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growth, and some of them did not adhere completely to the agar surface. 
This drawback could influence the inhibitory effect, due to the poor diffusion 
of the antimicrobials to agar media. While none of the membranes tested 
showed any inhibition zone against P. aeruginosa growth, it was observed 
that the bacterial cells did not grow on the surface of the membranes, compared 
to S. aureus MRSA growth, where we observed bacterial growth on the surface 
of Cs membranes. Our results are comparable to other studies, which show 
that the antibacterial effect of chitosan and nisin as well, depends on the 
bacterial strains [10,28,29]. 

 
Table 5. Inhibition zone diameter of membranes-forming solutions 

Membrane 
code 

Inhibition zone (mm) 
P. aeruginosa S. aureus MRSA 

Cs-S 10 11 
Cs-SN 24 24 
Cs-L 11 11 

Cs-LN 20 22 
Cs-50 8 9 

Cs-50N 20 22 
CC 10 11 

CCN 25 25 
Cs-SA 10 10 

Cs-SAN 19 24 
N 11 10 

 
 

 

Figure 10. Disk diffusion method: Inhibition zone of Cs and Cs-N membranes 
against A) Pseudomonas aeruginosa (G-), B) Staphylococcus aureus MRSA (G+) 
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CONCLUSIONS 
 
The use of antimicrobial peptides incorporated in the biopolymer matrix 

could provide better protection against bacterial colonization and infection of 
different wound types [30,31]. In this study, membranes were successfully 
prepared, via solvent casting method, from chitosan powder of different molecular 
weight and deacetylation degrees. The antibacterial effect of pristine chitosan 
was enhanced by blending nisin, an antimicrobial peptide already used in 
food preservation.  

The physico-chemical characteristics showed that the membranes 
developed had a good swelling capacity and water vapor transmission rate, 
which could provide a suitable environment for wound healing application. The 
optical characteristics showed that the membranes could provide UV protection, 
as genetic material from host cells can be affected by ultraviolet light exposure 
[22]. The antibacterial effect of the membranes, tested against two bacterial 
strains, common to wound infections, was confirmed by both membrane-
forming solutions and membrane as well. By using the chitosan-nisin blend, the 
inhibitory effect was higher, the two components working synergistically.  

These findings are comparable to previous studies [9,27,29,32], which 
show the effectiveness of nisin to human pathogenic bacterial strains and the 
use of AMPs in combination with chitosan could become a promising derivative 
with intense use in biomedical and pharmaceutical applications. Moreover, 
based on our results, the membranes based on low molecular weight chitosan 
with a higher deacetylation degree are the most suitable for wound healing 
application. 

 
 

EXPERIMENTAL SECTION 
 
Materials 

In this study, we used five types of chitosan, with different molecular 
weights (MW) and different deacetylation degrees (DDA%) or fraction of 
acetylation (FA), expressed differently due to the provider choice of describing 
the product. As described in literature, the fraction of acetylation of chitosan 
is situated in 0 to 1 range, 0 FA meaning polyglucosamine while 1 FA is 
considered chitin [14].  

Three types of chitosan of different MW and FA were obtained from 
Chitinor (Chitopharm S – MW 198 kDa, FA 0.19, Chitopharm L – MW 604 
kDa, FA 0.17, Chitopharm 50 – 190 kDa, FA 0.52), during one research 
project. One chitosan sample was obtained from Primex (ChitoClear 43010 – 
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MW 270 kDa, 95%DDA), and one chitosan powder was purchased from 
Sigma Aldricht (Chitosan low molecular weight – 50-190 kDa, 75-85% DDA). 
Acetic acid (CH3COOH) p.a., sodium hydroxide (NaOH) p.a ISO, sodium 
chloride (NaCl) p.a. ACS ISO, potassium chloride (KCl) p.a. ACS ISO, di-
sodium hydrogen phosphate (Na2HPO4) p.a. ACS, and potassium dihydrogen 
phosphate (KH2PO4) p.a. ACS, were purchased from Carl Roth. Nisin was 
purchased from MP Biomedicals. Mueller Hinton Broth, Mueller Hinton Agar 
was purchased from Carl Roth, hydrogen peroxide (H2O2) 30% puriss. p.a., 
reag. ISO, reag. Ph. Eur. and lysozyme (~100000 U/mg) were purchased 
from Sigma Aldrich.  

 

Preparation of chitosan membranes 

All chitosan (Cs) solutions were prepared as follows: 1g of chitosan 
powder was added to 100 mL of 1% CH3COOH solution (w/v). The mixtures 
were magnetically stirred (Witeg SMHS-3) at room temperature (RT) and 300 
rpm until complete dissolution. The solutions were filtered through six layers 
of sterile filter gauze to remove any undissolved particles. All chitosan 
solutions were left overnight for deaeration. Nisin (N) was dissolved in 1% 
CH3COOH solution (w/v) [27] and mixed with chitosan solution to give a final 
concentration of 10 mg/mL. The Cs and Cs-N membranes were prepared by 
the method of casting and evaporation of the solvent [26,33] with minor 
modifications: 10 mL of solution was cast in glass Petri plates (60 mm 
diameter) and dried at 37°C (Memmert UF 55 oven) overnight.  

 

Figure 11. Schematic representation of membrane preparation process 
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The resulting membranes were subjected to alkali treatment by pipetting 
15 mL of 1M NaOH and mixed on a rotary shaker (BIOSAN Sunflower Mini-
Shaker 3D) until the membranes were pealed off easily from the Petri plate 
surface. Thereafter, the membranes were washed with distilled water until 
neutralization. pH paper was immersed in the wash water to check the 
neutralization state [34]. Finally, all membranes were dried at RT for 24 hours 
in a pressed condition to avoid wrinkle formation as much as possible [35]. 

 

Moisture content and total soluble matter 

The moisture content of the Cs and Cs-N membrane was determined by 
the method of Yu et al. [36]. Membranes were weighed and dried overnight in 
a convection oven (Memmert UF 55 oven) at 105°C. The moisture content (MC%) 
was determined using the following formula: MC% = (m1 – m2)/m1 × 100, meaning 
m1 and m2 are the initial and final dry weight (g) of the chitosan membranes. 

Afterward, the same dry membranes were used for the determination 
of total soluble matter (TSM) according to the method reported previously in 
the literature [37]. Therefore, the previously dried membranes of known 
weight were submerged in distilled water. After incubation at RT for 24 hours, 
the membranes were taken out and dried overnight at 105°C. The weight of 
dry matter, that was not solubilized in water, was determined as follows: 
TSM% = (Wi-Wf)/Wi × 100, where Wi and Wf are the initial and final mass of 
the membranes.  

 

Swelling measurements  

Cs and Cs-N membranes, dried at a constant weight, were immersed 
in phosphate buffer solution at RT. Their weight was measured after 24 
hours, by removing the membranes from liquid and blotting with filter paper 
the excess of liquid. The swelling ratio (S), after 24 hours, was determined 
by the following equation: S = (Mt – M0)/M0, where M0 is represented by the 
mass of the dry membrane and Mt is the mass of the swollen membrane at 
24 hours. The results are expressed as gram of solvent sorbed per gram of 
dry membrane, S (gꞏg-1) [15].  

 

Water vapor permeability 

Chitosan membranes were fixed over the opening of a glass bottle 
containing 5 mL of distilled water. The system was weighed and the water 
vapor permeability was measured over time, at 37°C, by measuring the weight 
of the system. The water vapor transmission rate (WVTR) was calculated 
using this formula: WVTR = (W0 – Wt)/(tA) where W0 is the mass of the system 
at the initial weighing, Wt is the mass of the system at certain time t, while t is 
the measurement time and A represents the open area of the glass bottle. The 
results are expressed as grams per square meter per day (gꞏm-2ꞏd-1) [18,33].  
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Optical characteristics and thickness of membranes 

A Shimadzu UV-1900i UV-VIS spectrophotometer was used for 
measuring the transmittance and opacity of Cs and Cs-N membranes. 
Membranes were cut in strips and attached to the wall of the cuvette, while an 
empty cuvette was used as blank. Measurements were made in the wavelength 
range from 200 to 800 nm. The opacity of the membranes (Om) was determined 
by measuring the absorbance at 600 nm. The Om value, a parameter positively 
linked to film opacity, was calculated by the following equation: Om = A600nm/N, 
where A600nm is the absorbance of chitosan membrane at 600 nm and N is 
the membrane thickness (mm), measured by Vernier digital caliper [36].  

The thicknesses of chitosan membranes were measured using a 
Vernier digital caliper with a measuring accuracy of 0.01 mm. The thickness 
of each membrane was measured at six random points and the average 
thickness of membranes was calculated [37]. 

 

In vitro degradation 

In vitro degradation of the membranes was determined according to 
Mishra et al. [23] and Ma et al. [18].  

The degradation of Cs and Cs-N membranes at physiological 
conditions was made using PBS (phosphate buffered saline) solution (NaCl 
8 g/L, KCl 0.2 g/L, Na2HPO4 1.44 g/L, KH2PO4 0.245 g/L, pH 7.4) and PBS 
solution with lysozyme and H2O2. Samples of dried membranes were placed 
in 10 mL PBS solution (as control) and to mimic in vivo physiological 
conditions, PBS/lysozyme solution of 20,000 U/mL and 3.5% H2O2 in PBS 
were used. The samples were incubated at 37°C for 24 hours. Afterward, 
membranes were dried in an oven at 105°C for 24 hours and weighed again. 

The degradation at physiological conditions was calculated as 
follows: (Wdry f/Wdry i) × 100, where Wdry i is the initial mass and Wdry f is the 
final mass of membranes, after 24 hours. 

 

Antibacterial testing 

Antibacterial activity of chitosan membranes was tested using Gram-
negative bacteria Pseudomonas aeruginosa (ATCC 27853) and Gram-
positive bacteria Staphylococcus aureus MRSA (ATCC 43300) by agar disk 
diffusion method [38]. Bacterial inoculum of 0.1 a.u. (OD620nm), cultivated in 
Mueller Hinton Broth (beef infusion solids 2.0 g/L, casein hydrolysate 17.5 
g/L, starch 1.5 g/L), was spread by swabbing on Petri plates containing 
Mueller Hinton Agar (beef infusion solids 2.0 g/L, casein hydrolysate 17.5 g/L, 
starch 1.5 g/L, agar 17 g/L). Disk diffusion method was applied to both chitosan 
and chitosan-nisin forming solutions and membranes. The antibacterial testing 
of membrane-forming solutions was tested using sterilized filter paper disks 



PREPARATION, PHYSICO-CHEMICAL CHARACTERIZATION AND ANTIBACTERIAL PROPERTIES 
OF CHITOSAN AND CHITOSAN–NISIN MEMBRANES  

 

 
225 

of 7 mm diameter, which were placed onto the inoculated agar surface, and 
20 µL of the solution was pipetted on each disk. The antibacterial effect of 
membranes was tested similarly. Therefore, sterilized disks of chitosan and 
chitosan-nisin membranes (7 mm diameter) were placed carefully onto the 
inoculated agar surface. The Petri plates were placed at 4°C for two hours 
prior to the incubation step, at 37°C for 24 hours.  
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ABSTRACT. One of the challenges of smart and thin silica layers preparation 
on metallic substrates consists in the simultaneous network formation and 
introduction of corrosion inhibitors in it. Taking into account that both steps 
are affected by the temperature, it is really important to evaluate first its 
effect on the silica network formation. In this context, this paper aims the 
presentation of findings regarding the optimal heat treatment parameters in 
the preparation of thin silica (SiO2) coatings on zinc. These silica layers were 
prepared by sol-gel method (dip-coating technique) and were tested as 
protective films against zinc (Zn) corrosion. After optimization of several 
parameters such as the drying temperature, drying duration, the corrosion 
resistance of the coatings was evaluated mainly by means of electrochemical 
methods (electrochemical impedance spectroscopy and potentiodynamic 
polarization). The electrochemical evaluation corroborated with morpho-
structural characterization led to the conclusion that the SiO2 coatings have 
better protection properties when dried at 150°C for 1h.   
 
Keywords: zinc; sol-gel; silica coating; electrochemical impedance 
spectroscopy; potentiodynamic polarization curves 

 
 
 
INTRODUCTION  

 
Materials-oriented scientists manifest great interest in the last decades 

towards sol-gel techniques and coatings preparation on different substrates. 
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The sol–gel route is based on the evolution of a colloidal system through the 
formation of an inorganic or hybrid sol followed by its gelation to form a 
continuous polymer network (gel) [1]. Among these, due to their versatile 
applications, silica thin films have a great importance. Some of them aim to 
obtain superhydrophobic, anti-fogging [2], antireflective and increased light 
transmitting [3, 4] surfaces applicable on solar cells, eyeglasses, windshields 
and other optical areas. The deposition of silica coatings on coked alumina 
refractories, units of the petrochemical industry, can modify their surface and 
enhance their mechanical properties [5]. Last but not least, an important 
application of silica layers is due to their anticorrosion protective properties.  

The coatings prepared by sol-gel method showed great potential for 
the replacement of toxic pre-treatments and layers, like chromate conversion 
coatings, which have traditionally been used [6], but due to highly toxic 
hexavalent chromium salts, which cause DNA damage and cancer [1], they 
were banned [7, 8]. This method is an eco-friendly technique of metal surface 
protection against corrosion and offers many advantages, a few of them being 
the low processing temperature and the “green” coating technology, which 
means that the method is waste-free and excludes the stage of washing [6]. 
Sol-gel coatings act as barriers on the surface of the metal, blocking the 
access of corrosive media and enhancing the corrosion protection [9, 10]. 
Despite the fact that wide-ranging studies were made in the past decades, 
the relationship between the sol formation, gelation process parameters and 
the interface properties of these coatings are not very well known yet. To 
control and design the properties of these coatings, further studies are 
necessary [6]. The sol composition (molar ratio of components), the used 
solvent and catalyst (acid or base), the ageing and annealing temperature, 
and the thermal treatment duration are factors that determine the structure 
and subsequently the mechanical and optical properties, as well as the 
electrochemical resistance [2-5, 11] of the coatings.  

In previous works, we reported the preparation of mesoporous silica 
coatings by sol-gel method and the impregnation of their pore system with 
corrosion inhibitors [12, 13]. In other cases, they were doped with encapsulated 
corrosion inhibitors and polymerizable agents and consequently they exhibited 
self-healing properties [14-18]. 

In the cases of mesoporous coatings, surfactants were added to the 
precursor sols in higher concentration than the critical micellar concentration. By 
the heat treatment, the as formed micelles were transformed into pores that 
could host corrosion inhibitors. However, there are several nanoparticles (e.g., 
graphene oxide GO) that cannot be introduced in the mesopores formed in the 
abovementioned way, so in those cases this procedure is useless. From this 
perspective there is no need for the heat treatment at 410 °C mentioned in our 
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previous reports which was necessary only for the combustion of the micelles. 
In case of Zn, a supplementary complication occurs due to its behavior at 
elevated temperatures, more specifically exceeding 200 °C, when horizontal 
and vertical cracks could appear on the metal surface [19]. It also has a melting 
point of 419.5 °C. This is why a reconsideration of the thermal treatment of the 
silica coatings is necessary. 

