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Abstract
In this paper, we propose a hydrometallur-
gical procedure to treat spent Ni-Cd batte-
ries using organic acids as leaching agents. 
The electrode materials of the batteries 
were extracted and leached using a combi-
nation of acetic, citric, and sulfuric acids 
and their mixtures in a two-stage selective 
scheme. This procedure aimed to recover 
metal-bearing solid products. The leachates 
were treated by evaporation/crystallization 
or chemical precipitation to obtain the so-
lid products. These products were charac-
terized using scanning electron microsco-
py, chemical analysis by atomic absorption 
spectroscopy, mineralogical phases by x-ray 
diffraction, and infrared spectroscopy. In 
the first leaching step, 15 % m/m citric acid 
was used to recover 85±5 wt.% of the cad-
mium present as a carboxylate salt. In the 
second leaching stage (5 % m/m acetic acid 
mixed with 3 % m/m sulfuric acid), 50±3 
wt.% of nickel was recovered, in the form 
of a product consisting of a mixture of hy-
droxides and salts. The remaining solid 
from the second leaching stage was a valua-
ble metal product containing nickel (96±4 
wt.%). The analysis of the results allowed us 
to depict a conceptual process flow diagram 
for the selective leaching of the spent Ni-Cd 
batteries, and the possible industrial use of 
the solid products obtained.

Keywords: hydrometallurgy, organic 
acids, spent Ni-Cd batteries, valorization.

Resumen
Se propone una ruta de procesamiento hi-
drometalúrgico de pilas Ni-Cd gastadas, 
utilizando ácidos orgánicos como princi-
pales agentes lixiviantes. Los electrodos de 
tales pilas fueron lixiviados con diferentes 
ácidos y mezclas de ellos, con la finalidad 
de encontrar la mejor combinación de va-
riables operativas para una recuperación 
eficiente de metales valiosos. Los produc-
tos obtenidos fueron caracterizados em-
pleando microscopía electrónica de barri-
do, análisis químico por espectroscopia de 
absorción atómica, difracción de rayos x y 
espectroscopia infrarroja por transforma-
da de Fourier. Se encontró que es posible 
obtener productos aprovechables en varias 
industrias al aplicar dos etapas de lixivia-
ción selectiva: en la primera, se emplea 
ácido cítrico al 15 % m/m para recuperar 
85±5 % en peso de cadmio como sal; en la 
segunda, se emplea ácido acético al 5 % 
m/m mezclado con ácido sulfúrico al 3 % 
m/m, con el fin de recuperar el 50±3 % en 
peso níquel en un producto formado por 
hidróxidos y sales. El sólido remanente de 
la segunda etapa de lixiviación también 
puede ser aprovechable, pues contiene 
96±4 % en peso de níquel.

Palabras clave: ácidos orgánicos, hi-
drometalurgia, pilas gastadas Ni-Cd, va-
lorización.
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INTRODUCTION

Spent Ni-Cd batteries have been recycled using pyrometallurgy for decades, for exam-
ple, by processes such as Snam-Savam [1], Sab-Nife [2], Accurec [3] and Inmetco [4]. In 
pyrometallurgy, cadmium is volatilized and recovered by condensation, and used for 
new batteries, whereas nickel is applied in steel production [5], [6]. Nevertheless, steel 
producers cannot incorporate Ni-Cd batteries into the molten steel in large amounts 
[7]. All the above-mentioned processes are associated with fume emissions that require 
compliance with strict standards related to flue gas filtration systems [6]. There are also 
hydrometallurgical plants for recycling Ni-Cd batteries such as Batenus and Batmix 
[11,14]. These processes avoid emissions of contaminating gases into the atmosphere 
and save energy, compared to pyrometallurgy [6]. However, the use of concentrated 
sulfuric acid as a leaching agent and the recovery of metals from the pregnant liquor 
(Ni, Cd, Cu, Hg, Zn, Fe) by selective ion exchange [8] generates contaminated aqueous 
effluents implies high processing costs [9]. On the other hand, some promising biohy-
drometallurgical processes for treating spent Ni-Cd batteries have been devised, but 
their implementation has been discouraged because of its long reaction time [10], [11]. 
Unlike mineral acids, used in traditional leaching procedures, organic acids are safe 
and biodegradable chemical agents. Organic acids also have the attractive feature of 
showing metal complexing properties, which makes them valuable for selective lea-
ching operations [12]. So, it is important to focus research efforts on the technologi-
cal development of more sustainable reclamation procedures for the cadmium and the 
nickel contained in spent Ni-Cd batteries by applying organic acids as leaching agents. 

