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Abstract 

As one of the hazardous and toxic solid wastes, spent catalysts need to be 

treated before the waste is discharged into the environment. One of the 

substances that need to be removed from the spent catalysts is the heavy 

metal ions and/or compounds contained therein. The method that can be 

applied is the extraction method using an acid solvent. In this study, the 

extraction process was carried out on spent catalysts samples from PT. 

Petrokimia Gresik. The focus of the study is on nickel extraction by varying 

the temperature in the range of 30–85 
o
C. A 1 M hydrochloric acid (HCl) 

solution was used as a solvent while the extraction process was 120 minutes. 

The experimental results show that the maximum nickel recovery of 14.70% 
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can be achieved at a temperature of 85 
o
C. Kinetic studies were carried out 

using two kinetic models. The results of both models evaluation on the 

research data show that the lump model gives better results than the 

shrinking core model. The average error percentage of the lump model is 

smaller than the shrinking core model. It indicates that the extraction 

process was controlled by the diffusion step through the ash layer in the 

solid and chemical reactions simultaneously. 

Keywords: Extraction, lump model, nickel, shrinking core model 

 

1 Introduction 

Various chemical industries, such as the oil, fertilizer, and petrochemical industries 

require catalysts to increase the rate of chemical reactions. The catalysts used can be  

solid catalysts containing different metal contents, such as nickel (Ni), iron (Fe), cobalt 

(Co), vanadium (V), molybdenum (Mo), and various other heavy metals [1]. The use of 

catalysts in the long term will make the catalyst saturated and no longer adequate for 

use. Thus, these catalysts will be replaced and disposed of as a used catalyst or what is 

usually called spent catalysts. Spent catalysts can not be disposed of directly into the 

environment because these catalysts are classified as hazardous solid waste. Therefore, 

this waste needs to be treated first with the aim of taking hazardous compounds, such as 

heavy metals contained in it. 

One of the spent catalysts solid waste treatment that can be done is extracting ions or 

compounds contained in the catalysts. This method is usually referred to as the leaching 

method. This method is a commonly used method and has been done by several 

researchers before. This extraction process requires a solvent to react and dissolve the 

metal ions and/or compounds. The solvents usually used are acidic solvents, both strong 

acids and weak acids [1], [2], [3], [4]. 

In this study, the extraction process was carried out using a hydrochloric acid 

solution. Furthermore, this research also studies parameters that have a significant 

impact on the extraction process, such as temperature. Temperature is an important 

parameter in the extraction process because temperature affects the rate of molecular 
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diffusion and the rate of chemical reactions. Furthermore, by studying the effect of 

temperature in the extraction process, the kinetic study of this process can be 

investigated by utilizing the existing kinetic models, such as the shrinking core model 

and the lump model. By studying the kinetics of the extraction process, a proper 

extractor can be designed. A proper extractor design must follow the applicable 

mechanism of the extraction process. Thus, the results of this study are expected to 

provide the appropriate information for the extractor design process. 

  

2 Research Methodology 

Materials. The main raw material of this research is the spent catalyst from PT. 

Petrokimia Gresik. These catalysts have a nickel content of 16.7% wt, where the largest 

nickel phase in these catalysts is nickel elements (metals) and nickel oxide compounds 

(NiO). In addition, another main material used is a 1 M hydrochloric acid (HCl) 

solution. This HCl solution acts as a solvent in this extraction process. 

 

Equipment. The main equipment used for the extraction process is a series of 

equipment consisting of a three–neck flask (as an extractor), stirrer and motor, 

condenser, water bath and thermostat (to maintain a constant operating temperature), 

and a thermometer. As a sample analysis instrument, the instrument used is Atomic 

Absorption Spectroscopy (AAS). 

 

Research procedure. 180 mL of 1 M hydrochloric acid solution was put into a three–

neck flask. After the equipments were assembled, the solution was heated to the desired 

temperature. In this study, the operating temperature was varied at 30, 60, and 85
o 

C. 

After the temperature was reached, 36 grams of the spent catalyst solids (<74 microns) 

were put into the extractor. This solids intake will be counted as t = 0. The extraction 

process lasted for 120 minutes where during the operation time, the sampling was 

carried out periodically at 5, 10, 15, 30, 60, and 120 minutes. The samples that had been 

taken would be separated first between the solid and the liquid phase. This separation 

process was carried out using a centrifuge which was operated at 1,000 rpm for 10 
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minutes. The supernatant formed was then analyzed for the nickel content in the 

solution using Atomic Absorption Spectroscopy (AAS) instruments. 