Although it has a broad implementation, the heat treatment of silica 
coatings differs from one study to another [7, 9, 10] and from one metal to 
another. As it is of great importance to generate excellent adhesion between 
the Zn surface and silica coating, the influence of the temperature and its 
effects on the silica layers deposited on Zn needs to be further discussed. 
Moreover, in our previous work, aiming to develop a coating with both barrier 
and inhibitor carrier properties, it was reported that compact silica layers on Zn 
presented approximately the same anti-corrosive protection like the porous 
ones, which were obtained at higher temperatures [12]. This interesting and 
unexpected finding motivated the further investigation on how the thermal 
treatment affects the silica coatings properties 

In this work, a detailed investigation regarding the curing process of the 
silica coating was made to determine the optimal conditions (drying temperature 
and duration) for the preparation of silica coatings on zinc substrates by sol-gel 
method. To the best of our knowledge, a deep electrochemical investigation able 
to correlate the anti-corrosion properties of the coatings with the thermal 
treatment parameters of silica deposits on zinc was not yet reported. For this 
purpose, electrochemical impedance spectroscopy (EIS) and potentiodynamic 
polarization measurements were used. The morphology and structure of the 
silica were determined by SEM, and the thickness of the layer by AFM 
measurements. 
 
 
RESULTS AND DISCUSSION 

 
The corrosion protective properties of silica-coated zinc samples 

prepared in different experimental conditions (various drying temperatures and 
drying times) were tested in an aqueous solution of 0.2 g/l Na2SO4 (pH 5) 
by using electrochemical investigation methods.  

 
Influence of drying temperature 

In order to choose properly the drying temperature of the silica coatings, 
firstly, thermogravimetric analysis was performed. During the probe heating, it 
was noticed a total loss of 86,6% in a single step. (TG). This was attributed 
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to the evaporation of the ethylic alcohol at 59°C (DTG supplementary data 
are available upon request from the authors). Therefore, the first annealing 
temperature (a little bit higher than the solvent evaporation) was chosen to be 
80°C. On the other hand, in order to avoid the coating deterioration, the highest 
drying temperature was limited to 350°C. Next, several experiments were 
carried out in the interval between 80°C and 350°C in order to determine the 
optimal drying temperature of the silica protective coatings. All the coatings 
described in this study showed a glassy and transparent visual aspect.  

Figure 1 presents the Nyquist diagrams obtained for the samples 
dried at ambient temperature, 80°C, 150°C, 200°C and 350°C for 0.5h, 
respectively, recorded at OCP. At first sight, the largest diameter of the 
capacitive loop, which can be assigned to the polarization resistance (Rp), 
was noticed in the case when the protective layer was dried at 150°C. An 
inductive loop was observed at 350°C suggesting a change of the protection 
mechanism offered by the coating. 
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Figure 1. Nyquist impedance spectra of compact SiO2 layers on zinc substrate 

dried at different temperatures for 0.5 hours. Samples were immersed in Na2SO4 
electrolyte pH =5; spectra were recorded in 10 mHz −100 kHz frequency range. 

Insets: spectra of coated Zn dried at ambient temperature and 350 °C  
 

Impedance data were modelled using three different electrical circuits 
presented in Figure 2. The corresponding parameters obtained after fitting 
the experimental diagrams to an equivalent electrical circuit model are listed 
in Table 1. In all the cases, the accuracy of the fitting was estimated with the 



ELECTROCHEMICAL EVALUATION OF THE RELATIONSHIP BETWEEN THE THERMAL …  
 
 

 
231 

relative standard error percent for the equivalent circuit parameters (mostly 
below 10%) and the chi-squared χ2 value (around 10-3 or less). In Figure 2, 
Rs is the solution resistance, Rct and Qdl represent the charge transfer 
resistance and the constant phase element corresponding to the electrical 
double layer capacitance at the metal/solution interface, Rcoat and Ccoat are 
the coating resistance and capacitance, respectively, and L and R (Figure 2C) 
are the inductance and the resistance occurring when the coating was heated 
at high temperatures during drying, suggesting a structural change of the 
coating. 

 
Figure 2. Equivalent electrical circuits used to model the metal/electrolyte interface 
when the silica coating was dried at temperatures: ambient (A), 80 oC – 200 oC (B) 

and at 350 oC (C)  

In the case of drying at ambient temperature, the Warburg impedance 
in Figure 2A could be attributed to the diffusion of ions through the 
incompletely formed silica layer on zinc surface in which the polycondensation 
process continues taking place, as it is not finished at the moment of metal 
extraction from the gel and after drying it at low temperature. 

 
Table 1. Electrochemical parameter values for Zn/SiO2 coated samples calculated 

by non-linear regression of the impedance data using the equivalent electrical 
circuits from Figure 2. (n~0.79) 

 

Temp. 
°C 

Rs 
(kΩ∙ 
cm2) 

Ccoat 
(µF/ 
cm2) 

Rcoat

(kΩ∙ 
cm2) 

Qdl 
(µSsn/
cm2) 

Rct 
(kΩ∙ 
cm2) 

104∙W
(Ss5/ 
cm2) 

10-5 L 
(H∙cm2)

R 
(kΩ∙cm2) 

Rp 
(kΩ∙cm2) 

ambient 0.35 0.154 0.25 1.67 24.61 1.213 - - - 

80 0.14 0.328 0.16 5.55 143.10 - - - 143.26 

150 0.17 0.268 0.202 4.83 304.8 - - - 305.00 

200 0.61 0.085 2.61 2.67 172.80 - - - 175.41 

350 0.69 0.036 0.24 6.66 8.80 - 4.033 17.9 9.04 
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Figure 3. Potentiodynamic polarization curves recorded for bare Zn and Zn/SiO2 
samples at ambient temperature (A) and Zn/SiO2 samples thermally treated at 
different temperatures (ambient, 80 oC, 150 oC, 200 oC and 350 oC) for 0.5 h (B) 
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 The appearance of an inductive loop at high temperatures could be 
associated with the variation of the active surface area of the electrode and 
can be ascribed to an adsorbed intermediate relaxation. This type of 
behaviour was observed in other corroding systems too [22]. At these 
temperatures, also possible cracks may appear which explain the lower 
corrosion resistance of the coating (see also Figure 8). The results are 
similar with those reported previously in literature [1]. 

Further investigations were conducted by recording the potentiodynamic 
polarization curves of the various coated Zn samples heated at different 
temperatures (Figure 3). Bare Zn samples were used for comparison. 

Some kinetic parameters like corrosion potential (Ecorr), anodic (βa) 
and cathodic (βc) coefficients (representing the slopes of the fitted plots) were 
obtained by the Tafel interpretation of the polarization curves. The Tafel plots 
should be considered only an approximate evaluation method for the 
corrosion of coated metals, because the coatings themselves should be 
protective and are supposed to corrode only at pores. Nevertheless, the 
information extracted from the curves can give useful preliminary information 
about the corrosion resistance of the coatings [23]. 

𝑖௖௢௥௥ ൌ
ఉೌ∙ఉ್

ଶ.ଷ଴ଷ∙ோ೛∙ሺఉೌାఉ್ሻ
     (1) 

where βa and βc are the Tafel slopes determined from the polarization curves 
and Rp is the polarization resistance obtained from the impedance spectra. 

For all samples, the kinetic parameters obtained by Tafel 
interpretation (the corrosion potential Ecorr, cathodic and anodic Tafel 
coefficients βc and βa) are listed in Table 2. The corrosion current densities 
icorr were calculated by Stern-Geary equation, the polarization resistance 
values (Rp) were determined from impedance spectra. PE represents 
protective efficiency. 

 
 

Table 2. Corrosion parameters for coated zinc samples determined from Tafel 
interpretation of the polarization curves from Figure 3. 

 

Sample T Εcorr icorr βc βa Rp PE 

 oC 
(vs. Ag/AgCl, 

KCl) 
(V) 

(µA / cm2) (V/dec) (V/dec) (kΩ∙cm2) (%) 

Bare Zn ambient -0.830 16.030 - 0.048 1.30 - 

Zn/SiO2 

ambient -0.891 0.526 0.216 0.035 24.86 96.72 
80 -1.068 0.078 0.031 0.149 143.26 99.51 
150 -1.040 0.090 0.080 0.300 305.00 99.44 
200 -0.901 0.087 0.280 0.040 175.41 99.45 
350 -0.766 2.86 0.489 0.068 9.04 82.16 
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The protective efficiency of the coatings, PE, was calculated with the 
formula: 

𝑃𝐸ሺ%ሻ ൌ 100 ⋅
௜°೎೚ೝೝି௜೎೚ೝೝ

௜°೎೚ೝೝ
    (2) 

where i0corr is the value of the corrosion current density for the uncoated Zn 
sample, while icorr is the corrosion current density of the coated samples. 

The random change in the Tafel constants indicates a mixed inhibition 
mechanism where rates of zinc dissolution (anodic process) and oxygen evolution 
(cathodic process) are retarded by the presence of sol-gel coatings [24].  

Analyzing the polarization curves, it can be also seen that a decrease with 
three orders of magnitude of icorr is noticed (in comparison with the bare Zn) in 
the case when the drying temperature was 150oC. In this case, the protection 
efficiency reached 99.64 % suggesting that the coating is continuous, without 
cracks and able to protect successfully the zinc substrate. Consequently, for 
further experiments, the optimal drying temperature was chosen 150oC. 

 
Influence of heat treatment duration 

 After preparation, the coated samples were heated at the optimal drying 
temperature (150 °C) in a drying oven for 0.5 h, 1 h, 2 h and 4 h. The Nyquist 
impedance spectra from Figure 4 show the largest diameter of the capacitive 
loop corresponding to the polarization resistance at the duration of 1h of the 
drying process. It is believed that at this time the silica’s polycondensation is 
finished. After 4h, further heating of the coating could lead to structural changes 
that are not beneficial for the coating’s resistance (cracks may appear).  
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Figure 4. Nyquist impedance spectra of compact SiO2 layers on zinc substrate prepared 
at 150°C with different duration of heat treatment. Samples were immersed in Na2SO4 

electrolyte pH =5, spectra were recorded in 10 mHz −100 kHz frequency range. 
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The EIS spectra were fitted to the equivalent electrical circuit model 
from Figure 2B and the results are presented in Table 3. 

 
Table 3. Electrochemical parameter values for Zn/SiO2 coated samples dried at 

150oC for different intervals of time calculated by non-linear regression of the 
impedance data. (n~0.79) 

 

Heat 
treatment 
duration 

(h) 

Rs 
(kΩ∙ 
cm2) 

Ccoat 

(µF/ 
cm2) 

Rcoat 

(kΩ∙ 
cm2) 

Qdl 

(µSsn/ 
cm2) 

Rct 

(kΩ∙ 
cm2) 

Rp =Rcoat+ Rct 

(kΩ∙cm2) χ2 

0.5 0.17 0.268 0.20 4.83 304.80 305.00 1.74∙10-3 
1 0.58 0.084 2.37 3.89 468.20 470.57 7.12∙10-3 
2 0.73 0.085 1.66 3.57 323.60 325.26 5.35∙10-3 
4 0.21 0.107 0.78 3.12 242.80 243.58 3.52∙10-3 

 
It can be observed that the highest resistance of the coating was 

reached after 1h. In the same time, the charge transfer resistance Rct reaches 
a maximum, suggesting a braking of the corrosion process as compared to 
the coatings heated at lower or higher temperatures. This is due to better 
protective properties of the silica coating. 

The polarization curves corresponding to the corrosion behaviour of 
Zn/SiO2 samples heated at 150 oC for different intervals of time are presented 
in Figure 5. 
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Figure 5. Potentiodynamic polarization curves recorded for zinc and Zn/SiO2 

samples heated at 150 oC for different intervals of time. 
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The kinetic parameters of the corrosion process obtained by the Tafel 
interpretation of the above-mentioned polarization curves are listed in Table 4. 
As before mentioned, Ecorr is the corrosion potential, and βc and βa are the 
cathodic and anodic Tafel coefficients. The corrosion current densities icorr 
were calculated by Stern-Geary equation, the polarization resistance values 
(Rp) were determined from impedance spectra. PE represents the protective 
efficiency. 
 

Table 4. Corrosion parameters for coated zinc samples determined from Tafel 
interpretation of the polarization curves (Figure 5). 

 

Heat 
treatment 

Duration 

Εcorr icorr βc βa Rp PE 

(V vs. 
RE) 

(µA / 
cm2) 

(V/dec) (V/dec) (Ω∙cm2) (%) 

Bare Zn - -0.83 16.03 - 0.048 1.30 - 

Zn/SiO2 

0.5 h -1.040 0.090 0.080 0.300 305.00 99.44 

1 h -0.952 0.043 0.064 0.166 470.57 99.73 

2 h -0.980 0.077 0.077 0.232 325.26 99.52 

4 h -0.945 0.095 0.091 0.128  243.58 99.41 

 
 
Analysing the parameters listed in Table 4, one can conclude that the 

best performance belongs to the coatings dried at 150 oC for 1h. This is in 
agreement with the results obtained with EIS method. The corrosion current 
densities reported in our previous works [9, 12] for compact silica coatings 
prepared at high temperature of 410 oC were μA order, similar to those 
obtained at 350 oC, but a significant current drop was achieved only by using 
a silylating agent. By using lower annealing temperatures, such as 150 oC it 
can be observed the decrease of icorr with approximately two orders of 
magnitude without any further treatment.   

 
Atomic force microscopy  

In order to assess surface coverage and coating homogeneity, AFM 
analysis was conducted on Zn/SiO2 samples. The atomic force microscopy 
images on the pre-treated bare zinc sample show a relatively uniform surface 
with only a few remaining scratches after the polishing procedure (Figure 6 
A and B).  
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A.      A1.

      
 
B.      B1.

     
 

Figure 6. AFM images at two different magnifications (A, B) and high-resolution 
topographies (A1, B1) of Zn samples. 

 
The high-resolution topographies prove that the depth of these surface 

deformities is generally below 60 nm, with only a few reaching 100 nm 
(Figure 6 A1 and B1). In the same time, from our previous studies regarding 
the coating thickness [9, 12] we learned that compact silica deposits are 
about 130 – 250 nm thin depending on the number of layers. 

Similarly, AFM images of the coated surface point to a surface 
irregularity generally lower than 10 nm (Figure 7 A1, B1). Due to the 
effectiveness of the coating process, most surface deformities appear to be 
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covered by SiO2 (Figure 7A and B), while only a few crevices with more 
significant depth remaining visible on the AFM images (Figure 7 A). Overall, 
microscopy studies point to a good coverage of the zinc surface. 

