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 Abstract: The kinetics study of NCA leaching in the HCl system was proposed. Various 
kinetic models such as shrinking core, logarithmic rate law, and Avrami equation were 
used to find out the most appropriate kinetic models for this process. The effect of HCl 
concentrations, leaching temperatures, solid to liquid (S/L) ratio, and leaching duration 
were observed. The optimum conditions of NCA leaching were at HCl concentration of 4 
M, temperature of 80 °C, S/L ratio of 100 g/L, and leaching time of 1 h. The result shows 
that shrinking core model with diffusion control process of residue layer describes well the 
leaching mechanism in this research, which is indicated by the good fitting of coefficient 
values of correlation (R2) and confirmed by the activation energy values of Ni, Co, Al that 
were less than 40 kJ/mol. 

Keywords: NCA cathode waste; kinetics study; recycle; hydrometallurgical; Li-ion 
batteries 

 
■ INTRODUCTION 

Nowadays, the popularity of Lithium-ion batteries 
(Libs) increases as a result of the high demands of Libs in 
portable electronics like phones, power banks, laptops, 
and electric vehicles. One of the most popular cathode 
material used for Libs is Li0.8Co0.15Al0.05O2 (NCA) [1]. 
NCA batteries have some features of high capacity and 
high energy density of cathode material, which is beneficial 
for Libs, especially for electric vehicle applications [2-3]. 
Due to its high demand, the usage of NCA material is 
predicted to increase from 2015 to 2025 [4]. As a 
consequence, waste such as cathode scrap or spent libs can 
be generated in which the recycling process is indispensable. 

Hydrometallurgical is one of recycling method via 
leaching step using acids or base to leach out the valuable 
metal contained in material [5-8] which provide more 
advantages such as simple, low energy consumption, and 
high purity of product [9-10]. From our previous study, 
we focused on the investigation of re-synthesis NCA 

material via hydrometallurgical with various strong 
acids (HCl, HNO3, H2SO4) in the leaching system [11]. 
The result showed that the re-synthesis of NCA material 
from cathode waste has been succeeded and showed that 
the HCl leaching system is the most efficient process to 
recover the valuable metals in cathode waste. The 
recycled-NCA material had a comparable performance 
with commercial NCA, and it is promising to be adapted 
for large-scale production [11]. However, there are no 
reports about the study of leaching kinetics of ternary 
metals (nickel, cobalt, aluminum) using HCl from NCA 
waste, which is important for scaling up the production 
of recycled NCA. 

Hence, the present novel aspect is the study of 
leaching kinetic from NCA scrap using HCl. The various 
modeling equation is applied to predict the most 
appropriate modeling for kinetic study of NCA leaching. 
The effects of various HCl concentrations, temperatures, 
solid to liquid ratio (S/L), and leaching time were 
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investigated to obtain the optimized conditions of 
leaching. The study of NCA waste leaching kinetics in the 
HCl system is needed considering scale up production of 
the recycling process. 

■ EXPERIMENTAL SECTION 

Materials 

NCA scrap used in this research was obtained from 
a Battery Manufacturing Facility (Sebelas Maret 
University, Indonesia). NaOH was purchased from Asahi, 
Cilegon, Indonesia. Analytical grade of HCl (Merck, 
Darmstadt, Germany) was used in this research. 

Instrumentation 

The concentration of metals was measured using 
Atomic Absorption Spectroscopy (AAS/PinAAcle 900T 
Perkin Elmer, Waltham, MA, USA). The structure and 
morphology of NCA before and after leaching were 
analyzed using X-ray Diffraction (XRD) with a 2θ range 
of 10–70° (D2 Phaser Bruker, Germany) and Scanning 
Electron Microscopy (Jeol JSM-6510LA, Tokyo, Japan), 
respectively. 