Considering these ideas, this work aimed to propose a novel hydrometallurgical pro-
cessing route, based on the application of diluted organic acids (citric and acetic) as 
Cd-selective leaching agents, for the treatment of spent Ni-Cd batteries. The treat-
ment of the leaching liquors (crystallization, precipitation) produced organic salts 
containing Ni and Cd that were physiochemically characterized. Also, we proposed 
a conceptual process flow diagram for the battery recycling operation. Finally, from 
a circular economy standpoint, we discussed the possible application of the solid 
products obtained as raw materials for several industrial applications.

METHODOLOGY

Extraction of electrode active powders from spent Ni-Cd batteries

We obtained from a local waste management company 110 Ni-Cd battery cells (di-
fferent brands and sizes), equivalent to 3,27 kg. The cells were discharged using a 
resistance circuit. Later, the cells were dismantled using hand tools to separate the 
anode and cathode ribbons from other materials (labels, cases, connectors, and se-
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parators). The electrode ribbons were milled separately and sieved, so a cathodic 
powder and an anodic powder were obtained, dried at 70 °C, and stored in closed 
vessels at room temperature for further use. The disassembled Ni-Cd cells averaged 
a cathode-to-anode powder mass ratio of 1:1. As obtained by atomic absorption spec-
troscopy [13], the composition of the cathode was 7±2 wt.% Cd and 52±10 wt.% Ni, 
and the composition of the anode was 65±4 wt.% Cd and 11±2 wt.% Ni. 

Leaching of the active powder materials and recovery of products

The electrode powder materials from spent Ni-Cd batteries were leached in shake 
flasks at room temperature (~25°C). The leaching tests were performed with 2 g of 
active material dried powder and 40 mL of acid leaching agent. The reaction cons-
tituents were put into 250 mL Erlenmeyer flasks and placed on an orbital shaker at 
a constant speed (200 rpm) for one hour. The pulp was filtered, and the solution 
was submitted to atomic absorption spectroscopy (As) for Ni and Cd analysis, using a 
SavantAA gbc Scientific Equipment spectrometer.

The rationale of the leaching tests carried out was divided into two stages, as follows:

 ‒ Initially, the active powders (cathode and anode) were separately leached to 
test the performance of the leaching agents used. 

 ‒ Then, a 1:1 mass ratio cathode-to-anode mixture was leached to determine se-
lectivity, leaching time, and acid mixtures for more efficient recovery of valua-
ble metals. Finally, a conceptual process flow diagram was developed for the 
recycling operation.

In the first stage, cathode and anode powders were leached, separately, in solutions 
containing 5 % m/m of the following leaching agents: acetic, citric, oxalic, hydro-
chloric, and sulfuric acids. After this, the organic acids showing greater leaching 
efficiency were tested again, at the following concentrations: 10, 15 and 20 % m/m. 
Three replicates were performed for each experimental condition. The reported va-
lues are the average, and the error bars represent one standard deviation.

The acids and concentrations showing a better performance were tested again, on a 
cathode-to-anode 1:1 powder blend, to simulate the real composition of the electro-
de mass that could be obtained after an industrial milling operation or spent Ni-Cd 
batteries. The most selective leaching agents from this test were studied at different 
leaching times, from 5 to 360 min, to determine the reaction time. The solutions 
obtained from this first stage (360 min test) were submitted to a process of evapora-
tion/crystallization at 70 °C for 24 h and the solids recovered were physical chemica-
lly characterized as described in the next section. After the selective leaching of Cd 
from spent Ni-Cd batteries, the second stage of leaching was carried out for 1 h, on 
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the remaining solids, using acetic acid and sulfuric acid, both separately and blen-
ded at different proportions (see “Results and discussion” section). All experiments 
were triplicated, the reported values correspond to the average, and the error bars 
indicate one standard deviation.