 
A.      A1. 

            
B.     B1. 

     
 

Figure 7. AFM images at two different magnifications (A, B) and high-resolution 
topographies (A1, B1) of Zn/SiO2 samples dried at 150 oC during 1h. 

 
 

Scanning electron microscopy  

SEM images taken immediately after the silica coating deposition on 
zinc and after 2 weeks held in a corrosive solution of Na2SO4 (pH 5) clearly 
showed that the heat treatment at 350 oC causes the cracking of the silica 
coating from the beginning (Figure 8 B and D). These cracks explain the 
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lower corrosion protective efficiency of these layers (Table 2) [25]. On the 
contrary, the samples cured at 150 oC present a good coverage (Figure 8 A) 
and only few corrosion points even after 2 weeks of immersion in the 
corrosive medium (Figure 8 C). 

 
A. 

 

B. 

C. D. 

 
Figure 8. SEM images of silica coated Zn samples, thermal treated during 1 h 
after layer deposition at (A) 150 °C, and (B) 350 °C; after kept 2-weeks in 0.2 
g/L Na2SO4 solution (pH 5) for sample treated at (C) 150 °C and (D) 350 °C. 

 

 
 
CONCLUSIONS 

 
The preparation of thin sol–gel silica coatings on zinc substrates was 

optimized in order to enhance their anti-corrosion properties. SiO2 can 
improve the oxidation and acidic corrosion resistance of zinc due to its high 
heat and chemical resistance. After comparing the obtained results with that 
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of previous ones [12], one can conclude, that the heat treatment of the coatings 
between 80-200 oC caused an increasing anti-corrosion resistance, the 
corrosion current densities decreased approximately two orders of magnitude.  

The duration of the heat treatment also influences the properties of 
layers, and it was shown that the optimal time interval is 1 hour. Results have 
shown to be very promising and led to the conclusion that the SiO2 coatings 
have better protection properties when dried at 150°C for 1h. In these conditions 
can be obtained a quite compact, crack free and very good coverage of the 
Zn surface.  

Nevertheless, the electrochemical measurements have shown that 
the investigated system, even when prepared in optimized conditions, exhibit 
only limited barrier properties and after a while the pitting corrosion appears. 
This drawback could be diminished by hydrophobization, multi-layer 
deposition and/or doping. 
 
 
EXPERIMENTAL SECTION 

Materials 

 Tetraethyl-orthosilicate (TEOS, for synthesis, >99%, Merck), hydrochloric 
acid (HCl, purum, 37%, Fluka), ethanol (EtOH, a.r., >99.7%, Reanal), and 
distilled water were used for preparing the precursor sol. The electrochemical 
measurements were done in aqueous solution of sodium sulfate (Na2SO4, 
99%, Riedel-de Haen). 
 The Zn substrate (7x2cm) was polished emery paper (grade 1200, 
2000, 3000), then ultrasonicated in 2-propanol (2-PrOH, a. r., > 99.7%, Reanal), 
cleaned with 0.1M aqueous HCl solution and with 2-propanol before layer 
deposition. The active surface of the sample in electrochemical measurements 
was limited to 2 cm2.  

 

Precursor sol synthesis 

Silica precursor sols were prepared by acid catalysed, controlled 
hydrolysis of TEOS in ethanolic media. 0.1M aqueous HCl solution was used 
as a catalyst. The molar ratios for TEOS:EtOH:H2O:HCl were 1:18.6:5.5:1 
10-3 M. The solution was stirred for 60 min at ambient temperature. The 
precursor sols were stored at 25°C for 24 h prior to use [12].  

 

Preparation of the coatings 

 Before layer deposition, in order to remove any scratches from the 
surface of the Zn substrate, it was polished with emery paper. In the 
subsequent step, the substrate was ultrasonicated in 2-propanol solution for 
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2 minutes, then treated with 0.1M aqueous HCl solution followed by 2-
propanol solution and dried. 
 The sol-gel silica films on Zn were prepared from the above-mentioned 
precursor sol by dip-coating method (home-made dip-coater). The procedure 
consisted in the immersion of the cleaned and dried substrates in the precursor 
sol with a constant speed of withdrawal of 10 cm/min. The coated Zn was 
annealed at different temperatures (ambient temperature, 80°C, 150°C, 
200°C, 350°C) for 0.5h or at 150°C at different drying durations (0.5h, 1h, 2h, 
4h) with the aim of finding the optimal parameters to obtain favourable results 
consisting their anticorrosion properties. 
 

Electrochemical characterization  

 The electrochemical measurements were carried out in a three-
electrode cell containing a working electrode (the bare or coated Zn sample, 
S= 2 cm2), a counter electrode (platinum wire) and a reference electrode 
(Ag/AgCl/KClsat). All measurements were performed in 0.2 g/L Na2SO4 
solution (pH = 5.0) with a computer-controlled potentiostat (PARSTAT 2737). 
First of all, the open circuit potentials (OCP) were recorded during 1 h and 
after that, electrochemical impedance spectroscopy (EIS) measurements 
were performed in the frequency range 10 mHz −100 kHz, with a sinusoidal 
current of 10 mV amplitude, at OCP. Further, the polarization curves (E = ± 
200 mV vs. OCP) were recorded with a scan rate of 0.166 mV/s.  
 

Atomic force microscopy analysis 

The high-resolution topographies were recorded with an MFP-3D 
atomic force microscope (Asylum Research, Santa Barbara CA; driving 
software written in IgorPro 6.34A, Wavemetrics), using rectangular silicon 
cantilevers with a tetrahedral tip of a radius below 10 nm (AC240, Olympus, 
Optical Co. Ltd. Tokyo, Japan). The spring constant for each cantilever used 
was calibrated prior to measurements, according to standard built-in 
procedures [20, 21]. The images were recorded in a 50X50 μm and 2X2 μm 
surface area, respectively. All height images were first order flattened and 
plane-fitted in order to correct any sample tilt. 

 

Scanning electron microscopy analysis 

To study the morphological and structural properties of the coatings 
a Hitachi SU8230 ultra-high resolution scanning electron microscope was 
used. SEM measurements were conducted to investigate the surface 
morphology of the samples treated at high temperature such as 350 oC, 
compared with the samples cured on 150 oC for 1h.  
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Thermogravimetric investigation  

In order to establish the right working temperature interval, 
thermogravimetric analysis of the silica gel was carried out on a TGA/SDTA 
851e-METTLER, TOLEDO apparatus. The samples were placed in an Alumina 
900L sample holder. The measurements were carried out in a 60mL/min 
flow rate fed air atmosphere. 
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ABSTRACT. The paper reports the AMS (accelerator mass spectrometry) 
radiocarbon investigation results of two superlative elms from Romana, the 
very large field elm of Calafat, with a wood volume of 85 m3, and the wych 
elm of Sadova. Two wood samples were extracted from each elm and were 
analysed by AMS radiocarbon. The oldest dated sample from the elm of 
Calafat had a radiocarbon date of 350 ± 19 BP, which corresponds to a 
calibrated age of 415 ± 25 years, while the oldest sample from the elm of 
Sadova had a radiocarbon date of 188 ± 24 BP, corresponding to a 
calibrated age of 260 ± 25 years. These values indicate high ages for the 
two elms, namely 430 ± 25 years or the elm of Calafat and 400 ± 25 years 
for the elm of Sadova.  
 
Keywords: AMS radiocarbon dating, Ulmus minor, Ulmus glabra, 
dendrochronology, age determination, Romania.  
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INTRODUCTION 
 
Elms are deciduous flowering trees, which belong to the genus Ulmus 

L., in the Ulmacee family. Ulmus species are widespread in the temperate 
regions of the northern hemisphere, i.e., in Northern America, Europe and 
Asia. In Europe, including Romania, three species are the most common, 
namely the European white elm (Ulmus laevis Pall.), the wych elm (Ulmus 
glabra Huds.) and the field elm (Ulmus minor Mill.). Elms grow in broadleaved 
cool forests, which are found especially near rivers and floodplains [1,2]. 
 The story of elms is strongly marked by two destructive pandemics, 
determined by the introduction in the 20th century of the highly contagious 
fungal pathogen Ophiostorma. The two pandemics, caused in the 1920s by 
the micro-fungus O. ulmi and in the 1970s by O. novo-ulmis, are generally 
known as the Dutch Elm Disease (DED). The DED, which is one of the deadliest 
tree diseases, has devastated the elm populations from all over Europe and 
Northern America. The disease is transmitted by two species of the Scolytus 
elm-bark beetle or throughout the root network, leading to the death of elm 
trees in 2-3 years [1,2]. 

In 2005, we started a complex research project focused on elucidating 
several controversial problems regarding the architecture, growth and age of the 
African baobab and other baobab species. The research is based on an original 
method, which is not limited to deceased or fallen trees, but also allows to 
investigate and date live trees. The method consists of AMS radiocarbon dating 
of tiny wood samples extracted from different areas of such trees [3-9]. We 
extended our research by dating trees that belong to other tree species, 
including specimens from Romania.  

Romania hosts several monumental trees, which have large dimensions 
and/or old ages. Thus, we investigated and dated by AMS radiocarbon some 
remains of the historic pedunculate oak of Ţebea (deceased in 2005) [10], the 
large pedunculate oaks of Cajvana, Botoşana and Mercheaşa [11-13], the old 
black poplar of Mocod (deceased in 2017), the very big grey poplar of Rafaila 
(deceased in 2015) [14] and the old ash of Aiton [15].  

Here we present the investigation and AMS radiocarbon dating 
results of two old Romanian elms, namely the field elm of Calafat and the 
wych elm of Sadova. 

 
 

RESULTS AND DISCUSSION 
 
The field elm of Calafat and its area. The huge historic field elm (Ulmus 

minor) was located on the left shore of the Danube River, at only 5 m from the 
pier, in the place called Baba Lupa from Calafat, a town in Dolj county, Romania. 



RADIOCARBON INVESTIGATION OF TWO OLD ELMS FROM ROMANIA 
 
 

 
247 

The GPS coordinates are 43º59.971' N, 022º56.232' E and the altitude is 33 m. 
The mean annual rainfall is 360 mm (Craiova Airport station). 
 The elm was already a very large tree in the 19th century, during the 
Independence War (1877–1878). Standing right next to the elm, on May 8, 
1877, when a Turkish shell exploded at his feet, the future King Carol I of 
Romania uttered the memorable words: "This is the music I like!" [16]. 
 

 
Figure 1. General view of the very large field elm of Calafat 
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 In the early 1970s, the elm was investigated and measured by 
Stoiculescu. The tree had a height of 43 m and the circumference at breast 
height (cbh; at 1.30 m above mean ground level) was 6.63 m. The trunk was 
twisted forming clockwise spirals along its entire length. It forked at the height of 
4 m into two large branches, with diameters of 1.5 and 1.2 m (Figure 1). The 
canopy, which was asymmetrical, with a lean of over 30° towards the Danube, 
had a maximum diameter of 28 m and a projected floor area of 616 m2. The 
calculated overall wood volume was 85 m3 (Figure 2). The elm grew on alluvial 
clay-sandy soil, with the groundwater table at a depth of just 2 m [16].  
 In 2011, the circumference of the big elm was measured again and 
had a value cbh = 6.70 m. 
 

Figure 2. The photograph shows the twisted trunk of the elm of Calafat 

 
Unfortunately, in February 2015, the historic elm from Baba Lupa was 

cut down at the order of a local businessman and with the consent of the 
city's mayor. This irresponsible act on a protected Natural Monument was 
motivated by the fact that its crown had begun to dry up. The remaining 
stump, mutilated by the blade of a bulldozer, was completely removed after 
a few months (Figure 3). Ultimately, the elm was used as firewood. Thus 
ended the dramatic history of one of the largest trees of Romania. 
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Figure 3. Image of the mutilated stump of the elm of Calafat 

 
 

The wych elm of Sadova and its area. The multi-centennial wych elm 
(Ulmus glabra) is located in the Sadova village, a suburb of Campulung 
Moldovenesc city, Suceava county, Romania [17]. It can be found in a private 
garden, on a slope with south-eastern exposure, at a distance of around 50 
m from a stream called Pârâul Morii, very close to its confluence with the 
Sadova stream. The GPS coordinates are 47º32.619' N, 025º31.573' E and 
the altitude is 659 m. The mean annual rainfall is 626 mm (Suceava station). 
 The elm, which has a new canopy with young branches, has a current 
height h = 13.8 m and a circumference cbh = 6.77 m (Figure 4). Its state is 
degraded, with the trunk mostly empty inside.The very large hollow extends 
from the ground up to the maximum height of the trunk, i.e., 5.3 m. The main 
entrance to the cavity has a height of 1.53 m and a variable width, which 
does not allow a man to enter inside. The thickness of the dry and partially 
rotten wood left in the walls of the cavity varies between 0.10 and 0.40 m 
(Figure 5). Only three branches of the original canopy are still standing. They 
have diameters up to 0.70–0.80 m. The horizontal dimensions of the restored 
canopy are 18.2 m (WE) x 17.6 m (NS). The current overall wood volume 
(including the hollow parts) is around 18 m3. 
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Figure 4. General view of the wych elm of Sadova 
 
 
 Another large hollow elm with a circumference cbh = 5.03 can be found 
at only 24 m toward the north. During the Second World War, in the hollows of 
the two elms, archival documents of the Câmpulung Moldovenesc Military 
Circle, a number of 25 weapons, carpets and other valuables were stored. Both 
elms are protected and have been declared Natural Monuments in 1934.  
 

Wood samples. Two tiny samples, labelled CL-1 and CL-2, were 
extracted with a sharp instrument from the remaining stump of the elm of 
Calafat, shortly after it was felled, from an area close to the calculated pith.  

One wood sample, labelled SA-1, with the length of 0.15 m was 
collected with an increment borer from the elm of Sadova, at the height of 
1.61 m above ground. Two pieces/segments, each 10-3 m long (marked a 
and b), were extracted from determined positions of the sample SA-1. 
Another tiny sample, labelled SA-2, was extracted with a sharp instrument 
from the cavity, at the height of 1.45 m. 
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AMS results and calibrated ages. Radiocarbon dates of the 5 sample 
segments are listed in Table 1. The radiocarbon dates are expressed in 14C 
yr BP (radiocarbon years before present, i.e., before the reference year 1950). 
Radiocarbon dates and errors were rounded to the nearest year.  

Calibrated (cal) ages, expressed in calendar years CE (CE, i.e., common 
era), are also displayed in Table 1. The 1σ probability distribution (68.3%) 
was selected to derive calibrated age ranges. For two segments (CL-1, CL-2), 
the 1σ distribution is consistent with two ranges of calendar years, while for the 
other two sample segments (SA-1b, SA-2) it corresponds to three and four 
ranges of calendar years. In all these cases, the confidence interval of one range 
is considerably greater than that of the other(s); therefore, it was selected as the 
cal CE range of the segment for the purpose of this discussion. 
 