Procedure 

Pre-treatment 
NCA scrap still consists of Aluminum foil (Al foil), 

binder (Polyvinylidene Difluoride/PVDF), conducting 
agent (Acetylene Black/AB), and active material 
contained valuable metals. NaOH dissolution was 
employed to separate the powder from Al foil. First, the 
collected 50 g of NCA scrap was cut into smaller size and 
then immersed with agitation in 200 mL of 5 M NaOH 
solution for 2 h. The Al foil reacted spontaneously with 
NaOH solution to form sodium aluminate then the 
powder can be detached from Al foil. The slurry was 
filtered to obtain the powder, which will be washed using 
demineralized water to eliminate the remaining NaOH 
during the dissolution process. The collected powder was 
heated in an oven at a temperature of 80 °C. Then, the 
PVDF and AB were burned via heat treatment at a 
temperature of 800 °C for 4 h. The powder was then 
minimized by grounding into smaller sizes to enhance the 
surface area of powder, which can be beneficial during the 
leaching process. 

Leaching process 
Determination of the optimum conditions. The 
leaching process was conducted in a 500 mL three-
necked batch reactor of Pyrex involving a water bath to 
maintain the specified temperature. The leaching 
conditions were performed at HCl. The leachate was 
then filtered to separate the filtrate from the residue. In 
order to find out the total concentrations of valuable 
metals (Ni, Co, Al), the powder was completely leached 
out in concentrated HCl. The filtrate was analyzed using 
Atomic Absorption Spectroscopy (AAS) to determine 
the concentrations of metals. The effect of acid 
concentrations, various temperatures, solid to liquid 
ratio (S/L ratio), and time of leaching were observed to 
find out the optimized conditions in this leaching process. 
The leaching efficiency was calculated using Eq. (1): 

Ct CX 100%
Ct
−

= ×  (1) 

where X is leaching efficiency of Ni, Co, Al (%), Ct is the 
total concentration of Ni, Co, Al (g/L), and C is the 
concentration of Ni, Co, Al at certain conditions (g/L). 
Kinetics. The shrinking core model, logarithmic rate 
law, and Avrami equation were studied to elucidate the 
suitable leaching kinetics during the process. 

Characterization of NCA waste before and after 
leaching 

The NCA powder before leaching and the residue 
of the leaching were analyzed using X-ray Diffraction 
(XRD) to investigate the structure of NCA before and 
after the leaching process. Scanning Electron 
Microscopy (SEM) was also employed to observe the 
morphology of NCA waste. 

■ RESULTS AND DISCUSSION 

Leaching Process 

HCl was used as a leaching agent during the 
leaching process. In order to evaluate the optimum 
conditions of the leaching process using HCl for 
recycling of NCA scrap, the various conditions of HCl 
concentrations, leaching time, S/L ratio, and 
temperatures during leaching were shown in Fig. 1. As 
shown in Fig. 1(a), the leaching efficiency of Ni, Co, Al 
increased up to  concentrations of 3 M  and tended to be  
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Fig 1. Effect of (a) HCl concentrations, (b) leaching duration, (c) S/L ratio, and (d) temperatures on NCA waste leaching 
 
constant from 4 M to 6 M. The increasing concentrations 
of HCl from 5 M to 6 M did not present a significant effect 
on leaching efficiencies after 60 min. It means that a 
continued increase in acid concentrations can impede the 
diffusion of metal ion and inhibit the reaction during the 
leaching process [12]. Therefore, the acid concentration 
of 4 M was selected. 

Fig. 1(b) presents the effect of reaction time (15– 
75 min) on the leaching efficiencies of Ni, Co, and Al at 
100 g/L S/L ratio, 80 °C. At high temperatures, the 
reaction between metals and HCl was rapid. As a result, 
the leaching efficiencies enhanced slightly with time. 
However, the leaching efficiencies of Ni, Co, and Al 
increased with the increasing duration of the reaction. Fig. 
1(c) shows the effect of S/L ratio (g/L) towards the 
leaching efficiencies of Ni, Co, Al. There was an 
insignificant difference in leaching efficiencies from 50 g/L 
to 100 g/L. Still, the increasing of S/L ratio after 100 g/L 
lead to the leaching efficiencies of metal ions decreases. It 
can be caused by the higher S/L ratio lead to a more 
viscous solution that can slow the reaction during 
leaching and resulted in low efficiency [12]. Next, the 
effects of leaching temperature are shown in Fig. 1(d). It 