Once the leaching agent for the second leaching stage was determined, NaOH was 
added to the second leaching solution obtained, in a ratio of 3,5 g for each 50 mL of 
solution (pH>12). This procedure was intended to precipitate the metal leached. The 
NaOH was added gradually under constant stirring at 50°C for 10 min, and then, 
to separate the precipitates, the solution was centrifuged at 2300 rpm for 10 min. 
Finally, after leaving the liquor to stand for 24 h and subsequently evaporating/crys-
tallizing the solid in an oven at 70 °C for another 24 h, the product was submitted to 
several physicochemical analyses. The remaining solid from the second stage of lea-
ching was also submitted to further analyses, as explained in the following section.

Physicochemical characterization of the solid products

As indicated above, the liquid solutions obtained from the first and second leaching 
stages were treated by evaporation/crystallization and NaOH precipitation, respecti-
vely. The solid products obtained in each of the stages were characterized by utilizing 
the following analysis techniques: scanning electron microscopy (seM) with energy 
dispersive spectroscopy (eds), atomic spectroscopy (As), X-ray diffraction (xrd), and 
Fourier transform infrared spectroscopy (ftir).

For seM-eds analysis, a representative sample of each product was placed on a brass 
holder using carbon conductive adhesive tape. The sample was sputter-coated with 
conductive carbon and analyzed on a jeol scanning electron microscope model jsM-
6390 (20 kV) for morphological and microchemical analysis. For elemental quanti-
tative chemical analysis, both absorption and emission techniques were implemen-
ted using As using a SavantAA gbc Scientific Equipment spectrophotometer. Solid 
product samples and remaining solids from the second leaching stage were digested 
in distilled water acidified with a few drops of concentrated HNO3 and a hydrochlo-
ric-nitric acid mixture heated at 80°C, respectively. After digestion, several metals 
were quantified under standard conditions of wavelength, slit, and flame, according 
to each element analyzed. For mineralogical analysis and functional group determi-
nation, the samples were oven-dried (70 °C, 24 h) and finely ground in an agate mor-
tar. The crystalline minerals present in the samples were determined by xrd, using 
a PW-1840 Philips diffractometer with an incident wavelength corresponding to the 
copper Kα1 radiation (1,5406 Å) was used. The diffraction angle (2θ) was scanned 
from 10 ° to 80°. The phase identification was carried out using the icdd (Internatio-
nal Centre for Diffraction Data) database. Finally, for ftir analysis the samples were 
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mixed with KBr at a 99:1 mass ratio and their spectra were recorded using a Bruker 
Tensor 27 spectrometer.

RESULTS AND DISCUSSION

Leaching of active materials from spent Ni-Cd batteries

The Cd-rich anode and the Ni-rich cathode of the Ni-Cd spent batteries were se-
parately leached in different media, using the shake flask technique, to assess the 
efficiency of each leaching agent used. The results are shown in Figure 1 (a). As ex-
pected, the inorganic acids (HCl, H2SO4) are the most effective when it comes to 
dissolving metals and this fact is coincident with previous reports [14], [15]. From 
Figure 1 (a), we can also observe that oxalic acid did not leach the anode and the 
cathode of the spent batteries, and the Cd-rich anode is more amenable to leaching 
than the Ni-rich cathode. Additionally, H2SO4 is the most effective leaching agent for 
both, the Cd-rich anode, and the Ni-rich cathode of the spent Ni-Cd batteries. This 
very same observation has been reported in previous works [16], [17]. Regarding the 
organic acids, acetic acid was more effective than citric acid for both electrode ma-
terials. The application of acetic acid as a successful leaching agent for Ni-MH spent 
batteries, a similar battery system, was reported in a previous paper [12].

Nonetheless, the aim of this study is to gain insights into the possible application 
of organic acids as leaching agents for spent Ni-Cd batteries. Despite their lower 
efficacy when compared to inorganic acids, experiments carried out with acetic and 
citric acids were kept on at higher concentrations. It can be seen in Figure 1 (b) that 
at concentrations higher than 5 % m/m, both acids increase their leaching capacity, 
particularly for cadmium. On average, acetic acid dissolves 60 % more Ni from the 
Ni-rich cathode than citric acid for all the concentrations tested, but the yield for 
leached Ni is still low (circa 20 %). In the case of the cadmium leached out from the 
Cd-rich anode, both acids behave similarly, showing yields of over 80 %. Since both 
the acids (acetic and citric) at a concentration of 15 % m/m rendered slightly better 
results, a selectivity test was devised. In this test, cathode and anode powder were 
mixed at the same mass ratio found in the batteries (1:1). 