 
Figure 5a and b. The image shows the lower (a) and upper part (b)  

of the large inner cavity of the wych elm 
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Table 1. AMS Radiocarbon dating results and calibrated ages of samples collected 
from the elm of Calafat (CL) and from the elm of Sadova (SA). 

 

Sample 
code 

 

Depth1 

[height2] 

(m) 

Radiocarbon 
date [error] 
(14C yr BP) 

Cal CE range 1σ 
[confidence  

interval] 

Assigned 
year 

[error] 
(cal CE) 

Sample 
age 

[error] 
(cal CE) 

CL-1 
 

1.05 
[0.80] 

345 [± 20] 
1490-1524 [25.7%] 
1572-1630 [42.6%] 

1601 
[± 29] 

415 
[± 30] 

CL-2 
1.25 

[0.80] 
350 [± 19] 

1486-1521 [30.0%] 
1578-1624 [38.3%] 

1601 
[± 23] 

415 
[± 25] 

SA-1a 
 

0.05 
[1.61] 

- - > 1950 > Modern 

SA-1b 
0.12 

[1.61] 
105 [± 18] 

1696-1724 [21.7%] 
1812-1838 [19.3%] 
1878-1915 [27.2%] 

1896 
[± 18] 

125 
[± 18] 

SA-2 
0.40 

[1.45] 
188 [± 24] 

1664-1682 [14.9%] 
1736-1785 [37.9%] 
1794-1802 [6.0%] 

1936-... [9.5%] 

1760 
[± 25] 

260 
[± 25] 

1 Depth in the wood from the sampling point. 
2 Height above ground level. 
 

For obtaining single calendar age values of sample segments, we 
derived a mean calendar age of each sample segment, called assigned year, 
from the selected range (marked in bold). Sample/segment ages represent the 
difference between the year 2016 CE (for samples CL-1 and CL-2, when the 
elm of Calafat died) or the current year 2022 CE (for samples SA-1 and SA-2) 
and the assigned year, with the corresponding error. Sample ages and errors 
were rounded to the nearest 5 yr. We used this approach for selecting calibrated 
age ranges and single values for sample ages in our previous articles on AMS 
radiocarbon dating of large and old angiosperm trees [3-15,18-21]. 

 

Dating results of samples (segments). For the elm of Calafat, the two 
samples extracted from the mutilated stump, i.e., CL-1 and CL-2, had very close 
radiocarbon dates of 345 ± 20 BP and 350 ± 19 BP. These values correspond 
to quasi-identical calibrated ages of 415 ± 30 and 415 ± 25 calendar yr. 

For the elm of Sadova, the oldest dated sample SA-2 had a radiocarbon 
date of 188 ± 24 BP, which corresponds to a calibrated age of 260 ± 25 
calendar yr. The deepest end of sample SA-1, namely SA-1b, had a radiocarbon 
date of 105 ± 18 BP, corresponding to a calibrated age of 125 ± 18 calendar 
yr. The negative radiocarbon date and the age of segment SA-1a shows that 
the elm of Sadova grew the last 0.05 m in radius in less than 72 years.  
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Age of the field elm of Calafat. The two samples CL-1 and CL-2, which 
have practically identical ages, namely 415 years (in 2016), were collected 
from an area which includes the calculated pith of the stump, at a distance of 
0.20 m from each other. These results suggest that the true pith was positioned 
between the two sampling points. All these data indicate an age of 430 ± 25 
years for the elm of Calafat in 2016, when it was cut down. It should be noted 
the excellent state of vegetation of the field elm of Calafat, whose stump did 
not have hollow parts. Typically, very large and old elms have their trunk 
mostly hollow, with little wood left in the cavities. It is worthful to mention that 
for almost 40 years, between the measurements of Stoiculescu and our 
measurements, the elm of Calafat increased in circumference by only 0.07 m, 
i.e., from 6.63 to 6.70 m. This value indicates a very old age. 

 

Age of the wych elm of Sadova. The oldest sample SA-2 was extracted 
from the large inner cavity, at a depth in the wood of 0.40 m from the bark 
and at a height of 1.45 m above ground. At this height, the diameter of the 
tree is 2.10 m, which corresponds to a radius of 1.05 m. Taking into account 
that young elms grow fast, while old elms grow very slowly, we estimate that 
the age of sample SA-2, namely 260 years. represents around 65% of the 
true age of the tree. Therefore, we consider that the wych elm of Sadova is 
400 ± 25 years old. 

 
 

CONCLUSIONS 
 
Our research discloses the AMS radiocarbon dating results of the 

giant field elm of Calafat, with a wood volume of 85 m3, and of the wych elm 
of Sadova. Two samples were extracted from each elm. The radiocarbon 
date of the oldest sample collected from the elm of Calafat was 350 ± 19 BP, 
which corresponds to a calibrated age of 415 ± 25 calendar years. The oldest 
sample from the elm of Sadova had a radiocarbon date of 188 ± 24 BP, 
corresponding to a calibrated age of 260 ± 25 calendar years. These results, 
combined with the original positions of the dated samples in the trees, 
indicate an age of 430 ± 25 years or the elm of Calafat and 400 ± 25 years 
for the elm of Sadova. 
 
 
EXPERIMENTAL SECTION  

 
Sample collection. The sample SA-1 was collected with a Haglöf CH 

800 increment borer (0.80 m long, 0.0108 m inner diameter). A number of 
two tiny pieces/segments were extracted from predetermined positions along 
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the sample. The other three small samples, i.e., CL-1, CL-2 and SA-2, were 
extracted from predetermined positions with a sharp instrument. The sample/ 
segments were processed and investigated by AMS radiocarbon dating. 

 

Sample preparation. The α-cellulose pretreatment method was used 
for removing soluble and mobile organic components [22]. The resulting 
samples were combusted to CO2, which was next reduced to graphite on iron 
catalyst [23,24]. The resulting graphite samples were analysed by AMS. 

 

AMS measurements. AMS radiocarbon measurements were performed 
at the NOSAMS Facility of the Woods Hole Oceanographic Institution (Woods 
Hole, MA, U.S.A.) by using the Pelletron ® Tandem 500 kV AMS system [25]. 
The obtained fraction modern values, corrected for isotope fractionation with 
the normalized δ13C value of -25 0/00, were ultimately converted to a 
radiocarbon date. 

 

Calibration. Radiocarbon dates were calibrated and converted into 
calendar ages with the OxCal v4.4 for Windows [26], by using the IntCal20 
atmospheric data set [27]. 
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ABSTRACT. Recycling Li-ion batteries (LIBs) is a globally discussed issue 
in relation with waste management and environmental protection. This review 
reports the recent research and industrial progresses in LIBs recycling. After 
a brief introduction concerning the importance of LIBs recycling, and their 
structure and applications, the main aspects dedicated to LIBs recycling 
(pre-treatment, pyrometallurgical and hydrometallurgical processes) are 
presented. Greater attention has been paid to the hydrometallurgical 
processes due to their complexity but also because they can lead to the 
production of valuable products without a high ecological impact (compared 
to pyrometallurgical ones). Given that today, worldwide, only about 5% of spent 
LIBs are recycled, the data presented in our review can inspire the design 
and implementation of competitive technologies that fit into a sustainable 
circular economy that preserves the primary resources and ensures the 
environmental protection. 

Keywords: Li-ion batteries recycling, pre-treatment, pyrometallurgy, 
hydrometallurgy, environmental protection. 

 
 
 
INTRODUCTION 

Spent LIBs recycling challenge 

In the coming decades, the global production of LIBs will increase 
significantly due to the growing demand from the electric vehicles (EV) and 
portable electronics (PE) [1, 2]. At the same time, there is a growing concern 
about the supply of raw materials, especially rare metals such as Co. In this 
context, LIBs recycling provides crucial solutions for: (i) securing the supply 
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of raw materials, (ii) compensating of price fluctuations, (iii) reducing pollution 
and (iv) preserving of mineral resources [3, 4]. According to literature, China 
is the largest market for LIBs recycling and, by 2040, more than 50% of spent 
LIBs (equivalent to 4.3 million tonnes) will be recycled in China. Although, at 
the beginning of 2020, most of the available LIBs for recycling came from 
consumer electronics, starting from 2025, the EV sector will significantly 
dominate the LIBs recycling market [5]. 

LIBs structure and advantages 

LIBs are mainly composed of housing, anode, cathode, separator, 
electrolyte, and other components [6, 7]. The cathode is made of metal 
oxides (including Li), the anode is a porous structure of carbon (graphite) that 
contains Li atoms, and the electrolyte solution consists in a solvent (organic 
or aqueous) containing a Li salt and additives. LIBs are manufactured in 
different geometries according to their beneficiaries’ requests. 

Considering LiCoO2 and graphite as typical electrode materials, as 
presented in Figure 1, the charging/discharging of LIBs consists in the Li 
oxidizing/reducing processes, simultaneously with the transport of Li+ ions 
between the two electrodes. The corresponding electrochemical reactions 
are [5, 8, 9]: 

Cathode: LiCoO2  Li1-x CoO2 + xLi+ +xe- 

Anode: 6C + xLi+ +xe-  LixC6 

Total reaction: LiCoO2 + 6C  Li1-x CoO2 + LixC6 
 

 
Figure 1. Schematic presentation of the LIBs charging - discharging processes 

 

Among other aspects, the efficient energy storage is the key factor 
for the future of decarbonisation [9]. Due to the included components, 
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operation mode, advantages, and their role in a sustainable future, LIBs play 
an important role in the energy storage, being currently the most competitive 
type of battery [5, 10, 11].  

The efficiency and low cost of LIBs favour the development and the 
number increase of EVs and hybrids. The high gravimetric and volumetric 
energy density of LIBs and their mass production has brought the price of 
electric vehicles closer to the classical ones. In terms of operating costs, the 
price of electricity for the operation of EVs is lower than the cost of fuel for 
internal combustion engines [11, 12]. 

Types of LIBs and their recycling assessment 

Due to its complexity, the cathode material represents an essential 
element of LIBs, and, depending on its composition, several types were 
developed. The most known 6 models of LIBs are presented in Table 1, along 
with some specific parameters. 
 

Table 1. Types of LIBs depending on the cathode material [5, 13] 

Cathode 
material 
(Battery 

type) 

Cost 
Thermal 
stability 

Life cycles Applications Safety 

LiCoO₂ (LCO) High 
Low 

150°C 
Short 

(500÷1000) 
Mobile Phones, 

Cameras, Laptops 
Poor 

LiMn₂O₄ 
(LMO) 

Low 
High 

250°C 
Short 

(300÷700) 
EV, power tools, medical 

instruments 
Moderate 

LiNiMnCoO₂  
(NMC) 

High 
Moderate

210°C 
Moderate 

(1000÷2000)
Power tools, e-bikes, EV, 

home energy storage 
Moderate 

LiNiCoAlO₂ 
(LCA) 

Low 
Moderate

150°C 
Moderate 

(2000) 

Medical devices, 
industrial applications, 

EV 
Poor 

LiFePO₄ 
(LFP) 

High 
High 

270°C 
Long 

(3000÷7000)
Starter Batteries, high 
current applications 

Excellent 

Li₄Ti₅O₁₂ 
(LTO) 

Very 
Low 

Excellent Long 
Electric powertrains, 

solar streetlights 
Excellent 

 
From the types of LIBs included in Table 1, LCOs, NMCs and LFPs 

are the most used, and, therefore, they will present the largest percentage of 
recycled spent LIBs. Related to these 3 types, Table 2 presents the mass 
percentage of the different components of LIBs, and Table 3 details the 
elementary mass composition of cathode materials [14]. 
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Table 2. Composition of different types of LIBs [14] 

Battery 
type 

LIBs composition [%] 
Al cathode 

current 
collector 

Cathode
active 

Material 

Cu anode 
current 

collector 

Anode
active 

material
Electrolyte Housing 

Sepa-
rator 

LCO 4 41 7 18 10 17 3 
NMC 7 26 17 15 10 22 3 
LFP 6 25 10 13 16 27 3 

 
Table 3. Composition of active cathode material [14] 

Battery type 
Cathode composition [%] 

O Co Li Mn Ni Fe P 
LCO 33 60 7 - - - - 
NMC 21 39 5 17 18 - - 
LFP 41 - 4 - - 35 20 

 
Given the high ratio of valuable metals in LCO and NMC cathodes 

and the popularity of these models in many consumer applications, their 
recovery will become increasingly important. The recovered materials could 
be used to produce new batteries, reducing the manufacturing costs. At 
present, these materials represent more than half from the batteries cost [15]. 

The price of Co reached the highest level in 2018, due to its increased 
demand for EVs production. The growth appeared because the cars’ 
manufacturers tried to secure the long-term supplies of Co to be used in LIBs 
[16, 17]. The concentrations of valuable metals in LIBs (Li, Co, Ni, Mn) can 
exceed their concentrations in the natural ores. If these metals can be widely 
recovered from spent LIBs in a more economical way than the extraction 
from natural ores, the price of PE, and EVs should decrease [15]. In Table 4, 
the estimated values of the recycled metals from LIBs are presented. 
 

Table 4. Estimated values of the recycled metals from LIBs [18] 

Battery 
type 

Price/ton of spent LIBs [USD] 
Co Li Mn Ni Fe Cu Al  Total 

LCO 20100 473 - - - 472 72 21117 
NMC 13065 338 153 2698 - 1146 126 17526 
LFP - 270 - - 43 674 108 1095 

 
As it can be seen from Table 4, the recycling of LCO LIBs is the most 

advantageous due to the high Co value, followed by NMC batteries. At 
opposite, the LFP batteries recycling is economically unattractive due to the 
lack of valuable metals. 
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Assuming a LIBs collection rate of 65% and a Li recycling efficiency 
of 57%, the value of the recovered materials (Co, Ni, Al and Li) could reach 
$ 408 million in 2030, contributing to the preservation of these materials into 
EU economy and the creation of 2,618 jobs [19]. In terms of the LIBs 
recycling contribution to the supply chain security, it could reduce the globally 
demand for both Li and Co from ores [20-22]. Countries with the highest 
battery recycling rates include Belgium, Finland, France, the UK, the USA, 
Canada, and China. Most of these countries are based on European battery 
recycling initiatives [8]. Among the listed countries, the relevant common 
features of the recycling systems include: (i) collection and recycling systems 
with clear objectives; (ii) development of visually attractive containers for 
collecting of spent batteries; (iii) involvement of producers and traders in the 
collection process; (iv) efficient transport regulations for LIBs; (v) partial 
taxation of the producers and traders for the recycling process; (vi) 
application of hydrometallurgical treatments for metal refining; (vii) green tax. 
Incorporating these features is essential to the success of LIBs recycling 
systems. 
 
