metals.
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3.3. Influence of liquid-to-solid ratio

While all other experimental conditions are constant (roasting temperature: 500 �C; roasting time:
90min; particle size: þ75� 30 mm; formic acid concentration: 0.4M; leaching temperature: 60 �C;
leaching time: 120min; stirring speed, 200 r/min.), the liquid/solid (L/S) ratio was varied from
2.5 to 25ml/g to elucidate its influence on the metal extraction rates. Based on the results in
Figure 7, the percentages of metals dissolution generally increased with a raise in L/S ratio, up to
approximate 10ml/g and above that there was no considerable raise in metal extraction values. It
may be attributed that the amount of formic acid limits the extraction yield as there is no
adequately acid in the leaching medium to leach all metals in the spent catalyst (Yaras and
Arslanoglu 2018).

3.4. Influence of formic acid concentration

Experiments carried out at different acid concentrations ranging from 0.1 to 1.0M to evaluate the
effect on the metal extraction yields under the following experimental parameters; roasting tem-
perature: 500 �C; roasting time: 90min; particle size: þ75� 30mm; L/S ratio: 10ml/g; leaching
temperature: 60 �C; leaching time: 120min; stirring speed, 200 r/min. Figure 8 indicates that the
dissolution values of Co, Ni, Mo and Al increased progressively from 0.1M up to 0.6M formic
acid where it reached 73.92%, 71.85%, 64.89% and 16.47% for all metals, respectively. The metal
extraction yields were advanced for all metals in consequence of the raise in acid concentration
from 4 to 10M. The reaction rate in any leaching process is known to be a function of the react-
ant concentration. Therefore, the dissolution reaction rate of metals increased in the wake of raise
of the formic acid concentration.

3.5. Influence of reaction temperature and time

The leaching tests were performed at 20, 40, 60, 80, 100 and 120 �C due to examine the effect of
leaching temperature on recovery of metals. The values of roasting temperature, roasting time,
particle size, formic acid concentration, leaching time, L/S ratio and stirring speed were kept con-
stant at 500 �C, 90min, þ75� 30mm, 10ml/g, 0.6M, 120min and 200 r/min, respectively. The
results in Figure 9 and Figure 10 indicate that an increase in temperature usually caused an
increase in the extraction rates of metals. As the leaching temperature increased from 20 �C to
80 �C, the percentage of dissolved metals notable increased and reached 91.48%, 85.69%, 75.17%
and 18.23% of Co, Ni, Mo and Al at the end of 120min, respectively. However, further tempera-
tures above 60 �C caused a slight increase in the metal extraction values. In the these findings, it
is possible to indicate that the amount of metal passing through the leaching solution increases

Figure 7. Effect of L/S ratio on percentage dissolution of metals.
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with a raise in temperature but the rise reduces as the temperature increases and above 60 �C the
profit in terms of metal dissolution rates.

3.6. Influence of stirring speed

The leaching experiments were carried out at various stirring speeds varied in the range 50–600
r/min. to evaluate the influence of stirring speeds on dissolution yields of metals in the following

Figure 8. Effect of formic acid concentration on percentage dissolution of metals.

Figure 9. Effect of leaching temperature on percentage dissolution of metals.

Figure 10. Effect of leaching time on percentage dissolution of metals.

2088 H. ARSLANO�GLU AND A. YARAŞ



experimental conditions; (roasting temperature: 500 �C; roasting time: 90min; particle size:
þ75� 30 mm; L/S ratio: 10ml/g; formic acid concentration: 0.6M; leaching temperature: 80 �C;
leaching time: 90min.). According to experimental results presented in Figure 11, it is noticed
that a raise in the stirring speed leads to an increase in the recovery of metals from the spent
catalyst. The dissolution values of all metals displayed an increasing trend as a result of increasing
the stirring speed from 50 to 600 r/min. It may be attributed to the decreasing of the boundary
layer thickness around the spent catalyst particles.

When the reactants and leaching products are diffused through this boundary layer, it will be
thinner and cause the reaction rate to reduce. One of the objectives of optimization the stirring
speed in leaching processes is to minimize the effect of the boundary layer on the overall reaction
kinetics. Therefore, the stirring speed is selected at a level which and the particles will enable sus-
pended to provide the best contact between the leaching agent and the particles. Only very small
raises in the percentage of dissolved metals were occurred in consequence of a further increase in
the stirring speed from 300 to 600 r/min. In case of the stirring speed below 300 r/min, the reac-
tion rate is likely to be controlled by a surface layer formed around the reactants and the leaching
products. At above 400 r/min, the dissolution rate no longer change with stirring speed indicating
that the diffusion layer controls dissolution rate (Yaras and Arslanoglu 2018).