The solid mixture was subjected to leaching in shake flasks at room temperature 
with 15 % m/m of each acid separately, and the results are shown in Figure 1 (c). 
Whereas both organic acids, acetic and citric, exhibited good leaching yields for cad-
mium, the selectivity test showed that acetic acid leached five times more nickel 
than citric acid from the mixed electrode powder. These results confirm that cad-
mium contained in the battery powder is more amenable to leaching than nickel. A 
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practical consequence of the results shown in Figure 1 (c) is that citric acid works as 
a selective leaching agent for cadmium. When nickel and cadmium are both present 
in the leaching system, citric acid preferentially attacks cadmium compounds, and 
nickel compounds are not dissolved to a great extent.

So, we performed a time-course leaching test on active materials from Ni-Cd batte-
ries mixed in a 1:1 ratio, using citric acid in a 15 % m/m concentration, as shown in 
Figure 1 (d). The most advantageous leaching time found was 60 min, as highlighted 
in Figure 1 (d). After this time, it is possible to recover a large percentage of Cd (85 ± 
5 %) and only a small amount of Ni (4 ± 1 %), confirming conditions for the selective 
leaching of cadmium using citric acid. Longer leaching times are not practical, since 
the cadmium leaching does not increase and, by contrast, the presence of nickel in 
the solution increases, lowering the selectivity of this first leaching step.

As shown, citric acid mainly dissolves the anode’s cadmium of the spent Ni-Cd bat-
teries. Thus, the solids remaining from the citric acid leaching (first leaching step) 
were filtered out and submitted to the second leaching stage, using acetic and sul-
furic acid either separately or blended, using different concentrations of each acid.

These tests were performed to determine the best leaching agent to recover the nic-
kel remaining from the first leaching stage with citric acid. As shown in Figure 2, by 
using a combination of 5 % m/m acetic acid and 3 % m/m sulfuric acid, the highest re-
covery percentage of Ni is achieved (50±3 wt.%). Besides, this combination recovered 
6±2 wt.% of the remaining Cd from the first leaching stage. This combination was 
more efficient than acetic acid alone (5 % m/m) and sulfuric acid alone (5 and 10 % 
m/m), indicating a synergistic effect by combining acetic and sulfuric acid. Such 
behavior can be explained because, during the leaching reaction of the battery ma-
terials, the inorganic acid (sulfuric acid) provides a greater concentration of H+ ions 
which promotes protonic attack of the solid, whereas the organic acid (acetic acid) 
can continue extraction by complexing metal ions in the solution, forming soluble 
metal acetates [18]. Both phenomena create proper conditions for enhanced metal 
extraction from the solid substrate.
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Source: Own elaboration.

Fi g u r e 1. (A) Acid leAcHing of Active MAteriAls froM ni-cd bAtteries, 
sePArAtely, using botH orgAnic And inorgAnic Acids in A 5 % M/M 

concentrAtion. (b) Acid leAcHing of Active MAteriAls froM ni-cd bAtteries, 
sePArAtely, using Acetic And citric Acids At tHe following concentrAtions: 
10 %, 15 %, And 20 % (M/M). (c) Acid leAcHing of Active MAteriAls froM ni-

cd bAtteries Mixed in A 1:1 rAtio, using Acetic And citric Acids in A 15 % M/M 
concentrAtion. (d) tiMe-course for tHe Acid leAcHing of Active MAteriAls 

froM ni-cd bAtteries Mixed in A 1:1 rAtio, using citric Acid 15 % M/M. 
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Source: Own elaboration.

Fi g u r e 2. cAdMiuM And nickel extrAction in tHe second stAge of Acid 
leAcHing is PerforMed using tHe reMAining solid froM tHe first leAcHing 

steP (citric Acid, 60 Min). Acetic And sulfuric Acids, botH sePArAtely And 
blended, were tested in severAl concentrAtions (% M/M), As indicAted. 

Physicochemical characterization of the products

As indicated previously, we treated the solutions obtained from the first and the 
second leaching stages of the internal materials of the Ni-Cd spent batteries to get 
solid products. The leachate from the first stage (citric acid 15 %, leaching for 60 
min) was processed by evaporation/crystallization. The leachate from the second 
leaching stage (acetic acid 5 % + sulfuric acid 3 %, leaching for 60 min) was precipita-
ted by NaOH addition. As a first approximation, the characterization of these solid 
products (crystals) was carried out by seM-eds analysis. The secondary electrons seM 
images of products obtained at the end of the two leaching stages of the active mate-
rial from spent Ni-Cd batteries, as well as that one of the remaining solids, filtered 
out from the second leaching stage, are shown in Figure 3. The percentage by weight 
of each element detected over the area of these images, obtained by a semi-quantita-
tive chemical microanalysis using eds, is also shown in Table 1.