 
LIBs RECYCLING PROCESSES 
 

The waste management of LIBs includes a series of steps, starting 
with collection, sorting, and transport of the waste, followed by recycling 
using pre-treating, and pyrometallurgical (PMP) and/or hydrometallurgical 
(HMP) processes [23]. 

Pre-treating processes 

The pre-treating processes (PP) involved in the LIBs waste recycling 
are based on the physical properties of the materials (density, magnetic 
susceptibility, electrical conductivity, etc.) and they include “Discharging-
Shredding-Crushing-Sieving-Separation” [24]. The products resulting from 
PP are metallic and non-metallic fractions. The metallic fraction represents a 
mixture of various metal: Mn, Li, Co, Ni, Al, Cu, etc. [25, 26]. 

In addition to the previous invoked phases, PP may also include 
drying steps [27-29]. Most of the spent LIBs PP includes a first discharging 
step [30-33] by immersion in a solution of NaCl 5% and then drying [34]. The 
cells are discharged or short-circuited to reduce the electric-shock hazard, to 
recover the remaining energy, and allow safe disassembly and grinding [35-
37]. 
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After the complete discharge, LIBs are disassembled manually or 
mechanically. Depending on the type of the recycled LIBs, the obtained parts 
after disassembling can be divided into metal or plastic housings, cables, 
battery management units, anode, cathode, and organic compounds [38]. 
The housing and organic membranes can be treated in a centralized mode 
due to their high purity and value in the market [39]. The active anode and 
cathode materials represent a mixture of oxides (LiCoO2, LiNixCoyMnzO2, 
LiMn2O4, LiNiO2 and LiPePO4), a small amount of conductive agent, and a 
polyvinylidene fluoride binder (PVDF). Due to the complex structure and 
composition of those materials, the recovery of the cathode material has 
become the most studied in this field [14, 39-45]. 

The separation of cathodic and anodic materials from the Al or Cu 
foils represents the first step to recover the electrode materials. The bonding 
strength between graphite and Cu foil is relatively weak, making it easy to 
break. After the battery disassembling, some graphite can be separated from 
the Cu foil and recycled. The industrial recovery of waste graphite is 
necessary, but the existing methods for graphite recycling are not feasible 
for large-scale industrial processes due to excessively high costs [29]. The 
cathode material is more difficult to separate due to the strong adhesion onto 
the Al foil substrate and need to follow a separation process [46, 47]. 

The mechanical separation includes the shredding, drying, and 
sieving of the electrode materials to obtain a powder fraction (black mass), 
followed by hydraulic (flotation), magnetic or pneumatic separation. 

The drying step aims to remove the electrolyte. At temperatures 
above 100 °C and low pressure, the organic electrolytes are vaporized. The 
organic solvents from the electrolyte present in LIBs are a mixture of carbonates 
such dimethyl-, ethyl-, methyl-, diethyl-, propylene-, and ethylene-carbonate. 
The vapours can be recovered by condensation or burned for energy 
recovery [48]. Elimination of the electrolyte leads to an improved separation 
process and minimizes the possibility of obtaining impure products. Sieving 
process allows to separate the rests of plastic, paper, Cu, Al from the black 
mass, leading to a fraction that contains only valuable materials like Li, Ni, 
Co and Mn, that can be recovered in a further process. 

Pyrometallurgical process 

The pyrometallurgical process (PMP), representing a branch of extractive 
metallurgy or metals recycling from spent LIBs, includes stages of incineration, 
melting in electric arc or plasma discharge furnaces, sintering, and gas phase 
reactions at high temperatures [49-51]. For LIBs recycling using PMP, the 
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waste is heated up to 1000°C or more [52], to recover the Li salt and other 
materials from the electrodes [53, 54]. 

For LIBs recycling, the physical-chemical properties of the batteries 
are crucial for the choice of PMP conditions because, unlike the ore, LIBs 
contain various materials such as plastic, metals, oxide, carbon, salts, and 
organic solvents. Some of them are volatile, flammable, sensitive to water, 
toxic and unstable at high temperatures [55].  

PMP for recycling of spent LIBs involves pyrolysis. The electrolyte 
solvents are first removed [56, 57] at temperatures above boiling point, of 
approx. +250 ° C. In spent LIBs is also present the carbon (graphite) which, 
in mixture with the active materials of the electrodes, can act in PMP as a 
reducing agent or is burned in the calcination stage. The binders used in LIBs 
for the preparation of electronic materials (for example, PVDF) can generate 
CO2, PF5, HF etc. [51, 58, 59] therefore for these toxic gases must be 
ensured their capture and treatment to avoid air contamination [59]. On the 
other hand, binders may be dissolved in an organic solvent [60]. 

Sometimes, the removal of organic materials and graphite from spent 
LIBs is done by roasting [61], optionally with the addition of inorganic salts 
[40, 62]. After that, most residual materials are Li metal oxides and some 
metal scraps from current collectors [63]. Separation of Li metal oxides is 
possible at high temperatures, having the disadvantage of high-energy 
consumption. Separation of Li2O and metal oxides encounters difficulties in 
the extraction process [63]. Mn oxides can be reduced to MnO with C, CO 
and H2, but it is difficult. Al can reduce LiCoO2 to generate Co and LiAlO2, 
but Li is difficult to separate from LiAlO2 [51]. 

Another PMP for treating spent LIBs is the reductive melting (RT) [64] 
in furnace using reducing agents as carbon, CO, and natural gas. After RT, 
the heavier liquid metals accumulate in the lower part of the furnace and the 
Li oxide remains in the upper layer of the slag. Impurities present in the two 
molten phases can be removed by typical refining treatments such as metal-
slag, metal-metal, and metal-gas phases [40, 65]. Due to their high economic 
values, the most recovered metals by PMP are Co, Li and Ni. For example, 
Li et al. [66] managed through PMP to recover 95.72% of Co and 98.93% of 
Co, and Guoxing et al. [67] recovered, by pyrolysis, a Co-Ni-Cu alloy with 
recovery degrees of 81.6%, 93.3% and 90.7% for Co, Ni and Cu, 
respectively, but also Li in slag in proportion of 82.4%. 

Worldwide, the companies are applying mainly PMPs for recycling 
waste LIBs [51, 68]. The process developed by Accurec GmbH use high 
temperature furnaces to melt pre-briquetted cathodic materials, resulting a 
Co-Mn alloy and a Li containing slag [55]. The Sony/Sumitomo process 
includes the burning of flammable components and the magnetic separation 
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of metals, which are then processed hydrometallurgically [55]. In the Umicore 
process, the flammable components are burned firstly, and the metals are 
melted to generate Ni, Co, Cu, and Fe alloys, which are subsequently 
separated hydrometallurgically [51].  

Due to the high costs of recycling by PMP, the companies that use 
this technique do not recover all materials from LIBs [63-65]. The main 
disadvantages of PMP are high-energy consumption and the generation of 
highly toxic and volatile products. Due to high environmental hazard, the 
resulting gases must be carefully treated [62].  

Hydrometallurgical process 

The hydrometallurgical process (HMP) is based on the: (i) leaching 
of the grinded spent LIBs in acidic or alkaline aqueous solutions, (ii) possibly 
purification of leaching solutions, (iii) separation of valuable components by 
solvent extraction, chemical precipitation, electrodeposition, etc., and (iv) 
treatment/regeneration of the solutions to be recirculated in process [69, 70]. 

Leaching process of the metals from spent LIBs 

Leaching aims the transfer of metals, oxides and salts that are part 
of the anode and cathode materials of LIBs into a liquid phase. The leaching 
step of spent LIBs is done after the removing of some battery components. 
This approach helps to minimize the volume of aqueous leaching solutions 
and the number of the subsequent purification and separation steps. 

The rate and degree of the metals recycling from LIBs depend on the 
leaching efficiency and rate [70], which are influenced by the used leaching 
reagent, concentration of chemicals, solid/liquid ratio (S/L), temperature, 
duration, ultrasound support, mechanical agitation, and other factors [24]. In 
this context, in Table 5, we present summarized literature data concerning 
the specific leaching parameters for different types of LIBs. As it can be seen, 
the researchers use widely mineral acids (H2SO4, HCl, HNO3 and H3PO4 [71 
-74]), but also organic acids, as citric acid (C6H8O7), oxalic acid (C2H2O4), 
lactic acid (C3H6O3), malic acid (C4H6O5), tartaric acid (C4H6O6) and aspartic 
acid (C4H7NO4) [75-79]. To accelerate the leaching process of metal 
compounds, various reducing agents have been used, as H2O2 [80], Na2SO3 
[81], NaHSO3 [82], and carbohydrates, including D-glucose [83] and ascorbic 
acid (C6H8O6) [84]. The reducing agents are added to convert Co3+ to Co2 + 
and Mn4+ to Mn2+, which are easier to be dissolved in the solutions [85]. 

The acidic leaching has been shown to be highly efficient [69, 77, 78] 
even more efficient than the alkaline one [86]. 
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Table 5. Leaching specific parameters for different types of spent LIBs 

Battery 
type 

Leaching 
agents 

S/L ratio 
[g/L] 

Temp. 
[°C]  

Time 
[min] 

Leached metals / 
Leaching rate [%] 

Ref. 

Mixed 

0.5 N C6H8O6 10 65 90 
Co: 52.19; Li: 59.23; 

Mn: 57.98 
[76] 

1.5 M H2SO4 
30% H2O2 
5 g C5H8O4 

10 90 120 
Co: 87.85; 
Li: 99.91; 
Ni: 91.46 

[77] 

2.0 M H2SO4 
4.0% H2O2 

10 70 180 
Al: 97.8; Cu: 64.7; 
Co: 99.6; Li: 98.8; 
Ni: 99.6; Mn: 97.4 

[80] 

0.5 M H2SO4 

0.1 M Na2SO3 
20 120 360 

Ni: 93.11; Co: 92.84; 
Mn: 90.18 

[81] 

1 M H2SO4 
0.075 M NaHSO3 

50 95 240 
Li: 91.6; Co: 96.4; 
Ni: 87.9; Mn: 83.69 

[82] 

1M H2SO4 20 95 240 
Li: 96.7; Co: 91.6; 
Ni: 96.4; Mn: 87.9 

[87] 

1M H2SO4 50 95 240 
Li: 93.4; Co: 66.2; 
Ni: 96.3; Mn: 5.02 

[88] 

15% H2O2  

0.5 M C6H8O7 
20 90 60 

Li: 99.1; Co: 99.8; 
Ni: 98.7; Mn: 95.2 

[89] 

28% NH3 10 80 120 
Co: 100; Cu: 100; 

Ni: 100 
[90] 

1 M H2SO4 
0.5 M HNO3 

25 75 60 
Li: 93.2; Co: 90.5; 
Ni: 82.8; Mn: 77.7 

[91] 

2M H2SO4 240 20-23 500 
Co: >96; Ni: >96; 
Mn: >96; Li: >96 

[92] 

2 M H2SO4 
6 % H2O2 

10 75 90 Co: 100 [93] 

98% H2SO4  
78% Fe2(SO4)3  

240 90 60 
Ni: 97.09; Co: 97.65; 
Mn: 96.88; Li: 98.32; 

P: 0.21 
[94] 

NMC 

0.5 M C6H8O6 
1M HNO3 

20 85 10 
Li: ~100; Mn: ~100; 
Co: ~100; Ni: ~100 

[41] 

4 M NH3 
1 M (NH4)2CO3 
0.3 M Na2SO3 

50 80 300 
Li: 79.1; 
Co: 86.4; 
Ni: 85.3 

[95] 

LCO 

2M HCl 50 60–80 90 Li: ~100; Co: ~100 [72] 
1.5 M H3PO4 

0.02 M C6H12O6  
50 80 120 Li: 100; Co: 98 [74] 

1 M C6H8O7 20 80 60 Co: 90 [75] 
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Battery 
type 

Leaching 
agents 

S/L ratio 
[g/L] 

Temp. 
[°C]  

Time 
[min] 

Leached metals / 
Leaching rate [%] 

Ref. 

2 M H2SO4 
4 M HCl 

10% H2O2 

10% C5H8O4 

20 80 300 
Co: 100; 
Li: 95.1; 
Ni: 100 

[78] 

1.5 M C4H4O4 

0.5% H2O2 
20 70 20 

Ni: 98.27; Co : 98.06; 
Mn : 98.54; Li: 95.74 

[79] 

1M C6H8O7 
0.2 M C6H8O6 

20 80 360 
Co: 80; 
Li: 100 

[84] 

1 M C4H4O4 

0.3 M SnCl2 
20 60 40 

Li: 98.67; 
Co: 97.5 

[96] 

1.5 M H3Cit 
6% H2O2 

15 90 90 Co: 99.5; Li: 97 [97] 

2 M H3Cit, H2O2 50 70 80 Co: 98; Li: 99 [98] 

0.9% H2O2 20 90 35 Li: 90; Co: 80 [99] 

1.5 M C6H8O7 
2% H2O2 

20 20 95 
Al: 93; Co: 90; Li: 96; 

Mn: 94; Ni: 94 
[100] 

99.8% Na2CO3 60 80 60 Li: 92.82 [101] 

2M H2SO4 
10% H2O2 

33 70 120 
Co: 98.5; Li: 99.8; 

Ni: 98.6 
[102] 

LFP 
0.3 M H2SO4 

2 M H2O2 
100 60 120 Li: 96.85 [103] 

LCA 4 M HCl 5 90 1080 
Li: 100; Ni: 100;  
Co: 100; Al: 100 

[104] 

 
Data from Table 5 indicates that the mineral acids (2M H2SO4 and 4M 

HCl) are the most efficient for solubilizing metals from LIBs, and the presence 
of hydrogen peroxide increases their efficiency [77-78, 95, 97,104]. However, 
toxic gases such as Cl2, SO3 and NOx are released in the process of 
extracting metal ions with mineral acids, determining serious threats to 
environment [79]. Generally, the leaching temperature is between +60°C and 
+95°C, and the leaching rate of the targeted metals is close to 100%. 

Compared to inorganic acids, the organic ones are considered green 
leaching agents, which could effectively recover the precious metals, while 
avoiding secondary contamination [75-76, 98, 105]. Compared to acid 
leaching, the dissolution of the cathodic materials in alkaline solutions have 
been rarely reported. However, the alkaline leaching with an ammonia-based 
system is relatively selective for specific elements, such as Ni, Co, and Li, 
due to the formation of stable complexes [29, 105]. 
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From an economic point of view, HCl proved to be the most effective 
due to its relatively strong reductive capacity, assuring the complete dissolution 
of the cathodic material without the addition of additives [105].  

Recovery of metals from the leaching solutions of spent LIBs  

After the metals leaching from the spent LIBs, they can be separated 
from the solution in form of pure metals or chemical compounds by solvent 
extraction (SE), chemical precipitation (CPP), electrodialysis (EDy), and 
electrodeposition (EDP). In this context, Table 6 summarizes the efficient 
HMP for the recovering of the metals/compounds from the leaching solutions 
of grinded spent LIBs. 

