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Acid Leaching-Based Synthesis of CdS Yellow Ceramic Pigment with Discarded Ni-Cd Batteries
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There is increasing interest in the ceramic industry in the development of pigments with intense
tonalities that can be produced from low-cost alternative raw materials and also can fulfill technological
and environmental requirements. This work reports on the preparation and characterization of CdS
yellow ceramic pigment derived from Ni-Cd batteries through an acid leaching process. Cadmium was
chemically extracted with HCI and tributylphosphate (TBP) and reacted with H,S to form CdS. The
obtained yellow powder is composed of agglomerated particles with nanometer sizes and hexagonal and
rod-shaped crystals. Rietveld refinement indicated that these particles consist of cubic and hexagonal
CdS. CIELab colorimetric parameters revealed a bright yellow color (L*=77.8, a*=13.7 and b*=76.2),
similar to that of commercial Cd Yellow pigment. The extraction of Cd from Ni-Cd batteries could be
a low-cost and environmentally friendly solution for the production of CdS-based ceramic pigments.
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1. Introduction

Ceramic pigments consist mostly of metallic oxides due
to their high thermal and chemical stability. These pigments
may contain heavy metals in their composition that result in
differentiated colors. Some of the common urban toxic wastes,
which have a disposal problem, are rich in metallic elements that
can be used in other applications, such as in ceramic pigments.
There is a growing interest from the ceramic industry in the
development of pigments with intense tonalities from low-cost,
alternative raw materials that can also meet their technological
and environmental requirements. With new recycling methods,
industrial residues and natural by-products have attracted great
interest for the development of high added-value ceramic pigments '.

Cadmium sulfide is a semiconductor widely used in
optoelectronics and chemical catalysis and it is also used in
pigments in the arts and in the ceramic industry **. During the
last few decades, many routes for the synthesis of this compound
in the form of a powder, a single crystal, or a thin film have
been reported, including microbial synthesis *-'*. The high cost
of Cd-based pigments has been linked to the price of the raw
material (cadmium and selenium ores) and to the encapsulation
process. The possible color pigments based on Cd range from
yellow (CdS), through orange, to red-brown, gray and black
(CdSe); all very intense. Thus, although they are expensive,
these pigments are much desired by the ceramic industry.
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The recycling of discarded electronic equipment and
parts, such as batteries from cellphones that use Cd in their
composition, offers a low-cost approach to the synthesis of
CdS and other inorganic pigments. Cadmium is a carcinogenic
heavy metal that is banned from being discarded as a
conventional waste, which also motivates the development
of new environmentally friendly recycling processes 4.
Almost 90% of the cadmium used worldwide is found in
batteries and pigments, which motivates the recovery of Cd
for further Cd-based pigment production.

The recycling of Ni-Cd batteries has not always been
economically favorable due to the constant fluctuation of
the price of cadmium and the need for these batteries to be
recycled independently of other battery types, at least in the
processes that use distillation of metals. Thus, alternatives to
recycling are still being studied, aiming to create new processes
or to improve existing ones. The main methods of recycling
batteries involve three distinct routes: i) Unity operations
of mining treatment, where the components of batteries are
physically separated for further recovering through other
chemical processes; ii) Pyrometallurgical approach, where
the components are distilled at high temperatures; and iii)
Hydrometallurgical approach, through acid leaching of the metallic
elements '*. Nogueira et al '® applied the hydrometallurgical
process for recovery of cadmium, cobalt and nickel from
Ni—Cd batteries. They reported a recovery of 99.7% of Cd.
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Through the data available from the hydrometallurgical route,
it is known that for each ton of batteries it is possible to produce
approximately 253 kg of CdCl,, yielding almost 200 kg of CdS 7.
In this work, Cd from Ni-Cd batteries was chemically
extracted by a hydrometallurgical process and used to
synthesize a yellow inorganic, non-oxide CdS pigment.

2. Experimental

2.1 Solubilization procedure

Discharged Ni-Cd batteries from cellphones (around
10 per experiment) were manually disassembled and the
internal content was carefully removed and submitted to an
acid treatment with concentrated HCI (12 mol/L). Two main
extractions were performed. In the first, the electrodes, the
metal grid and the electrolytic paste were separated from de
plastic and immersed into a flask containing the HCl solution.
In the second, only the electrodes were treated with the HCI
solution. The experiments were carried out under stirring on
a hot plate at 40°C for 4 hours. The process was conducted
under reflux in a hood. The ratio of material/HCl was 150
g1, At the end of the procedure, the leached liquid was
vacuum filtered and the residue was dried at 40°C.

2.2 Extraction procedure

Tributylphosphate is a molecule of lower molar mass
than those commonly used and has good extraction activity
in metallic ions, as an additional extractor in solvation. Its
main function is to form adducts with metallic complexes in
the solution '®. The equation for the extraction, using TBP,
can be written as follows, where MA_, is salt of metal °.