Both the leaching products and the remaining solid from the second leaching stage 
have a heterogeneous morphology established by particles with an average diame-
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ter ranging from a few microns to 500 μm, and even a little more in the case of the 
product and the remaining solid from the second leaching stage. In the case of the 
solid product from the solution of the first leaching stage, the particles tend to form 
agglomerates. Besides, the particles constituting the product crystallized from the 
solution of the second leaching stage show massive grains. Finally, the remaining so-
lids from the second leaching stage, i. e. the material not solubilized, show a porous 
morphology and the presence of metal structures resembling the typical nickel foam 
cathode mesh of the original battery [19].

Because having used organic acids as leaching agents, C and O are found in the solids 
recovered from the leaching solutions in both stages. The solids from the first lea-
ching stage contained Cd and no Ni, which confirms the selectivity of the leaching 
process. Besides, the solids from the second leaching stage are more complex but ex-
hibit the presence of Ni and some residual Cd. In this solid, the detection of S is due 
to the use of sulfuric acid in the second leaching stage, whereas Co is usually present 
at the cathode of Ni-Cd batteries, as some other authors have reported [12], [20]; and 
Al is probably an impurity in the electrodes of these batteries. It must be highlighted 
that the solids from the second leaching stage contained Na, due to the NaOH ex-
cess used for the precipitation of this product. In addition, both the solids obtained 
from the first and second leaching stage contained K. The presence of K in the solid 
products obtained from the leachates can be explained by the fact that potassium 
hydroxide (koH) is the electrolyte in the Ni-Cd battery system [1], [4]. 

Source: Own elaboration.

Fi g u r e 3. secondAry electrons seM iMAges of tHe solid Products crystAllized 
froM tHe solutions obtAined in tHe first (A) And second (b) leAcHing 
stAges And tHe reMAining solid froM tHe second leAcHing stAge (c). 
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Ta b l e 1. seMi-quAntitAtive cHeMicAl MicroAnAlysis (eds) of 
tHe entire AreA of seM iMAges in figures 3A, 3b And 3c 

Element

Weight percentage

Product from 
the first leaching 

stage

Product from the 
second leaching 

stage

Remaining solid 
from the second 

leaching stage

Al - 0,80 -

C 40,12 38,94 23,56

Cd 6,61 0,62 -

Co - 0,42 0,28

K 0,52 2,09 -

Na - 15,35 -

Ni - 6,02 70,87

O 52,74 36,37 5,29

S - 1,48 -

Source: Own elaboration.

Unlike the solid products derived from the leachates, the solid remaining from the 
second leaching stage had Ni as a major element, followed by a considerable weight 
percentage of C. It contained O and traces of Co. The C and O can be attributed either 
to the presence of the remaining leaching agent or by some carbon that is added to 
the electrodes of the battery to increase the electrical conductivity [21]. In any case, 
some of the carbon detected by the eds analysis in these samples can be an artifact 
caused by the coating used for the sample preparation [22]. These findings are con-
comitant with the fact that the remaining solids are composed of some of the Ni-me-
tal mesh and carbon particles that compose the electrodes of the spent batteries, as 
can be seen in Figure 3 (c). Anyways, the eds microchemical analysis must be taken 
cautiously, because of its semi-quantitative nature. Table 2 shows the quantitative 
chemical analysis by As made to the solids from both leaching stages and the remai-
ning solid. The solid product of the first leaching stage successfully concentrated 
the cadmium present in the battery since its Cd content was 15 wt.%. Besides, Ni 
was found as an impurity in the product with a concentration of 3,2 wt.%, which is 
well correlated to the results shown in Figure 1 (d) for the 60 min first-stage leaching 
experiment. Other minor metals, such as Co, Fe, Mn, and Na were detected in the 
product of the first leaching stage.
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From the second leaching stage, Na was the dominant metal in the product, followed 
by Ni, representing 36 and 12 wt.% of the product, respectively. Likewise, some im-
purities containing Cd, Co, K, Mn, and Zn were found, but only Cd and potassium 
are present in a considerable weight percentage, 2,1 and 1,2 wt.%, respectively.