SE is based on the different solubility of metal compounds in two 
immiscible solvents, usually water and an organic solvent dopped with a 
selective extractant. At the equilibrium of the extraction system, each liquid 
phase contains different concentrations of metal ions, assuring they separation. 
By mixing the charged organic phase with a stripping solution, such as 
H2SO4, the extractant can be regenerated and reused [105,106]. The SE 
efficiency is influenced by the extraction yield and the phase separation 
capacity. This method has been widely used in various HMP and has proven to 
be an effective method for separating valuable metal ions or removing impurities 
from the aqueous leaching solution. The commercially available selective 
extractants such as Cyanex 272, D2EHPA or PC88A have been widely used 
to separate the metal ions from the leaching solutions of spent LIBs [93]. 
Extraction with PC88A and Cyanex 272 is very efficient in separating Co 
against other metals from the leaching solution [106, 107], and D2EHPA has 
been studied for the separation of Mn [106, 108]. 

The most used technique for the metals recovering from LIBs leaching 
solutions is CPP, based on the different solubility of metal compounds relative 
to pH. Lithium hydroxide and oxalate are much more soluble than similar 
compounds of other metals. Thus, Fe3+, Al3+ and Cu2s+ ions precipitate at a 
relatively lower pH [109, 110]. For the Li precipitation, the two commonly used 
chemical agents are Na2CO3 [27, 111-113] and Na3PO4 [98, 114, 115], resulting 
high purity Li salts. As examples, Natarajan et al. [116] obtained 99.7% purity 
Li2CO3 and Chen et al. [117] precipitated Li3PO4 with a purity of 93%. For the 
precipitation of transition metals, H2C2O4 is widely used [99, 117], and Mn 
can be also precipitated as hydroxides [94]. 

EDP has the advantage of obtaining high purity products due to the 
small amount of impurities included in deposits, but has a relatively high 
electricity consumption. For example, Quintero-Almanza et al. [93] obtained 
Co with a purity of 99%. In electrodeposition, pH is a very important factor 
that can strongly influence the energy efficiency. The pH variations can be 



IOANA ALINA POPESCU, SORIN-AUREL DORNEANU, ROXANA MARIA TRUȚĂ, PETRU ILEA 
 
 

 
268 

minimized by addition of H3BO3 in solutions, determining higher current 
efficiencies [93, 118, 119]. Co oxide obtained by electrodeposition can be 
used as material for supercapacitors [105].  
 

Table 6. HMP for the separation and recovery of products  
from the cathodic materials of spent LIBs 

Battery 
type 

Recovery 
method 

Additives 
Recovery products/  
Recovery rate [%] 

Ref. 

NMC CPP 

Na2CO3, EDTA Li2CO3: 99; Co3O4: 98 [27] 
NaOH Li3PO4: 88; CoC2O4: 98.7 [74] 
H2C2O4 CoC2O4: 80; Li3PO4: 90 [99] 

H2C2O4; H3PO4 CoC2O4ꞏ2H2O: 99; Li3PO4: 93 [117] 
C2H2O4 CoC2O4: 98 [123] 
C4H6O6 C4H4O6Co: 98 [124] 
Na2CO3 Li2CO3: 99.93 [125] 
Na3PO4 Al(OH)3: 90 ̴ 95 [126] 

Mixture CPP 

Na2CO3 Li2CO3: 99.4 [112] 
Na2CO3 

(NH4)2S 
Li2CO3: 99.7; CoxSy: 99; 

MnCO3: 98.7 
[116] 

H2SO4 + H2O2 Co: 100; Ni: 100; Mn: 100 [127] 
LCO EDy / CPP Na2CO3 Li2CO3: 88.3 [113] 

Mixture SE / CPP 
D2EHPA, Cyanex 

272, DMG, Na2CO3

Co(OH)2: ~99.5; Ni(OH)2: ~99.5; 
Mn(OH)2: 90; Li2CO3: ~99.5 

[108] 

NMC SE / CPP 
D2EPHA, Cyanex 

272, NaOH 
Co(OH)2: 95 [128] 

LCO SE / CPP 

Na2S2O5 

Na2CO3 

Co: 60-70; Ni: 60-70; 
Mn: 60-70; Li2CO3: 60; 
Al: 81; Cu: 91; Fe: 98 

[129] 

Acorga M5640, 
Cyanex 272, 

Na2CO3, (NH4)2C2O4

Li2CO3: 80; CuSO4: 98; 
CoC2O4ꞏ2H2O: 90 

[130] 

Mixture SE 
D2EHPA 

TBP 
Fe: 98.5; Co: 99.8; Mn: 99.8; 
Al: 99.7; Cu: 97.8; Ni: 98.6 

[116] 

D2EHPA Mn: 84; Co: 8.6; Ni: 6.2 [119] 
LCO SE D2EHPA Mn : 100; Co: 94; Ni: 90 [45] 
NMC SE D2EHPA, MnSO4 Mn: 84 [104] 

NMC SE 
D2EHPA 
PC88A 

Li2CO3: 84.7; NiSO4: 99;  
CoSO4: 99; MnSO4: 99 

[107] 

LFP CPP 
Na3PO4 Li3PO4: 95.56 [100] 

NaOH, Na3PO4 LiOH: 99.9; FePO4: 99.97 [114] 
Na2CO3 Li2CO3: 99 [130] 

Mixture SE / EDP Cyanex 272 Co: 97-99 [93] 
Mixture EDy EDTA Ni: 99.3; Co: 87.3; Li: 99 [110] 
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Recently, the regeneration technique for the recycling of the cathodic 
materials has become a new direction that refers to the resynthesis of the 
materials directly from the leaching solutions. This method, although 
sophisticated, has proven to be energy efficient as it is integrated into the 
synthesis of the cathodic materials [105]. The sol-gel and co-precipitation 
methods are two main ways of regenerating the cathodic materials. Before 
regeneration, the content of each metal ion must be accurately analysed and 
then adjusted to the desired value by the addition of certain chemical 
compounds [120, 121, 122]. 

The leaching solution of organic acids is usually removed by the sol-
gel method because the existing organic products can serve as chelates. 
After the addition of acetic salts or nitrates to regulate the ratio of metal ions, 
sols are obtained by the increasing of the solution pH and the gel by drying. 
The cathodic materials are synthesized by calcination of the gel [131]. 

In cases of co-precipitation, sulphates are used to adjust the ratio of 
metal ions when the spent cathodic material is leached into H2SO4 [132]. 

By adding NaOH or NH3 to increase the pH of the leaching solutions, 
the transition metal hydroxides (precursors) could be co-precipitated. Then, 
by calcination of the stoichiometric mixture of Li2CO3 and precursors, 
resynthesized cathodic materials are obtained [133]. 
 
 
INDUSTRIAL RECYCLING TECHNOLOGIES FOR SPENT LIBs  
 

The industrial recycling technologies (IRTs) of the spent LIBs focus 
mainly on the recovering of valuable or critical metals such as Co, Cu, Li, 
Mn, and Ni [8]. Most often, the IRTs are based on the above-mentioned 
processes (PMP and HMP), combined with mechanical (MP) and thermal 
(TP) processing. For the recovery of valuable materials, these technologies 
are used successively [41], as follows: (i) Direct PMP, with optional HMP pre-
sorting and refining; (ii) Thermal pre-treatment by pyrolysis, with MP 
processing in several stages and PMP or HMP refining; (iii) Treatment at low 
temperatures, by electrical and/or cryogenic depollution, with multi-stage 
processing and HMP refining. 

From the quantitative point of view, only 5% of spent LIBs have been 
reported as recycled by 2019. However, several institutions, as Circular 
Energy Storage [134], claim that this value is inaccurate and that the overall 
recycling rate is around 50%. The recycling potential in Asia and Europe is 
far ahead of the other continents. According to recent data [135], China and 
Europe's recycling capacity accounts for about 80% of the spent LIBs world's 
recycling. The manufacture of LIBs is largely concentrated in China, South 
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Korea, and Japan. Consequently, their recycling is also highly developed in 
Asia due to the large amounts of spent LIBs generated in this region [136, 
137]. American and European recycling industries show a wide variety of 
technologies, although the available volume of spent LIBs is too small for a 
profitable operation [85, 138]. 

In this context, representative examples of LIBs recycling companies 
around the world and the used processes are presented in Table 7. 

 
Table 7. Worldwide representative examples of spent LIBs recycling companies  

Country Company Processes 
Capacity 
[t/year] 

Ref. 

ASIA 

Japan 

DOWA Eco-Systems Co. Ltd. TP + PMP + HMP >1000 
[139, 
135]  

KYOEI Steel PMP >1000 [139]  
Nippon Recycle Center Corp PMP <1000 [140]  

Sony Corp. & Sumitomo 
Metals and Mining Co 

PMP 150 [135] 

4R Energy Corp PMP + HMP n.d. [68] 
Mitsubishi PMP n.d. [135] 

Indonesia DOWA Eco-Systems Co. Ltd TP + PMP + HMP n.d. [139]  

China 

DOWA Eco-Systems Co. Ltd. TP + PMP + HMP n.d. [139] 
Anhua Taisen Recycling 

Technology Co. Ltd. 
MP + HMP > 5000 [140] 

Fuoshan Bangpu Ni/Co High-
Tech Co 

n.d. n.d. [44] 

GHTECH n.d. n.d. [68] 
Highpower International Inc MP + PMP + HMP > 1000 [139] 
Huayou Co New Material Co 

Ltd 
MP + HMP > 1000 [139] 

JX Nippon Mining and Metals 
Co. 

TP + MP + HMP <1000 [139] 

Shenzhan BAK Battery Co Disassembly n.d. [68] 
Shenzhen Green Eco 

Manufacturer Hi-Tech. Co., 
Ltd. 

MP + HMP <5000 [42] 

Shenzhen Tele Battery 
Recycling Co 

HMP 3000 
[68, 
139] 

Soundon New Energy Tech. 
Co. Ltd. 

n.d. n.d. [68] 

TES-AMM MP (inert gas) <1000 [139]  
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Country Company Processes 
Capacity 
[t/year] 

Ref. 

Singapore 
DOWA Eco-Systems Co. Ltd TP + PMP + HMP n.d. [45] 
JX Nippon Mining & Metals 

Co 
TP + MP + HMP <1000 [139]  

Hong Kong 
GHTECH n.d. n.d. [68] 

Highpower International Inc MP + PMP + HMP > 1000 [139]  
Thailand DOWA Eco-Systems Co. Ltd TP + PMP + HMP n.d. [139] 

South 
Korea 

SungEel Hitech Ltd MP + (T +) HMP >1000 [139] 
JX Nippon Mining and Metals 

Co. 
TP + MP + HMP <1000 [139] 

SK Innovation Co n.d. n.d. [68] 

EUROPE 

Spain Pilagest MP + HMP <1000 [68] 

Belgium 
REVATECH n.d. n.d. [68] 

Umicore PMP + HMP >1000 [139] 

France 

AFE Group (Valdi)/ ERAMET PMP n.d. [68] 
Euro Dieuze Industrie/ SARP HMP 200 [135] 

Recupyl S.A.S HMP 110 [135] 
S.N.A.M. AFE Group (Valdi)/ 

ERAMET 
MP + (TP) + HMP n.d. [68] 

Germany 

Accurec Recycling GmbH 
TP + MP + PMP + 

HMP 
>1000 [139] 

AERC Recycling Solutions PMP n.d. [68] 
Brunp Recycling Technology 

Co 
TP + MP + HMP 3000 [139] 

Chemetall n.d. n.d. [68] 
DK Recycling und Roheisen 

GmbH 
PMP n.d. [45] 

Düsenfeld GmbH MP + PMP n.d. [68] 
NIHÜTTE AUE GMBH TP + PMP + HMP >1000 [139] 

GRS Batterien PMP  [68] 

PROMESA GmbH & Co. KG
MP (aqueous shred) 

+ unknown 
<1000 [139] 

JX Nippon Mining and Metals 
Co 

TP + MP + HMP <1000 [139] 

Primobius PMP + HMP n.d. [141]  

REDUX GmbH TP + MP + unknown <1000 [139]  

UK 

AEA Technology Batteries HMP n.d. [135]  
Cawleys n.d. n.d. [68] 

Ecobat Technologies Ltd PMP + HMP n.d. [68] 
Metal-Tech Ltd. n.d. n.d. [68] 
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Country Company Processes 
Capacity 
[t/year] 

Ref. 

Sweden 
SAFT. AB PMP n.d. [68] 

Erasteel Kloster AB 
Vikmanshyttan 

n.d. n.d. [68] 

Finland AkkuSer MP 4000 [135]  

Switzerland Batrec Industrie AG 
MP +HMP + TP + 

PMP 
200 

[135, 
68] 

Norway Xstrata/ Glencore PMP + HMP 7000 [135]  

NORTH AMERICA 

Canada 
Earthtech Disassembly n.d. [135]  

Lithion Recycling HMP n.d. [68] 
Li-Cycle MP + HMP 5000 [65] 

USA 

American Mn HMP n.d. [68] 
Battery Resourcers LLC n.d. n.d. [68] 

Battery Safety Solutions 
Collection + 
Discharge + 
Disassembly 

n.d. [68] 

Euro Dieuze Industrie/ SARP
Disassembly+ PMP + 

HMP 
>5000 

[68, 
139] 

Inmetco PMP 6000 [135] 

OnTo Technology Oregon US Direct recycling n.d. [135]  
Salesco Systems PMP n.d. [68] 

Toxco/ Retriev Tech. 
MP (aqueous shred) 

+ HMP 
n.d. [139] 

DOWA Eco-Systems Co. Ltd TP + PMP + HMP n.d. [139] 
JX Nippon Mining and Metals 

Co. 
TP + MP + HMP <1 000 [139] 

AUSTRALIA 

West Perth Neometals Ltd MP +HMP Lab Scale [135] 
 
(n.d. = no data) 

 
 
 

As it can be seen from Table 7, most companies around the world 
mainly use PMPs to recycling the spent LIBs. Overall, recycling efficiency 
decreases if it is operated at high temperatures due to the decomposition of 
organic components [141]. On the other hand, HMP can recover a greater 
number of materials.  
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Another important aspect of companies is the maximum focus on the 
supply chain with spent LIBs and on the key stakeholders that are important 
for the supply of spent LIBs. The feed profile of spent LIBs must be central 
into the process development. The inherently heterogeneous nature of spent 
LIBs must be closely considered as part of any recycling process [142, 143]. 

Generally, the recycling companies recover Co, Cu, Li and Mn due to 
their high value, but, also, Fe, Ni and Al are often recovered. Even if Fe is 
the lowest value component from the battery, its extraction process is 
simplistic, as it can be magnetically separated if MPs are used in the first 
stage of the recycling process. 