MA, .+ 2TBPorg = MA,,.,.(TBP), (1)

The solute’s cadmium was extracted with (TBP) dissolved
in deodorized kerosene (25% v/v) over 5 min. This process
was repeated 3 times and the organic fractions containing Cd
were collected. The Cd retained in the organic fractions was
re-extracted with a HCI (6 mol/L) solution. The solution was
then neutralized with NaOH (12 mol/L), which promoted
the precipitation of Cd in CdCI, '*.

In an aqueous solution, the following equation can be
expressed:

Cd(OH) (. + 2H .y + TBPorg —

2
CdCl, - TBPorg + 2H,O @

In the presence of NaOH in the solution, CdCl, is then
precipitated from the complex formed in Eq. (2). Studies of
the effect of multiples ions in the extraction in strong acid
solution, using hydrochloric acid media in the extraction
of cadmium and TBP as organic phase to obtain a complex
TBP-Cd, reported evidences of the species MCI, 2TBP .
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Further studies have revealed the formation of coordinate
complex between CdCl, and solvent and the presence of other
metal species may induce the formation of MCl,” complexes
and MCI, complexes, according to the reaction *':

20dCL, ~ CdCL + CdCly 3)

The resulted powder was separated from the solution
by centrifugation and washed with distilled water to
remove residual salts and impurities. After drying, the
precipitated Cd was reacted with H,S in a concentrated
solution to form CdS. The CdS produced after the first
and second extractions were labeled as CdS-1 and CdS-
2, respectively.

The phase composition of the obtained powders were
analyzed by X-ray diffractometry at room temperature
using a Philips diffractometer model X’Pert with CuKa
radiation (A = 1.54 A) and scan rate of 1 °/min over a 260
interval between 10° and 90°. Quantitative analysis of the
XRD patterns was carried out through Rietveld refinement
method, using the software GSAS . The microstructure
was evaluated by transmission electron microscopy (TEM,
JEOL-JEM 1011) with a maximum acceleration voltage
of 80 kV and scanning electron microscopy (SEM, JEOL
JSM-6390LV) combined with energy dispersive X-ray
spectroscopy (EDS) for elemental analysis operating at
different accelerating voltages. For SEM observations,
the powder was deposited on aluminum stubs and coated
with gold. For TEM analysis, the powder was dispersed
in ethanol and dispersed over a carbon grid. The color
parameters L*, a* and b* of the powder were determined
using the computer vision system (CVS) 2. Images were
taken from a camera (Nikon D5500, Nikon Corporation,
Japan) and treated by the software ImageJ v. 1.6.0 (NIH,
USA) to convert RBG color system to CIELab scale.
Measurements were performed in triplicate.

3. Results and Discussion

After the first extraction, the precipitate from the leach
exhibited a brownish color, indicating that it is not pure
cadmium chloride (which is white). After the reaction with
sulfur, a yellow-dark complexion was formed, indicating
that, if CdS formation had occurred, it was incomplete or
associated with other compounds. The interval between
leaching and TBP extraction plays a key role in Cd extraction.
The first extraction was performed using a 48 h interval.
During the time the solution being held, the leaching reaction
continued and this may have altered the final composition
of the filtrate. On the other hand, the brown color of the
precipitate indicates the possible presence of iron (Fe,0,).
Therefore, we suggest that the leaching of the metal grid
releases Fe ions into the solution and this occurs throughout
the extraction process until neutralization and precipitation.



Acid Leaching-Based Synthesis of CdS Yellow Ceramic Pigment with Discarded Ni-Cd Batteries 3

Figure 1 shows the spectra of EDS from the CdS produced
after the first extraction (Fig. 1a) and the CdS obtained after
the second extraction (Fig. 1b).

The suspected contamination with iron (III) oxide was
confirmed by the presence of a characteristic peak of Fe. It
was therefore concluded that the metal grid is the source of
the iron impurity. Cobalt peaks were also identified, which
are consistent with the battery composition since it also
contains cobalt in the cathode to increase the performance
of the battery. The second extraction started from the pure
electrode and, therefore, Fe-based impurities would not be
expected (Fig. 1b).

Fig. 2 shows the X-ray diffraction spectra of the products
of the reactions between H,S and CdCl, as compared with
reference samples.