Finally, the remaining solid from the second leaching stage showed a nickel content 
of 96 wt.%, a value that turns this insoluble fraction into an exploitable high-value 
metal product, for example, as an alloying element in metallurgical processes. This 
material also showed small amounts of Cd, Co and Cu.

Ta b l e 2. cHeMicAl AnAlysis of MetAls in tHe Products 
And reMAining solid froM botH leAcHing stAges

Element

Weight percentage

Product from 
the first leaching 

stage

Product from the 
second leaching 

stage

Remaining solid 
from the second 

leaching stage

Cd 15 ± 1 2,1 ± 0,2 0,06 ± 0,01

Co 0,09 ± 0,01 0,79 ± 0,02 0,7 ± 0,1

Cu < 2,49∙10-5* < 5,76∙10-5* 0,26 ± 0,01

Fe 0,03 ± 0,01 < 4,32∙10-5* < 5,85∙10-5*

K 0,56 ± 0,04 1,2 ± 0,2 < 5,85∙10-5*

Mn 0,06 ± 0,01 0,04 ± 0,01 < 5,85∙10-5*

Na 0,12 ± 0,1 29 ± 3 < 2,24∙10-5*

Ni 3,2 ± 0,1 12 ± 1 96 ± 4

Zn < 1,62∙10-5* 0,15 ± 0,02 < 5,07∙10-5*

* Detection limit,
Source: Own elaboration.

In Figure 4, we showed the crystalline phases identified in the products from the first 
and second leaching stages. In the product from the first leaching stage (Figure 4a), we 
identified citric acid hydrate (C6H8O7∙H2O), icdd 00-015-0985; cadmium oxalate hydrate 
(CdC2O4∙3H2O), icdd 00-053-0085; and metallic cadmium, icdd 00-005-0674. Besides, in 
the second stage of a solid product (Figure 4b), the nature of the nickel phases is due 
to the leaching agents used as well as the precipitating agent used. The following spe-
cies were identified: sodium hydroxide (NaOH), icdd 00-027-0711; nickel oxide hydroxi-
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de (NiOOH), icdd 00-027-0956; nickel hydroxide hydrate, (Ni(OH)2∙0,75H2O), icdd 00-
038-0715; nickel acetate hydrate (C4H6NiO4∙4H2O), icdd 00-049-1173; and nickel sulfate 
(NiSO4), icdd 01-072-1195. It must be pointed out that the diffraction pattern recorded 
in Figure 4b shows some background displacement, due to fluorescence [24], as it has 
been reported previously for nickel hydroxide samples [25]. 

Source: Own elaboration.

Fi g u r e 4. xrd diffrActogrAMs for crystAlline PHAse identificAtion 
in tHe Products obtAined by leAcHing tHe Active MAteriAls froM 

sPent nicd bAtteries. (A) Product froM tHe first leAcHing 
stAge. (b) Product froM tHe second leAcHing stAge. 

Nonetheless, the presence of a cadmium citrate hydrate (Cd3(C6H5O7)2.2H2O) in the solid 
product obtained in the first stage of leaching, cannot be ruled out, due to their simi-
larities with citrate salts synthesized by other researchers [23], [26]. To obtain a deeper 
understanding of this feature, the ftir spectrum of the solid product obtained from the 
first leaching stage is shown in Figure 5a. The broad band at 3444 cm-1 corresponds to 
HOH stretching of the water present in the crystal lattice [27], [28]; the bands at 2993, 
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2742, and 2619 cm-1 are related to organic salts which possess -COOH where there are 
electrostatic interactions due to the complexity of its structure [29], as well as the band 
at 1905 cm-1, correspond to CO molecular vibrations of complex salts [27]; the bands 
at 1620, 1396, and 1338 cm-1 are the main COO molecular stretches of salts from car-
boxylic acids [26], [27], [30], [31]. Those at 1223 and 1134 cm-1 are CO stretches [27], whi-
le the bands at 1076, 791, and 594 cm-1 are molecular vibrations of rocking, wagging, 
and scissoring, respectively, typical of carboxylic acid salts [26], [29], [29]. The bands at 
895, 513, and 467 cm-1 are MO molecular vibrations, being M a metallic element. Apart 
from cadmium citrate and oxalate, which are complex salts formed in the presence of 
citric acid [32], in the product some unreacted citric acid could be present, as evidenced 
by the bands located at 1736 and 930 cm-1 [27], [28]. These results confirm the phases 
found by xrd. Finally, metallic cadmium identified by xrd could be a consequence that 
citric acid and its salts may act as reducing agents [32].