 

Data analysis. The data obtained from the analysis using the AAS instrument is 

processed to obtain the result in the form of nickel recovery percentage where the 

equation used to calculate the value is: 

  
   

       
         (1) 

where x is the percentage of nickel recovery, CNi is the concentration of nickel 

extracted during the extraction process in ppm, CNi,tot is the total nickel concentration 

extracted from raw materials in ppm. 

Furthermore, the nickel recovery data will be used to study the kinetics of the 

extraction process. There are two kinetic models applied in this study, namely the 

shrinking core model and the lump model. For the shrinking core model, the equations 

used are [5], [6], [7]: 

Diffusion in liquid film layer controlling :            (2) 

Diffusion in ash layer controlling :   –     –               –             (3) 

Chemical reaction controlling :   –   –                 (4) 

where x' is the nickel recovery fraction, kf, kd, and kr are the rate constants for the 

extraction process, and t is the operating time. For the lump model, the equations used 

are [8]: 

  

  
 [  

 

   –    
   

{   –    
 

 ⁄   –   }

   –    
 

 ⁄
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 (5) 

 

where   is a constant related to the rate at the chemical reaction step while   is a 

constant related to the rate at the diffusion step in the ash layer. 

Determination of the suitable mathematical model is done by calculating the 

percentage error of research data and simulation data. The equation used is as follows: 

   |
      

  –     
  

     
 |          (6) 
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where %E is the percentage of error,   
     is the percentage of nickel recovery from 

experimental data, and   
    is the percentage of nickel recovery from the simulation 

results of mathematical models. 

 

3 Results and Discussion 

Effect of temperature on nickel recovery. Temperature is a very important parameter 

and has a significant influence on determining the rate of the extraction process. In this 

study, the temperature used is in the range of 30–85 
o
C. The experimental results are 

presented in Figure 1. 

 

Figure 1. Effect of temperature on nickel recovery 

 

Figure 1 shows that the higher the temperature used, the more nickel can be obtained. 

In this study, the highest nickel recovery was obtained during the process at a 

temperature of 85 
o
C for 120 minutes, where the percentage of nickel recovery was 

14.70%. In general, the nickel recovery that occurs during the process can reach 1.44 

(for a temperature of 60 
o
C) and 2.25 times (for a temperature of 85 

o
C) compared to 

nickel recovery at a temperature of 30 
o
C. This phenomenon can occur because an 
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increase in temperature will enhance the kinetic energy of each molecule in the system. 

Consequently, each molecule will collide more often so that chemical reactions will also 

take place more quickly. In addition, an increase in temperature will also enhance the 

rate of diffusion, both molecular diffusion in the liquid film layer and diffusion in the 

ash layer in the solid. 

 

Kinetics study using the shrinking core model. The first kinetic model to be evaluated 

against the experimental data above is the shrinking core model. This model is the 

model most widely used by previous researchers in the hydrometallurgy or metal 

extraction process. The evaluation of this model is carried out using mathematical 

equations (2–4) and the evaluation results obtained are presented in Figure 2. 

 

 

Figure 2. Simulation results of the shrinking core model when (a) diffusion in the liquid film 

layer controlling; (b) diffusion in the ash layer controlling; (c) chemical reactions controlling 
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Figure 2 shows the simulation results of the experimental data. The simulation results 

show that the shrinking core model in which the diffusion step in the ash layer 

controlling is the best model to illustrate the overall mechanism during the extraction 

process. This can be concluded because the R
2
 value obtained in this model is better 

than the other two models (diffusion step in the film layer and chemical reactions that 

control the process). A good R
2
 value is an R

2
 value that is close to 1. 

The evaluation results obtained indicate that the diffusion step through the ash layer 

in the solid is the step with the slowest rate. In solids, there are pathways used for each 

molecule (both reactant and product molecules) to diffuse. This pathway has a small 

size so that the reactant molecules that diffuse from the surface of the liquid to the 

unreacted surface in the solid will interfere with each other with the product molecules 

that diffuse from the surface that has reacted in the solid to the liquid body. It causes 

diffusion through the ash layer in the solid to be the step that controls the extraction 

process. Thus, the total rate of nickel extraction from the spent catalyst is determined by 

the rate of diffusion in the solid (the slowest rate). 