can be seen that leaching temperature from 50–70 °C has 
a significant impact on the leaching efficiencies of Ni, 
Co, and Al, but tends to constant after 80 °C. This high 
temperature (80 °C) increases the reactivity of metal 
ions, which promote reaction acceleration during 
leaching [12]. However, a further increase in 
temperature (90 °C) resulted in the leaching efficiency 
near to the temperature of 80 °C. Also, it was difficult to 
control the leaching system at a temperature of 90 °C. 
Consequently, the temperature of 80 °C was selected. 
Therefore, the optimum leaching conditions in this 
study were chosen at the concentration of 4 M HCl, 
temperature of 80 °C, S/L ratio of 100 g/L, and leaching 
time of 60 min. 

Fig. 2 presents the leaching behavior at the 
optimum conditions of leaching. The result shows that 
the rapid reaction during the leaching process occurred 
at the beginning (0–15 min), then the reaction became 
slow, which is indicated from the curve that tends to be 
constant. The reactivity of HCl towards metals is very 
high, as reported in the previous study [11]. The metal 
oxides are converted from trivalent to divalent states of 
Ni and Co during reaction  on the leaching process [11].  
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Fig 2. Leaching behavior of Ni, Co, Al at optimum 
condition 

The reaction occurred during the leaching process 
between HCl and NCA scrap is explained in Eq. 2 [11]. 

( ) ( ) ( )

( ) ( ) ( )

( ) ( )

aq 0.80 0.15 0.05 2 s aq

2 aq 2 aq 3 aq

2 liq 2 g

3HCl LiNi Co Al O LiCl
0.8NiCl 0.15CoCl 0.05AlCl
1.5H O 0.5O

+

+ + +

+ +



 (2) 

The Kinetics Study of Leaching 

In this study, the leaching process involves the 
reaction between NCA and HCl as a solid phase and 
liquid phase, respectively. The leaching kinetic models 
possible occurred are shrinking core, logarithmic rate law, 
and Avrami equation. The equations of leaching kinetic 
were presented below [12-13]: 
Shrinking core model 
X k.t=  (3) 

( )1 31 1 X k. t− − =  (4) 

( )2 321   X 1 X k.t
3

− − − =  (5) 

Logarithmic rate law 
2( ln(1 X)) k.t− − =  (6) 

Avrami equation 
ln( ln(1 X)) lnk nlnt− − = +  (7) 

In Eq. (3–7), X is the efficiency of leaching, k is the 
constant in the reaction rate (1/min for Eq. (3–4) and 
1/(minn) for Eq. (7)) that is the slope of the plotted line, t 
is the time required for the leaching process (min). The 
activation energy of leaching using HCl can be calculated 

by the Arrhenius equation that presents the 
relationships between temperature and k value. The 
Arrhenius equation is shown in Eq. (8). 

Ea/RTk Ae−=  (8) 
where, k: Kinetic constant rate, 1/min; A: Frequency 
factor, 1/min; Ea: Activation energy, J/mol; R: Gas 
constant, (8.3145 J/mol K). 

Shrinking core 
The first prediction of leaching kinetic models in 

this study was the shrinking core model. The kinetic 
models for a shrinking core feature several forms of 
control: mass transfer process control of the liquid layer 
(Eq. 3), chemical reaction process control of the surface 
(Eq. 4), and diffusion process control of the residue layer 
(Eq. 5) [14]. 
Shrinking core Eq. (3): X k.t= . In this kinetic 
equation of the shrinking core model, the leaching 
process is controlled by the mass transfer process of the 
liquid layer. The plotted of X vs. t and Ea for Ni, Co, Al, 
respectively, is shown in Fig. 3(a-c). Some of the 
coefficient values of correlation (R2) for each metal are 
below 0.95, which indicated poor fitting of this equation. 