Source: Own elaboration.

Fi g u r e 5. ftir sPectrA of Products obtAined by leAcHing of Active 
MAteriAls froM sPent nicd bAtteries. (A) solid Product froM tHe first 

leAcHing stAge. (b) solid Product froM tHe second leAcHing stAge. 
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On the other hand, the ftir spectrum of the product from the second leaching stage 
verifies the presence of the NiSO4 and nickel acetate hydrate phases identified using 
xrd. In the case of nickel acetate, the broadband at 3232 cm-1 corresponds to HOH 
stretching of the water present in the crystal lattice [27], [28]; the bands at 1570, 1415, 
and 1250 cm-1 are the main molecular COO stretches of acetates, whereas those at 
648 and 613 cm-1 are CO deformations; the bands at 3005, 2931, 1342, 1049 and 1014 
cm-1 are related to CH3 stretching and deformation and those at 922 and 474 cm-1 are 
CC stretching and CCO deformation, respectively; and the band at 420 cm-1 is an 
MCO bending [27], [29]. Concerning nickel sulfate, the bands around 2110 cm-1 co-
rrespond to SO4

- [29], and that one at 1126 cm-1 represents the SO4
- main stretch [27]; 

the bands at 648 and 613 cm-1 may also represent SO4
- out of plane deformations [27], 

[29]. However, no specific bands related to nickel and sodium hydroxides, nor the 
nickel hydroxide oxide were assigned because the characteristic bands of this kind of 
compounds may have been either overlapped by the band corresponding to crystal 
lattice water or located at wavenumbers smaller than 400 cm-1, which are typical of 
these compounds [33].

Conceptual process flow diagram for the hydrometallurgical processing  
of spent Ni-Cd batteries using organic acids

Based on the results shown above, a conceptual route for the hydrometallurgical 
processing for spent Ni-Cd batteries using organic acids can be devised, focused on 
two stages of selective leaching. The first stage of selective leaching for Cd would 
use 15 % m/m citric acid as a leaching agent, and a second stage for the selective lea-
ching of Ni would use a mixture of 5 % m/m acetic acid and 3 % m/m sulfuric acid as 
leaching agent. All products obtained through this processing route, shown in bold 
in Figure 6, can be used as starting materials either to prepare chemical commo-
dities or to produce metallic Cd and Ni coatings by electrolytic processes [34], [35]. 
Additionally, due to their composition, these products could be used directly as dye 
mordants in textiles [36] and as ceramic pigments [37].
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Source: Own elaboration.

Fi g u r e 6. ProPosed concePtuAl Process flow diAgrAM for 
tHe HydroMetAllurgicAl Processing of sPent nicd bAtteries 

According to An initiAl MAss of 100 kg of bAtteries.

CONCLUSION

Under the experimental conditions evaluated in this work, we can conclude:

 ‒ Compared to citric and acetic acids, the leaching yield of sulfuric acid was hi-
gher for nickel and cadmium; however, the selectivity exhibited by sulfuric 
acid was low. 

 ‒ Acetic and citric acids showed promising leaching yields for cadmium.
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 ‒ The selectivity test showed that acetic acid leached 5 times more nickel than 
citric acid from the mixed electrode powder.

 ‒ The time-course for the acid leaching of active materials from Ni-Cd batteries 
mixed in a 1:1 ratio, using citric acid 15 % m/m showed that proper leaching 
yields can be attained after 60 min of leaching.

 ‒ Up to 50±3 wt.% of Ni was recovered in the first leaching stage employing a 
combination of 5 % m/m acetic acid and 3 % m/m sulfuric acid. This combi-
nation was more efficient than acetic acid alone (5 % m/m) and sulfuric acid 
alone (5 and 10 % m/m), indicating a synergistic effect by combining acetic and 
sulfuric acid. 

 ‒ By compiling all the results, a conceptual process flow diagram was devised 
to recycle Ni and Cd from spent batteries in the form of valuable materials for 
industrial applications.
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