Another parameter commonly used to evaluate the kinetics of a process is the 

activation energy. Activation energy is the minimum energy required for a reaction to 

occur. The value of this parameter can be found using the Arrhenius equation as follows 

[9]: 

       (–
  

  
) (7) 

 

          – 
  

  
 (8) 

 

where A is the collision frequency, Ea is the activation energy, R is the gas constant, and 

T is the absolute temperature. In this extraction process, the value of the collision 

frequency (A) obtained is 0.1384, while the activation energy value is 22.65 kJ/mol. 

According to Havlík, if the activation energy value is in the range of 20–35 kJ/mol, the 

extraction process is controlled by the diffusion and chemical reactions simultaneously 

[10]. Therefore, this kinetic study will be continued by using the lump model, which 

combines the two stages to prepare the mathematical model. 
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Kinetics study using the lump model. One of the weaknesses of the shrinking core 

model is that mathematical problem compiled in the model only assume one step that 

controls the extraction process; other steps are ignored because those steps are 

considered to have a very fast rate. In fact, in the solid–liquid extraction process, there 

are five steps involved in the system. For some cases, the use of assumptions as 

mentioned above does not represent the actual mechanism that occurs during the 

extraction process. As a result, the designed extractor will not be suitable for this 

process. Therefore, in this study, to complete the kinetic study, the lump kinetic model 

is evaluated against the experimental data where the equation used for the simulation 

process follows equation (5). The simulation results of the lump model are then 

compared with the evaluation results of the shrinking core model, where the diffusion 

step in the ash layer controls the extraction process. The comparison of the two kinetic 

models is presented in Table 1. 

 

Table 1. Comparison of the simulation results of the shrinking core model (diffusion step in the 

ash layer) with the lump model 

Time, 

minutes 

Nickel Recovery – 

Experimental, % 

Nickel Recovery - 

SCM*, % 

Nickel Recovery – 

Lump Model, % 
Error - SCM*, % Error – Lump, % 

30⁰C 60⁰C 85⁰C 30⁰C 60⁰C 85⁰C 30⁰C 60⁰C 85⁰C 30⁰C 60⁰C 85⁰C 30⁰C 60⁰C 85⁰C 

0 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

5 
1.92 3.02 3.66 0.74 1.17 2.35 1.41 1.89 3.04 61.35 61.28 35.67 26.56 37.42 16.94 

10 
2.41 3.16 4.32 1.29 1.96 3.49 1.99 2.67 4.28 46.36 37.90 19.23 17.43 15.51 0.93 

15 
3.13 3.68 5.46 1.75 2.60 4.51 2.43 3.27 5.23 44.07 29.27 17.44 22.36 11.14 4.21 

30 
3.61 4.13 6.88 2.84 4.09 6.83 3.43 4.60 7.34 21.32 0.91 0.78 4.99 11.38 6.69 

60 
4.39 5.65 9.73 4.44 6.24 10.10 4.83 6.46 10.27 1.08 10.36 3.80 10.02 14.34 5.55 

120 
6.51 9.34 14.70 6.73 9.27 14.67 6.78 9.05 14.30 3.33 0.76 0.23 4.15 3.10 2.72 

The average error percentage per temperature:      25.36 20.07 11.02 12.22 13.27 5.29 

The average error percentage per kinetics model:      18.82 10.26 

*
SCM: the shrinking core model with a diffusion step in the ash layer controls the process. 

 

Based on Table 1, the lump kinetics model provides better evaluation results than the 

shrinking core model. This can be concluded from the average error percentage for both 



International Journal of Applied Sciences and Smart Technologies 

Volume 3, Issue 2, pages 161–170 

p-ISSN 2655-8564, e-ISSN 2685-9432 

  
169 

 

  

models, namely 10.26% for the lump model and 18.82% for the shrinking core model. 

These results further corroborate the previous information that the spent catalyst 

extraction process using 1 M hydrochloric acid solution is controlled by the diffusion 

step through the ash layer and chemical reactions simultaneously.   

 

4 Conclusion 

Based on the experimental dan simulation results, temperature significantly affects 

the nickel extraction process from spent catalysts with hydrochloric acid as solvent. At a 

temperature of 85 oC, the nickel recovery can reach 14.70% after the process lasts for 

120 minutes. From the research data, the mechanism of the extraction process was 

studied and it was found that the rate of the extraction process was determined by the 

diffusion step through the ash layer in the solid and the chemical reaction step. Both of 

these stages occur simultaneously. The use of the lump model proves the conclusions 

obtained. Based on the average error percentage, the model gives a smaller error value 

than the shrinking core model. The average error percentage for the lump model is 

10.26%. 
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