In this study, due to the high temperature and HCl 
concentration of leaching conditions, the high solubility 
of the metal ions that lead to rapid release into the bulk 
solution occurred. Also, the high speed of stirring  
(800 rpm) was used. Thus, the mass transfer process 
runs fast and can be ignored, according to the results of 
R2 values in the curves [12]. 

Shrinking core Eq. (4): ( )1 31 1 X k. t− − = . Previously, 

this kinetic model was successfully applied in the 
recycling of mixed spent Libs [15]. In this equation, the 
leaching process is controlled by the chemical reaction 
process of the surface. The kinetic and Ea curves of Ni, 
Co, and Al in this study are presented in Fig. 4. However, 
the R2 values of each curve have a low fitting degree (< 
0.95). This may be caused by the high reactivity of HCl 
towards metal oxide during leaching, resulting in fast 
reaction kinetics. As a consequence, the chemical reaction 
process of the surface can be negligible in this study. 
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Fig 3. The kinetic curve of (a) Ni, (b) Co, and (c) Al using shrinking core (Eq. 3). (d) the Arrhenius plot of Ni, Co, Al 
using shrinking core (Eq. 3) 

 
Fig 4. The kinetic curve of (a) Ni, (b) Co, and (c) Al using shrinking core (Eq. 4). (d) the Arrhenius plot of Ni, Co, Al 
using shrinking core (Eq. 4) 
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Shrinking core Eq. (5): ( )2 321   X 1 X k.t
3

− − − = . The 

last shrinking core model is controlled by the diffusion 
process of the residue layer and has been applied 
successfully in the previous study [14,16]. Fig. 5 
represents the curves of the kinetic equation and Ea of Ni, 
Al, and Al. All curves have high values of R2 (> 0.95), 
suggesting a high fitting degree of this kinetic model. 

Logarithmic rate law 
Another kinetic model for the leaching process is the 

logarithmic rate law model. Based on our previous study, 
the logarithmic rate law was successfully applied for the 
leaching process of valuable metals [17-20]. In this study, 
the plots of the logarithmic rate law model (Eq. (6)) are 
shown in Fig. 6. The curves exhibit a poor fitting of R2 
values (< 0.95). Chen et al. have selected this kinetic model 
due to the difference in leaching behaviors of valuable 
metals (Li and Co) [17]. In this case, the leaching 
behaviors of Ni, Co, and Al are similar (see Fig. 2); 
therefore, this kinetic equation is irrelevant to this study. 

Avrami model 
Kinetic equation related to leaching phenomena is 

the Avrami model. During the HCl leaching process, the 
NCA waste was nearly dissolved in HCl without the 
formation of a solid phase, which is the opposite of the 
crystallization process. Zhuang et al. have used this 
equation for the recycling process of LiNi0.5Co0.2Mn0.3O2 
using mixed acids of phosphoric and citric acids [21]. 
Other researchers reported that the Avrami equation 
had been succeeded in explaining the leaching kinetics 
of multi-metals [22-24]. Thus, the implementation of 
the Avrami model is appropriate to be used in this study. 

The curves of using the Avrami equation (Eq. 7) for 
Ni, Co, and Al are shown in Fig. 7. The R2 values are less 
than 0.95, which indicates the invalid fitting by this 
equation. The result showed that the value of n, which 
suggests the leaching behavior of metals, is obtained to 
be around 0.3-0.46. In our previous study [21], we have 
found that the leaching reaction initially occurred 
rapidly after several minutes, and then the reaction starts  

 
Fig 6. The kinetic curve of (a) Ni, (b) Co, and (c) Al using logarithmic rate law (Eq. 6). (d) the Arrhenius plot of Ni, 
Co, and Al using logarithmic rate law (Eq. 6) 
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Fig 7. The kinetic curve of (a) Ni, (b) Co, and (c) Al using the Avrami model (Eq. 7). (d) the Arrhenius plot of Ni, Co, 
and Al using the Avrami model (Eq. 7) 
 
to slow down. Based on previous studies, the value of n is 
in the range of 0.5–1 [21]. Therefore, it is predicted that 
the leaching mechanism in this study does not behave like 
the reverse crystallization mechanism proposed by the 
Avrami model. 