Both Cd and CdCl, reacts with the H,S to form the
desired yellow colored cadmium sulfide according to the
following reactions:

4

CdCl (aq)+ H.S(g) — CdS(s)+ 2HCl(aq) (5)

Cd(s)+H.S(g) — CdS(s)+ H.(g)

Cadmium sulfide is present in all spectra of samples
after first and second extraction. Although Fe, Ni and Co
was detected in EDS analysis, it could not be detected in
XRD, due to the technique resolution. The broad peaks of
the samples revealed that the CdS is nanocrystalline with
a significant amorphous phase, when compared to the
sharp peaks of the commercial pigment. All CdS peaks
were indexed after ICSD files. After the first extraction
procedure, not only pure cadmium was removed and
some non-reacted specimens could be present. Despite
CdS crystalline phases (cubic and hexagonal), cadmium
chloride (CdCl)), cadmium perchlorate (CdCl,0,) and
cadmium hydroxide (Cd(OH),) could be indexed as well. The
intensity of the diffraction peaks of the CdS-1 powder was
too low for a reliable quantitative crystalline phase analysis.
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Figure 2. a) X-ray diffraction spectra of the products obtained after
both of extraction processes. The spectrum of commercial CdS
powder is also shown. b) Rietveld refinement of CdS-2.

Nevertheless, Rietveld refinement revealed that the amorphous
phase represents approximately 65% in this sample. Rietveld
refinement on the CdS sample produced after the second
extraction (Fig. 2b) returned two polymorphic phases of cadmium
sulfide: cubic CdS, ICSD #81925 (majority phase, 69%)
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Figure 1. EDS spectra of: a) CdS from the first extraction process; b) CdS produced from reaction between the obtained from the second extraction.
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and hexagonal CdS, ICSD #43599 (31%). In the second
extraction procedure only the Cd-containg electrode was
used for cadmium extraction and, therefore, a more pure
substrate for producing CdS.

Fig. 3 shows an SEM micrograph of the CdS powder
obtained after the second extraction (Fig. 3a and b) and
an EDS analysis (Fig. 3¢ and d) of the highlighted region
in Fig. 3b. Fig. 3d shows a bright field TEM image of the
synthesized CdS powder.

The analysis of the microstructure of the sample
(Fig. 3a and b) revealed that the powder after reaction
of CdCl, with H,S was composed of particles with sizes
ranging from the submicron scale to large agglomerates
(larger than 10 pm). To confirm the previous hypothesis
that CdS was formed on the surface of precipitated Cd-
based salt, two different beam acceleration voltages were
used to analyze the elemental composition of particle’s
inner (at 30 kV, Fig. 3c) and surface (at 15 kV, Fig. 3d)
composition highlighted in Fig. 3b. Both on the surface
and in the interior Cd and S appeared as major elements.
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Although Clis detected only in the inner part of the agglomerate,
which could confirm that the reaction occurred only on the surface,
its amount is too low (1.4 wt.%) to be considered as significant.
TEM analysis (Fig. 3e) revealed that, as confirmed by XRD
analysis, submicrometer (mostly below 200 nm) sized hexagonal
platelets are surrounded by nanosized CdS particles. Nanoparticles
with sizes of few nanometers (below 20 nm) are distributed over
the large crystals, which indicates that the reaction to form CdS
resulted in different shaped crystals. A cluster of nanoparticles is
displayed at the bottom-left region of the micrograph, while at
the top-right few hexagonal crystals can be observed.

Fig. 4 shows a photograph of the resulting powder (left)
together with a CIELab chart (right).

The CdS powder obtained after the second extraction
is characterized by CIELab coordinates of L*=77.8+0.4,
b*=76.2+0.2 and a*=13.7+1.1, where L* represents brightness,
b* represents yellow value and a* represents red value. High L
value, high b* value and low a* value indicate the synthesized
CdS powder shows a bright yellow color, which is comparable

to that of commercial Cd-based yellow pigments.
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Figure 3. a), b) SEM.micrographs of the CdS-2 powder; ¢) EDS spectrum of the region highlihghted in b) at 30 kV; d) EDS spectrum of
the region highlihghted in b) at 15 kV; e) Bright field TEM image of the synthesized CdS-2 powder.
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Figure 4. Photograph of the obtained powder (left) and CIELab chart (right) showing the color coordinates of the synthesized CdS-based

pigment (@) compared to a commercial Cd-based yellow pigment (X).

The extraction of Cd from Ni-Cd batteries could be a low-
cost and environmental solution for production of CdS-based
pigments, considering the well-established hydrometallurgical
process in the industry. The battery recycling process can reach
up to 20% efficiency conversion into CdS per ton of batteries
processed, if 100% of the byproduct, CdCl,, reacts to form CdS.

4. Conclusion

CdS-based yellow ceramic pigments were synthesized
from cadmium extracted from discarded Ni-Cd batteries. An
acid leaching process with HCI was applied to capture the Cd,
resulting in CdCl,, which further reacted with gaseous H,S
to form CdS. The obtained yellow powder is composed of
agglomerated particles with nanometer sizes and hexagonal
and rod-shaped crystals. Rietveld refinement indicated that
these particles consist of cubic and hexagonal CdS. CIELab
colorimetric parameters revealed a bright yellow color,
similar to that of commercial cadmium Yellow pigment.
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