The MP steps allow the recovery of the solid parts, such as materials 
from the housing, modules and cells, electrical conductors, and steel screws. 
Zigzag sieving allows the separation of materials according to their density. 
A vibrating sieve can be also used to separate the electrode black mass from 
the separator and the current collector foils. Finally, the composition of the 
obtained fractions is determined after the manual or automatic screening and 
sorting. The fragments from the modules can be dried at temperatures 
between 100-140 °C [144] to remove the electrolyte, and the evaporated 
solvents can be recovered by condensation.  

To support the efficient recycling of LIBs, state-of-the-art 
technologies are recommended to improve the flexibility and recovery rate of 
all materials from the spent devices. These technologies must consider a 
combination of safe and ecological MP and HMP with low costs, able to 
recycle all types and models of spent LIBs. As example, a combined process 
for the spent LIBs recycling was successfully implemented by the Li-Cycle ® 
Canadian company [142], based on a safe MP size reduction and dedicated 
HMP, allowing a recovery rate of the recycled materials up to 100%. 

Concerning the economic aspects of the IRTs, American Manganese 
Company Inc. [145] presents a business plan developed to recover valuable 
metals from spent LIBs cathodes, using combined MP and HMP. The study 
shows that, at a 3 tons/day processing capacity of NMC type spent LIBs, with 
a recovery rate of 95%, and working 350 days/year, annual revenues of 
$14.3 million can be obtained at production costs of $7.9 million. We can 
conclude that the processing of Li batteries can generate generous profits, 
of $6.4 million in this case. Implementation of the combined technology 
processes could also: (i) to remove Li-ion batteries waste from landfills; (ii) 
to diminish the manufacturing costs by the materials recycling from spent 
LIBs and reusing them in the manufacturing process of batteries; (iii) to 
significantly reduce the CO2 emissions. 

In the future, the recycling of spent LIBs is expected to be one of the 
main sources of Li supply. Unlike oil, where the price fluctuations only lead 
to the increased car operating costs, the potential Li price fluctuations will 
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have an impact on the total purchase price of the car. Therefore, the recycling 
will be one of the means of mitigating the amplitude of the possible 
fluctuations due to the geo-political or other barriers. 
 
 
CONCLUSIONS AND PERSPECTIVES 
 

Worldwide, the lithium-ion battery will be for at least medium term, 
the most important and widely used electrochemical source of energy. 
However, the exponential increase in the production of LIBs also generates 
a huge amount of scrap. Their recycling is necessary for at least two reasons: 
(i) to avoid pollution and (ii) to reintroduce valuable and deficient materials 
(on the world market) from these batteries into the economic circuit [10]. 

The research on the spent LIBs recycling has been mainly focused 
on the recovery of metals from the cathodic material, especially Co, which is 
deficient on the world market. As the volume of spent LIBs increase, the 
interest in the complete valorisation of all materials also increase. Thus, more 
recent research is focused on the recovery of other metals such as Mn, Ni 
and, of course, Li. 

A promising direction is the recent research aimed to reintroduce 
(direct recycling routes) in batteries the recovered cathodic material after a 
minimal processing [4, 146,147]. 

There are also concerns to develop processes for all-components 
recycling from the spent LIBs, based mainly on the: (i) discharging of spent 
LIBs, (ii) dismantling and classification of components, (iii) separation of 
electrode materials, and (iv) refining and value-adding technologies for the 
cathodic materials and graphite [148]. Future recycling strategies will need 
to be redefined so they can adapt to the large diversity of the spent LIBs and 
capitalize as many of their recoverable components. 

The achieving of a reasonable economic profitability for the spent 
LIBs recycling is also conditioned by the responsibility of manufacturers to 
develop and implement innovative processes in the factory design to make 
the batteries more capable to fit into the circular economy [149]. 

For the future, to facilitate and make more efficient the recycling of 
the spent LIBs, it is essential their selectively collection (SC), followed by the 
robotization of the physical processes (RPP) of dismantling and sorting to 
minimize the need for labor. The SC and RPP processes can be significantly 
facilitated by intelligent and standardized labeling, which will allow the facile 
identification of spent LIBs from type, composition, lifetime, etc. Further, the 
spent LIBs pretreatments at low temperature and pressure, in inert 
atmosphere, will diminish the pollution with toxic products, as HF, PF5, etc. 



RECENT RESEARCH RELATED TO Li-ION BATTERY RECYCLING PROCESSES – A REVIEW 
 
 

 
275 

ACKNOWLEDGMENTS 
 

The present work has received financial support through the project: 
Entrepreneurship for innovation through doctoral and postdoctoral research, 
POCU/360/6/13/123886 co-financed by the European Social Fund, through the 
Operational Program for Human Capital 2014- 2020. 
 
 

REFERENCES 
 
1. Y. Yang; E. G. Okonkwo; G. Huang; S. Xu; W. Sun; Y. He; Energy Storage 

Mater., 2021, 36, 186-212. 
2. A. Islam; S. Roy; M. A. Khan et al.; J. Mol. Liq., 2021, 338, 116703. 
3. Y. Zhao; O. Pohl; A. I. Bhatt; G. E. Collis; P. J. Mahon; T. Rüther; A. F. 

Hollenkamp; Sustain. Chem., 2021, 2, 167-205. 
4. H. Pinegar; Y. R. Smith; J. Sustain. Metall., 2019, 5, 402-416. 
5. C. Zu; Y. Ren, F. Guo, H. Yu, H. Li; Adv. Energy Sustainability Res., 2021, 

2(10), 2100062. 
6. C. M. Costa; J. C. Barbosa; R. Gonçalves; H. Castro; F. J. Del Campo;  

S. Lanceros-Méndez; Energy Storage Mater., 2021, 37, 433-465. 
7. Y. Zhao; L. -Z. Fang; Y. -Q. Kang; L. Wang; Y. -N. Zhou; X. -Y. Liu, T. Li, Y. -X. 

Li, Z. Liang, Z. -X. Zhang; B. -H. Li; Rare Met., 2021, 40(6), 1431-1436. 
8. Y. Wu; Lithium-Ion Batteries: Fundamentals and Applications, Taylor & Francis 

Group, 1st ed., Boca Raton, FL, 2015, pp. 3-24. 
9. Z. A. Kader; A. Marshall; J. Kennedy; Emerg. Mater., 2021, 4, 725-735. 
10.  S. Windisch-Kern; E. Gerold; T. Nigl; A. Jandric; M. Altendorfer; B. Rutrecht;  

S. Scherhaufer; H. Raupenstrauch; R. Pomberger; H. Antrekowitsch; F. Part; 
Waste Manage., 2022, 138, 125-139. 

11. M. Walter; M. V. Kovalenko; K. V. Kravchyk; New J. Chem., 2020, 44, 1677-
1683. 

12. H. E. Melin; State-of-the-art in reuse and recycling of lithium-ion batteries -  
A research review, The Swedish Energy Agency, London, UK, 2019.  

13. K. Kishore; A. AlFantazi; A. T. Mayyas; Energy Fuels, 2021, 35, 18257−18284. 
14. J. Chung-Yen; P. -C. Sui; J. Zhang; J. Energy Storage, 2021, 35, 102217. 
15. C. Stollery; A. Holland; Li-ion Battery Recycling Market 2022-2042, IDTech Ex 

Research, 2021 (Research-report).  
16. https://www.ft.com/content/1e6303f6-2386-11e8-add1-0e8958b189ea 

Accessed 18.12.2021. 
17. https://www.reuters.com/article/us-umicore-recycling-idUKKBN1KN1ZO 

Accessed 02.02.2022. 
18. https://www.lme.com/ Accessed 18.12.2021. 
19. https://www.ceps.eu/ceps-publications/prospects-end-life-electric-vehicle-

batteries-circular-economy/ Accessed 05.02.2022. 
20. P. Alves Dias; D. Blagoeva; C. Pavel; N. Arvanitidis; JRC, 2018, 112285, 

doi:10.2760/97710. 



IOANA ALINA POPESCU, SORIN-AUREL DORNEANU, ROXANA MARIA TRUȚĂ, PETRU ILEA 
 
 

 
276 

21. M. Kamran; M. Raugei; A. Hutchinson; Resour. Conserv. Recy., 2021, 167, 
105412. 

22. S. Bobba; M. F. Gian; A. Blenginiab; Resour. Conserv. Recy., 2019, 145, 279-
291. 

23. E. G Pinna; N. Toro; S. Gallegos; M. H. Rodriguez; Materials, 2022, 15, 44. 
24. G. Zhang; X. Yuan; Y. He; H. Wang; T. Zhang; W. Xie; J. Hazard. Mater., 2021, 

406, 124332. 
25. D. Yu; Z. Huang; B. Makuza; X. Guo; Q. Tian; Miner. Eng., 2021, 173, 107218. 
26. C. Yang; J. Zhang; Q. Jing; Y. Liu; Y. Chen; C. Wang; Int. J. Miner. Metall., 

2021, 28(9), 1478. 
27. S. Kim; J. Bang; J. Yoo; Y. Shin; J. Bae; J. Jeong; K. Kim; P. Dong; K. Kwon; J. 

Clean. Prod., 2021, 294, 126329. 
28. J. Liu; H. Shi; X. Hua; Y. Geng; L. Yang; P. Shao; X. Luo; Sci. Total Environ., 

2021, In Press, https://doi.org/10.1016/j.scitotenv.2021.151621. 
29. R. Sommerville; J. Shaw-Stewart; V. Goodship; N. Rowson; E. Kendrick; 

Sustain. Mater. Technol., 2020, 25, e00197. 
30. R. Zheng, W. Wang, Y. Dai, et al.; Green Energy Environ., 2017, 2, 42-50. 
31.  J. Liu; X. Bai; J. Hao; H. Wang; T. Zhang; X. Tang; S. Wang; Y. He; J. Environ. 

Chem. Eng., 2021, 9, 106017. 
32. H. Al-Shammari; S. Farhad; Resour. Conserv. Recycl., 2021, 174, 105749. 
33. S. Pindar; N. Dhawan; J. Therm. Anal. Calorim., 2021, 146, 1819-1831. 
34. J. Yu; Y. He; Z. Ge; H. Li; W. Xie; S. Wang; Sep. Purif. Technol.; 2018, 190, 45-

52. 
35. C. Tokoro; S. Lim; K. Teruya; M. Kondo; K. Mochidzuki; T. Namihira; Y. Kikuchi; 

Waste Manage., 2021, 125, 58-66. 
36.  Y. Kikuchi; I. Suwa; A. Heiho; Y. Dou; S. Lim; T. Namihira; K. Mochidzuki; T. 

Koita; C. Tokoro; Waste Manage., 2021, 132, 86-95. 
37. X. Chen; C. Guo; H. Ma; J. Li; T. Zhou; L. Cao; D. Kang; Waste Manage., 2018, 

75, 459-468. 
38. Y. Chen; N. Liu; F. Hu; L. Ye; Y. Xia; S. Yanga; Waste Manage., 2018, 75, 469-

476. 
39. S. Zhao; W. He; G. Li; Springer, Cham, 2019, pp. 1-26. 
40. O. C. Barrios; Y. C. Gonzalez; L. I. Barbosa; P. Orosco; Miner. Eng., 2022, 176, 

107321. 
41.  H. Chen; S. Gu; Y. Guo; X. Dai; L. Zeng; K. Wang; C. He; G. Dodbiba; Y. Wei; 

T. Fujita; Hydrometallurgy, 2021, 205, 105746. 
42. H. Ali; H. A. Khan; M. G. Pecht; J. Energy Storage, 2021, 40, 102690. 
43. J. Zhu; G. Guo; J. Wu; X. Cheng; Y. Cheng; Ionics, 2022, 28, 241-250. 
44. S. Windisch-Kern; A. Holzer; C. Ponak; T. Hochsteiner, H. Raupenstrauch; 

Carbon Resources Conversion, 2021, 4, 184-189. 
45. Y. Li; Q. Fu; H. Qin; K. Yang; J. Lv; Q. Zhang; H. Zhang; F. Liu; X. Chen; M. 

Wang; Korean J. Chem. Eng., 2021, 38(10), 2113-2121. 
46. Y. Zhao; Y. Kang; M. Fan; T. Li; J. Wozny; Y. Zhou; X. Wang; Y. -L. Chueh; Z. 

Liang; G. Zhou; J. Wang; N. Tavajohi; F. Kang; B. Li; Energy Storage Mater., 
2022, 45, 1092-1099. 



RECENT RESEARCH RELATED TO Li-ION BATTERY RECYCLING PROCESSES – A REVIEW 
 
 

 
277 

47. H. Gomaa; M. A. Shenashen; H. Yamaguchi; Green Chem., 2018, 20, 1841-
1857. 

48. B. Ebin; M. Petranikova; C. Ekberg; J. Mater. Cycles Waste Manag., 2018, 20, 
2018-202758. 

49. L. Zhu; M. Chen; Sustainability, 2020, 12, 9164. 
50. A. Holzer; S. Windisch-Kern; C. Ponak; H. Raupenstrauch; Metals, 2021, 11 

(1),149. 
51. H. Yin; P. Xing; Recycling of Spent Lithium-Ion Batteries, Springer Nature 

Switzerland AG, 2019, pp. 57-83. 
52. Y. Shi; G. Chen; Z. Chen; Green Chem., 2018, 20, 851-862. 
53. Y. Jian; Z. Zongliang; Z. Gang; J. Liangxing; L. Fangyang; J. Ming; L. Yanqing; 

Hydrometallurgy, 2021, 203, 105638. 
54. M. Zhou; B. Li; J. Li; Z. Xu; ACS EST Eng. 2021, 1, 1369−1382. 
55. D. Mu; Y. Liu; R. Li; Q. Ma; C. Dai; New J. Chem., 2017, 41, 7177-7185. 
56. Y. Liu; D. Mu; R. Li; Q. Ma; R. Zheng; C. Dai; J. Phys. Chem., 2017, C 121, 

4181-4187. 
57. B. Makuza; Q. Tian; X. Guo; K. Chattopadhyay; D. Yu; J. Power Sources, 2021, 

491, 229622. 
58. S. Yu; J. Xiong; D. Wu; X. Lü; Z. Yao; S. Xu; J. Tang; Environ. Sci. Pollut. Res., 

2020, 27, 40205-40209. 
59. X. Zhang; L. Cai; E. Fan; J. Lin; F. Wu; R. Chen; L. Li; J. Hazard. Mater., 2021, 

1, 100003. 
60. O. Kwon; I. Sohn; Resour. Conserv. Recycl., 2020, 158, 104809. 
61. Y. Yueshan; W. Dahui; C. Huaijing; Z. Xiaodong; X. Li; Y. Lixin; Chem. Res. 