3.7. Kinetic analysis

The reaction kinetics in leaching processes consisting of solid and liquid phases are explained
using heterogeneous reaction models (Levenspiel 1999; Wen 1968). In this context, the shrinking
core model was applied to evaluate leaching kinetics in the presence of formic acid. During the
leaching reaction, the increase in thickness of diffusion zone around the solid particle significantly
reduces the dissolution rate. The dissolution rate in the shrinking core model is represented by
one of the following reaction mechanisms; liquid film diffusion (Equation 1), film diffusion
through product layer (Equation 2) and surface chemical reaction (Equation 3). The reaction rate
is controlled by the slowest step in the overall leaching reactions.

t ¼ k 1� 1�xð Þ½ � (1)

t ¼ k 1� 3 1�xð Þ2=3 þ 2 1�xð Þ
h i

(2)

t ¼ k 1� 1�xð Þ1=3
h i

(3)

t is the reaction time (min.), k is the reaction rate constant (min�1) and x is the conversion
fraction of metal. The rate constants (k) for each mechanism were calculated taking into account

Figure 11. Effect of stirring speed on percentage dissolution of metals.
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the above aforementioned equations (Figure 12). In addition, the correlation constant values of
leaching reactions were found by these equations. The results in Table 3 show that there is a
good correlation between Equation (2) and the experimental data. Accordingly, the dissolution
rate of the metals from the spent catalyst can be defined by the liquid film diffusion mechanism
in the shrinking core model.

The activation energy values (Ea) for leaching reactions were calculated separately via
Arrhenius equation (Equation (4)) using experimental results at different temperatures (40 �C,
60 �C, 80 �C and 100 �C).

Figure 12. Arrhenius plot of ln (k) versus 1/T.

Table 3. The best-fit equations and correlation coefficients (R2) between leaching time and metal extraction values of kin-
etic models

Metal Model

Temperature, �C

40 60 80 100

Co Liquid film diffusion control R2¼0.9921 R2¼0.9903 R2¼0.9948 R2¼0.9916
y¼ 0.00015–0.024 y¼ 0.00027–0.036 y¼ 0.00043–0.031 y¼ 0.00069–0.039

Surface chemical reaction control R2¼0.9813 R2¼0.9849 R2¼0.9789 R2¼0.9863
y¼ 0.00055–0.064 y¼ 0.00078–0.053 y¼ 0.009–0.018 y¼ 0.0021–0.046

Film diffusion control through
product layer

R2¼0.9888 R2¼0.9901 R2¼0.9874 R2¼0.9832
y¼ 0.035–0.164 y¼ 0.048–0.153 y¼ 0.059–0.180 y¼ 0.071–0.146

Ni Liquid film diffusion control R2¼0.9908 R2¼0.9977 R2¼0.9897 R2¼0.9905
y¼ 0.00011–0.046 y¼ 0.00024–0.055 y¼ 0.00039–0.029 y¼ 0.00055–0.078

Surface chemical reaction control R2¼0.9837 R2¼0.9811 R2¼0.9901 R2¼0.9789
y¼ 0.00068–0.035 y¼ 0.00089–0.049 y¼ 0.0015–0.025 y¼ 0.0031–0.017

Film diffusion control through
product layer

R2¼0.9872 R2¼0.9799 R2¼0.9851 R2¼0.9903
y¼ 0.053–0.102 y¼ 0.074–0.149 y¼ 0.085–0.165 y¼ 0.087–0.129

Mo Liquid film diffusion control R2¼0.9900 R2¼0.9939 R2¼0.9918 R2¼0.9952
y¼ 0.00010–0.063 y¼ 0.00025–0.088 y¼ 0.00045–0.099 y¼ 0.00075–0.084

Surface chemical reaction control R2¼0.9826 R2¼0.9794 R2¼0.9872 R2¼0.9802
y¼ 0.00081-0.041 y¼ 0.00097-0.054 y¼ 0.0027-0.068 y¼ 0.0035-0.035

Film diffusion control through
product layer

R2¼0.9813 R2¼0.9909 R2¼0.9734 R2¼0.9874
y¼ 0.066–0.119 y¼ 0.079–0.174 y¼ 0.091–0.134 y¼ 0.097–0.172

Al Liquid film diffusion control R2¼0.9940 R2¼0.9894 R2¼0.9902 R2¼0.9974
y¼ 0.00009–0.055 y¼ 0.00016–0.061 y¼ 0.00042–0.048 y¼ 0.00065–0.072

Surface chemical reaction control R2¼0.9706 R2¼0.9768 R2¼0.9845 R2¼0.9821
y¼ 0.00094–0.048 y¼ 0.005–0.081 y¼ 0.0025–0.033 y¼ 0.0041–0.082

Film diffusion control through
product layer

R2¼0.9895 R2¼0.9775 R2¼0.9884 R2¼0.9922
y¼ 0.071–0.101 y¼ 0.075–0.183 y¼ 0.096–0.149 y¼ 0.103–0.189

2090 H. ARSLANO�GLU AND A. YARAŞ



k ¼ A:e�Ea=RT (4)

k is the reaction constant (min�1), A is the frequency factor, Ea is the activation energy of
reaction (J/mol), R is the universal gas constant (8.314 J/mol.K) and T is the temperature (K).

The magnitude of activation energy (Ea) value indicatives that the heterogeneous reaction
mechanism is controlled by surface chemical reactions or film diffusion.