The summary of the activation energy calculation 
proposed by shrinking core, logarithmic rate law, and 
Avrami equation was presented in Table 1. The result 
exhibits that the most appropriate kinetics model of the 
HCl leaching process for NCA waste was the shrinking 
core, where the diffusion process is controlled by the 

residue layer (Eq. 3). From Table 1, it is marked that all 
curves of shrinking core Eq. (5) show good fitting lines 
higher than 0.95. Also, the results of activation energy (Ea) 
for Ni, Co, and Al were 21.75, 38.09, and 26.07 kJ/mol, 
respectively. The Ea values of all metals were lower than 
40 kJ/mol, confirmed that the leaching step was 
controlled by the diffusion process of the residue layer 
[25-26]. In this study, the Ea of Ni had the lowest value 
than Co and Al, indicating that the extraction process of 
Ni is easier than other metal, which is consistent with the 
leaching behavior in Fig. (2-5) [14]. 

Table 1. Summary of activation energy from various kinetic equations 

Metals 

Ea (kJ/mol) 
Shrinking Core  

Eq. (3) 
Shrinking Core  

Eq. (4) 
Shrinking Core  

Eq. (5) 
Logarithmic Rate 

Law 
Avrami Equation 

value R2 value R2 value R2 value R2 value R2 
Ni 11.0915 0.9495 10.7640 0.9288 21.7549 0.9569 65.7386 0.8064 18.1406 0.9363 
Co 6.1195 0.9121 7.2413 0.9344 38.0962 0.9751 72.1931 0.9423 28.2402 0.9274 
Al 9.1792 0.8745 9.5450 0.9334 26.0726 0.9642 78.7092 0.9609 22.9780 0.8636 
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Fig 8. XRD patterns of NCA waste before and after 
leaching for 15 min 

 
Fig 10. The mechanism of the leaching process using a 
shrinking core model 

 
Fig 9. SEM images of NCA waste (a) before and (b) after leaching for 15 min 

 
Material Characterization Before and After 
Leaching 

The comparison of XRD patterns between powder 
before and after leaching of 15 min is shown in Fig. 8. The 
XRD patterns of samples exhibit the structure of 
hexagonal α-NaFeO2 with space group R3m. There is no 
other crystalline chemical detected, indicating that only 
the dissolution of metals has occurred and no precipitates 
form during the leaching process [21]. However, the 
LiCoO2 phase found on the peaks of (104) and (018)/(110) 
suggests that the reduction of Co occurs during leaching 
[20]. 

The morphology of NCA waste before and after 
leaching (15 min) is shown in Fig. 9. It can be seen that 
the morphology of leaching residue is more amorphous 
due to the dissolution of the metal. Moreover, the loose 
particles originate from dense spherical particles which 
confirm the shrinking core phenomena due to acid 

leaching. The mechanism of the leaching process using 
a shrinking core model in Fig. 10 is following these steps: 
1st step: The diffusion process of leachant molecules 
from the bulk solution to the liquid-liquid interface. 
2nd step: The diffusion process whereby molecules are 
leached from the liquid-liquid interface via the diffusion 
layer to the unreacted core surface. 
3rd step: The reaction between leachant molecules and 
the solid core at the solid-liquid interface. The metal ions 
are dissolved and released into the bulk solution. 
4th step: The process of diffusing metal ions via the 
diffusion layer into the liquid-liquid interface. 
5th step: The process of the diffusion of metal ions into 
the bulk solution. 

■ CONCLUSION 

This study focused on the optimization and kinetic 
study of the NCA leaching process using HCl. The 
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optimum condition of leaching was at 4 M HCl 
concentration, 80 °C, S/L ratio of 100 g/L for 1 h. Various 
kinetic equation models were plotted to determine the 
suitable kinetic model in this study. The shrinking core 
model with diffusion process control of the residue layer 
could describe well the leaching mechanism and exhibited 
a good fitting line on the curve with R2 higher than 0.95. 
The activation energy of this process was higher than  
40 kJ/mol, which reveals that the leaching process was 
controlled by the residue layer. 
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