Chinese Universities, 2020, 36(5), 908-914. 
62. J. Lin; C. Liu; H. Cao; L. Li; R. Chen; Z. Sun; Progress Chem., 2018, 30, 1445-

1454. 
63. J. Mao; J. Li; Z. Xu; J. Cleaner Prod., 2018, 205, 923-929. 
64. B. Wrålsen; V. Prieto-Sandoval; A. Mejia-Villa; R. O’Born; M. Hellstrom; B. 

Faessler; J. Cleaner Prod., 2021, 317, 128393. 
65. S. Chu; Y. Cui; N. Liu; Nat. Mater., 2016, 16, 16. 
66. J. Li; G. Wang; Z. Xu; J. Hazard. Mater., 2016, 302, 97-104. 
67. R. Guoxing; X. Songwen; X. Meiqiu; P. Bing; F. Youqi; F. Wang; X. Xing; 

Advances in Molten Slags, Fluxes, and Salts: Proceedings of the 10th 
International Conference on Molten Slags, Fluxes and Salts, Springer, Cham, 
2016, pp. 211-218. https://doi.org/10.1007/978-3-319-48769-4_22 

68. D. Werner; U. A. Peuker; T. Mütze; Metals, 2020, 10, 316.  
69. H. Pinegar; R. Y. Smith; J. Sustain. Met., 2020, 6,142-160. 
70. Y. Yao; M. Zhu; Z. Zhao; B. Tong; Y. Fan; Z. Hua; ACS Sustainable Chem. 

Eng., 2018, 6(11), 13611-13627. 
71. Y. Liu; W. Lv; X. Zheng; D. Ruan; Y. Yang; H. Cao; Z. Sun; ACS Sustainable 

Chem. Eng., 2021, 9, 3183-3194. 
72. Z. Takacova; T. Havlik; F. Kukurugya; D. Orac; Hydrometallurgy, 2016, 163, 9-

17. 



IOANA ALINA POPESCU, SORIN-AUREL DORNEANU, ROXANA MARIA TRUȚĂ, PETRU ILEA 
 
 

 
278 

73. P. Meshrama; A. Abhilasha; B. D. Pandey; T. R. Mankhand; H. Devecic; J. Ind. 
Eng. Chem., 2016, 43, 117-126 

74. E. G. Pinna; M. C. Ruiz Ojeda; M. W. Rodriguez; Hydrometallurgy, 2016, 167, 
66-71. 

75. Y. A. Nurqomariah; R. S. Fajaryanto; E3S Web of Conferences, 2018, 67, 
03036. 

76. H. Chu; J. Lie; J. -C. Liu; Sustain. Metall., 2021, 7, 630-641. 
77. W. Urbanska; Minerals, 2020, 10, 555. 
78. M. Aaltonen; P. Peng; B. P. Wilson; M. Lundström; Recycling, 2017, 2, 20. 
79. E. Fan; J. Yang; Y. Huang; J. Lin; F. Arshad; F. Wu; L. Li; R. Chen; ACS Appl. 

Energy Mater., 2020, 3, 8532-8542. 
80. A. A. Nayl; R. A. Elkhashab; S. M. Badawy; M. A. El-Khateeb; Arab. J. Chem., 

2015, 10(2), S3632-S3639. 
81. X. Tanga; W. Tangb; J. Duana; W. Yanga; R. Wanga; M. Tanga; J. Lia; J. Alloys 

Compd., 2021, 874, 159853. 
82. P. Meshram; B. D. Pandey; T. R. Mankhand; H. Deveci; JOM, 2016, 68, 2613-

2623. 
83. E. Mossalia; N. Picone; L. Gentilinic; O. Rodrìguez; J. Manuel; P. M. Colledani; 

J. Environ. Manage., 2020, 264, 110500. 
84. G. P. Nayaka; J. Manjanna; K. V. Pai; R. Vadavi; S. J. Keny; V. S. Tripathi; 

Hydrometallurgy, 2015, 151, 73-77. 
85. H. Pinegar; R. S. York; J. Sustain. Met., 2020, 6, 142-160. 
86. M. Pagliaro; F. Meneguzzo; Heliyon, 2019, 5, e01866. 
87. P. Meshram; B. D. Pandey; T. R. Mankhand; Chem. Eng. J., 2015, 281, 418-

427. 
88. P. Meshram; B. D. Pandey; T. R. Mankhand; Waste Manage., 2015, 45, 306-

313. 
89. L. Li; Y. Bian; Y. Guan; E. Fan; F. Wu; R. Chen; Waste Manage., 2018, 71, 362-

371. 
90. H. Ku; Y. Jung; M. Jo; S. Park; S. Kim; D. Yang; K. Rhee; E. M. An; J. Sohn;  

K. Kwon; J. Hazard. Mater., 2016, 313, 138-146. 
91. P. Meshrama; A. Abhilasha; B. D. Pandey; T. R. Mankhand; H. Devecic; J. Ind. 

Eng. Chem., 2016, 43, 117-126. 
92. L. A. Diaz; M. L. Strauss; B. Adhikari; Resour. Conserv. Recycl., 2020, 161, 

104900. 
93. D. Quintero-Almanza; Z. Gamiño-Arroyo; L. Sánchez-Cadena; Batteries, 2019, 

5, 44. 
94. Z. Xu; Y. Dai; D. Hua; H. Gu; N. Wang; ACS Sustainable Chem. Eng., 2021, 9, 

3979−3984. 
95. C. Wanga; S. Wang; F. Yan; Z. Zhang; X. Shen; Z. Zhang; Waste Manage., 

2020, 114, 253-262. 
96. L. Sun; B. Liu; T. Wu; G. Wang; Q. Huang; Y. Su; F. Wu; Int. J. Miner. Metall., 

2021, 28(6), 991. 
97. M. Xu; S. Kang; F. Jiang; X. Yana; Z. Zhua; Q. Zhaoa; Y. Tenga; Y. Wang; RSC 

Adv., 2021, 11, 27689-27700. 



RECENT RESEARCH RELATED TO Li-ION BATTERY RECYCLING PROCESSES – A REVIEW 
 
 

 
279 

98. M. -M. Wang; C. -C. Zhang; F. -S. Zhang; Waste Manag., 2016, 51, 239-244. 
99. B. Fan; X. Chen; T. Zhou; J. Zhang; B. Xu; Waste Manag. Res., 2016, 34(5), 

74-81. 
100. T. Punt; G. Akdogan; S. Bradshaw; P. van Wyk; Miner. Eng., 2021, 173, 

107204. 
101. J. Li; Y. He; Y. Fu; W. Xie; Y. Feng; K. Alejandro; Waste Manage., 2021, 126, 

517-526. 
102. W. -S. Chen; H. -J. Ho; Key Eng. Mater., 2018, 775, 419-426. 
103. H. Li; S. Xing; Y. Liu; F. Li; H. Guo; G. Kuang; ACS Sustainable Chem. Eng., 

2017, 5, 8017−8024. 
104. M. Joulié; R. Laucournet; E. Billy; J. Power Sources, 2014, 247, 551-555. 
105. J. Wang; Z. Guo; Recycling of Spent Lithium-Ion Batteries, Springer Nature 

Switzerland AG, 2019, pp 27-55. 
106. S. Lei; W. Sun; Y. Yang; J. Hazard. Mater., Part D, 2022, 424, 127654. 
107. J. Hu; J. Zhang; H. Li; Y. Chen; C. Wang; J. Power Sources, 2017, 351, 192-

199. 
108. W. -S. Chen; H. -J. Ho; Metals, 2018, 8(5), 321. 
109. J. Kozak; A.Townshend; Encyclopedia of Analytical Science, Elsevier, 3rd ed., 

2019, pp. 111-120. 
110. Z. Liang; C. Cai; G. Peng; J. Hu; H. Hou; B. Liu; S. Liang, K. Xiao, S. Yuan;  

J. Yang; ACS Sustainable Chem. Eng., 2021, 9, 5750-5767. 
111. W. Gao; J. Song; H. Cao; X. Lin; X. Zhang; X. Zheng; Y. Zhang; Z. Sun;  

J. Clean. Prod., 2018, 178, 833-845. 
112. A. Higuchi; N. Ankei; S. Nishihama; K. Yoshizuka; JOM, 2016, 68,10. 
113. Y. Song; Z. Zhao; Sep. Purif. Technol., 2018, 206, 335-342. 
114. J. Yu; X. Wang; M. Zhoua; Q. Wang; Energy Environ. Sci., 2019, 12, 2672-

2677. 
115. D. Kaiser; S. Pavón; M. Bertau; Chem. Ing. Tech., 2021, 93(11), 1840-1850. 
116. S. Natarajan; A. B. Boricha; H. C. Bajaj; Waste Manage., 2018, 77, 455-465. 
117. X. Chen; C. Luo; J. Zhang; J. Kong; T. Zhou; ACS Sustainable Chem. Eng., 

2015, 3(12), 3104-3113. 
118. D. Kaiser; S. Pavón; M. Bertau; Chem. Ing. Tech., 2021, 93(11), 1833-1839. 
119. H. Nadimi; N. J. Karazmoudeh; J. Sustain. Metall, 2021, 7, 653-663. 
120. S. Li; X. Wu; Y. Jiang; T. Zhou; Y. Zhao; X. Chen; Waste Manage., 2021, 136, 

18-27. 
121. L. Yuan; J. Wen; P. Ning; H. Yang; Z. Sun; H. Cao; ACS Sustain. Chem. Eng, 

2022, In press., DOI: 10.1021/acssuschemeng.1c06307. 
122. W. Xuan; A. de Souza Braga; A. Chagnes; ACS Sustainable Chem. Eng., 2021, 

In press. DOI: 10.1021/acssuschemeng.1c07109. 
123. Q. Meng; Y. Zhang; P. Dong; Waste Manag., 2017, 64, 214-218. 
124. X. Chen; D. Kang; L. Cao; J. Li; T. Zhou; H. Ma; Sep. Purif. Technol., 2019, 

210, 690-697. 
125. W. Gao; J. Song; H. Cao; X. Lin; X. Zhang; X. Zheng; Y. Zhang; Z. Sun; J. 

Clean. Prod., 2018, 178, 833-845. 



IOANA ALINA POPESCU, SORIN-AUREL DORNEANU, ROXANA MARIA TRUȚĂ, PETRU ILEA 
 
 

 
280 

126. T. Sieber; J. Ducke; A. Rietig; T. Langner; J. Acker; Nanomaterials, 2019, 9, 
246. 

127. K. H. Chan; J. Anawati; M. Malik; G. Azimi; ACS Sustainable Chem. Eng., 2021, 
9, 4398-4410. 

128. A. Amato et al.; Recovery of critical metals from LCDs and Li-Ion batteries, 
ELECTRONICS GOES GREEN 2016+ (EGG), Berlin, Germany, 2016, pp. 1-5. 

129. N. Vieceli; C. A. Nogueira; C. Guimarãesc; M. F. C. Pereira; F. O. Durão; F. 
Margarido; Waste Manage., 2018, 71, 350-361. 

130. J. Zhang; J. Hu; Y. Liu; Q. Jing; C. Yang; Y. Chen; C. Wang; ACS Sustainable 
Chem. Eng., 2019, 7(6), 5626-5631. 

131. A. Mohanty; S. Sahu; L. B. Sukla; N. Devi; Materials Today: Proceedings, 2021, 
47, 1203-1212. 

132. J. Zhu; G. Guo; J. Wu; X. Cheng; Y. Cheng; Ionics, 2022, 28, 241-250. 
133. W. Lv; D. Ruan; X. Zheng; L. Li; H. Cao; Z. Wang; Y. Zhang; Z. Sun; Chem. 

Eng. J., 2021, 421, 129908. 
134. J. Chen; H. Zhang; Z. Zeng; Y. Gao; C. Liu; Xiaoqi Sun; Hydrometallurgy, 2021, 

206, 105768. 
135. R. D. Perraud; The Recycling of Lithium-Ion Batteries: A Strategic Pillar for the 

European Battery Alliance, Center for Energy, IFRI, Paris, France, 2020 
(Annual report). 

136. H. Bae; Y. Kim; Mater. Adv., 2021, 2, 3234-3250.  
137. Jiang J; Zeng X; Li J; Appl. Mech. Mater. 2015, 768, 622-626. 
138. R. Sommerville; P. Zhu; M. A. Rajaeifar; O. Heidrich; V. Goodship; E. Kendrick; 

Resour. Conserv. Recycl., 2021,165, 105219. 
139. M. Kaya; REWAS 2019 Manufacturing the Circular Materials Economy, 

Minerals, Metals & Materials Series, 1st ed., Cham, Switzerland, 2019, pp. 277-
288. 

140. R. Sojka; Q. Pan; L. Billmann; Comparative study of Li-ion battery recycling 
processes, ACCUREC Recycling GmbH, Krefeld, Germany, 2020 (Report). 

141. L. Gaines; ACS Annual Meeting March 23, 2020. 
142. A. Mielea; J. Axsen; M. Wolinetz; E. Mainec; Z. Longa; Transp. Res. D. Transp. 

Environ., 2020, 81, 102275. 
143. A. Boyden; V. K. Soo; M. Doolan; Procedia CIRP, 2016, 48, 188-193. 
144. C. Scheller; K. Schmidt; T. S. Spengler; J. Bus. Econ., 2021, 91, 253-282. 
145. https://americanmanganeseinc.com/wp-content/uploads/2019/10/AMY_BP-

8_28_2019.pdf, Accessed 05.02.2022  
146. L. -P. Yue; P. Lou; G. -H. Xu; H. Xu; G. Jin; L. Li; H. Deng; Q. Cheng; S. Tang; 

Y. -C. Cao; Ionics, 2020, 26, 2757-2761. 
147. B. Gangaja; S. Nair; D. Santhanagopalan; ACS Sustainable Chem. Eng., 2021, 

9, 4711−4721. 
148. W. Zhang; C. Xu; W. He; G. Li; J. Huang; Waste Manag. Res., 2018, 36(2), 99-

112. 
149. W. Lv; Z. Wang; H. Cao; Y. Sun; Y. Zhang; Z. Sun; ACS Sustainable Chem. 

Eng., 2018, 6, 1504-1521. 


































	00cover1
	0_editorialBoard_1_2
	00Contents_3_6
	01Covaci_Frentiu_7_25
	Blank Page

	02Linca_etal_27_41
	Blank Page

	03Petrovic_etal_43_60
	04Pop_Sarbu_61_74
	05Timis_75_87
	Blank Page

	06Djordjevic_etal_89_106
	07Aslan_etal_107_124
	08Danielescu_etal_125_137
	Blank Page

	09Khalil_etal_139_152
	10Medic_etal_153_164
	11Dalginli_etal_165_175
	Blank Page

	12Cimpian_etal_177_194
	13Dimitrijevic_etal_195_207
	Blank Page

	14Matica_etal_209_226
	15Ovari_etal_227_243
	Blank Page

	16Patrut_etal_245_256
	17_Popescu_etal_257_280
	18PopDanciu_281_296