The magnitude of activation energy (Ea) value indicates that the heterogeneous reaction mech-
anism is controlled by surface chemical reactions (Ea > 40 kJ/mol) or film diffusion (Ea < 20 kJ/
mol) (Levenspiel 1998; Wen 1968). The activation energy values were calculated to be 24.49,
25.98, 32.36 and 33.47 kJ/mol for Co, Ni, Mo and Al metals, respectively. These findings were
demonstrated that the leaching process was controlled by surface chemical reaction.

There are many studies in the literature on the use of spent catalysts in the recovery of pre-
cious metals. In particular, most of them are related to acid leaching, optimization of process
conditions and highlighted the extraction of Mo, Co and Ni. Our study was compared with other
studies in terms of leaching parameters and percentages of metal recovery in the Table 4.

Table 4. Comparison of dissolution efficiencies and process conditions of the spent catalyst in literature.

Roasting Conditions Leaching Conditions Extraction Yield (%) References

T ¼ 500 �C
t ¼ 3 h

H2SO4 ¼ 6 M
T ¼ 30 �C
t ¼ 1 h
L/S ¼ 10

Mo ¼ 97
Co ¼ 87
Al ¼ 38

(Mohapatra and Park 2007)

T ¼ 450 �C
t ¼ 2 h

H2SO4 ¼ 10 g/l
T ¼ 100 �C
t ¼ 2 h
L/S ¼ 20

Mo ¼ 96
Co ¼ 91
Al ¼ 68

(Angelidis et al. 1995)

T ¼ 600 �C
t ¼ 2 h

H2SO4/HNO3 (3:1)
T ¼ 80 �C
t ¼ 120
L/S ¼ 15

Mo ¼ 96
Co ¼ 96

(Siemens, Jong, and Russell 1986)

T ¼700 �C
t ¼ 8 h

H2SO4 ¼ 1 M
T ¼ 90 �C
t ¼ 90min
L/S ¼ 12.5

Mo ¼ >90
Co ¼ >90

(Raisoni and Dixit 1988)

– HNO3/H2SO4/HCl (2:1:1)
T ¼ 70 �C
t ¼ 2

L/S ¼10

Mo ¼ 90
Ni ¼ 99
V ¼ 99

(Lai et al. 2008)

T ¼ 600 �C
t ¼ 90min

H2SO4 ¼ 9 M
T ¼ 90 �C
t ¼ 2 h
L/S ¼10

Mo ¼ 99
Ni ¼ 98
Al ¼ 98

(Valverde, Paulino, and Afonso 2008)

– Oxalic acidþH2O2 ¼ 0.5 Mþ 3 M
T ¼ 80 �C
t ¼ 3 h
L/S ¼ 15

Mo ¼ 90
V ¼ 94
Ni ¼ 65
Al ¼ 33

(Mulak et al. 2006)

T ¼ 550 �C
t ¼ 2 h

Tartaric acid ¼ 0.8 M
T ¼ 90 �C
t ¼ 2 h

L/S ¼ 12.5

Mo ¼ 93
V ¼ 94
Ni ¼ 83

(Marafi and Furimsky 2005)

T ¼ 550 �C
t ¼ 2 h

Citric acid ¼ 0.6 M
T ¼ 90 �C
t ¼ 2 h
L/S ¼ 10

Mo ¼ 94
V ¼ 94
Ni ¼ 85

(Marafi and Furimsky 2005)

T ¼ 500 �C
t ¼ 90min

Formic acid¼ 0.6 M
T ¼ 80 �C
t ¼ 90min
L/S ¼ 10

Mo ¼ 75.82
Co ¼ 96.81
Ni ¼ 93.44
Al ¼ 19.46

This study
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4. Conclusions

In this study, the dissolution process of Co, Ni, Mo and Al from the spent catalyst were investigated in
terms of the parameters; roasting temperature, roasting time, particle size, liquid/solid ratio, acid con-
centration, leaching temperature, leaching time and stirring speed. The experimental data evinced that
the roasting temperature and time quite effective on the recovery yields of metals. The maximum dis-
solved amounts of all metals were obtained at roasting temperature (500 �C) and time (90min.) condi-
tions. The findings that the dissolution rates of Co, Ni, Mo and Al hinges upon leaching time and
temperature. The highest dissolution rates of Co (97.15%), Ni (94.46%), Mo (76.42%) and Al (19.56%)
were achieved under optimum leaching conditions; roasting temperature, 500 �C; roasting time,
90min.; particle size, þ75� 30mm; liquid/solid ratio, 10ml/g; formic acid concentration, 0.6M; leach-
ing temperature, 80 �C; leaching time, 90min and stirring speed, 300 r/min. The kinetic results reveal
that the dissolution rates of all metals in the presence of formic acid are controlled by liquid film diffu-
sion and that the activation energy values (Ea) of Co, Ni, Mo and Al were found to be 24.49, 25.98,
32.36 and 33.47 kJ/mol, respectively. In terms of the results, formic acid could be preferred as an
organic leaching agent to dissolve Co, Ni, Mo and Al metals from the spent catalyst. The leaching pos-
sibility of precious metals from different industrial wastes in the presence of various leaching agents
will be investigated in further studies.
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