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ABSTRACT: To protect future high-tech metal demand, a selective and efficient recovery method for tantalum from a tantalum-
rich e-waste component sample was developed. Ultrasound-assisted digestion of the component sample was optimized, and the
highest dissolution rate was achieved using a mixture of 8 mol/L H2SO4 and HF at a temperature of 60 °C. The determined amount
of tantalum was as high as 11 000 ± 1000 mg/kg, which results in a high potential for recyclable tantalum. The other major elements
of this complex e-waste fraction were silicon, iron, aluminum, and tin. Efficient recovery of tantalum from the leachate was performed
using the zeolite material ZSM-5. Extremely high selectivity and a recovery rate of over 98% were obtained. In terms of adsorption
efficiency, selectivity, and durability of the material, optimal adsorption was obtained using the diluted sample at 0.5 mol/L of
H2SO4. The adsorption capacity of ZSM-5 for tantalum was determined to be 10.5 ± 0.6 mg/g, and tantalum was selectively eluted
with 1:4 diluted ethanolamine with a yield of 87.2 ± 1.5%.

1. INTRODUCTION
In 2019, it was reported that 53.6 Mt of e-waste (electronic
waste) was generated globally, of which only 9.3 Mt (17.4%)
was officially documented for collection and recycling.1 The
fate of the undocumented e-waste stream, which accounts for
44.3 Mt (82.6%), is uncertain. However, it is assumed that
most of the e-waste gets mixed with other waste streams due to
the challenges of recycling and illegally transferred from first
world countries to third world countries. The amount of
generated e-waste is constantly increasing, with an annual
growth rate of nearly 2 Mt between 2014 and 2019, while only
0.4 Mt is collected and recycled.
Printed circuit boards (PCBs) have been recognized as a

valuable secondary raw material stream, particularly for the
recycling of gold, copper, silver, and palladium, as its metal
content is typically up to a hundred times higher than that of
mined ores.2,3 In addition to precious metals, valuable
electronic components such as tantalum capacitors can be
found on the surface of PCBs.4 However, the focus in PCB
recycling is primarily on recovering precious metals, and

valuable metals like tantalum often end up in smelting slag and
are thus discarded.5 Increasing the collection rate and raising
awareness among people are necessary actions to improve
tantalum recycling, save resources, and prevent economic
losses.6

Tantalum has been consistently included in the European
Commission’s list of critical raw materials (CRMs) for 7
consecutive years.7 Tantalum mining in the EU was reportedly
nonexistent in 2020, and consumption relied completely on
imported goods.8 However, the most recent report by World
Mining Data cites a globally small, but still significant, yearly
tantalum oxide production of approximately 15−20 t in Spain.9
Tantalum is a significant raw material in terms of future high-
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tech development, particularly in electronic components.10

Capacitors are currently the most significant application of
tantalum, and other notable uses include, e.g., superalloys,
chemicals, and sputtering targets.11

According to the CRMs report, the total demand for
tantalum has not been met at all through secondary streams by
2023.7 However, research has already been conducted on the
recycling and recovery of tantalum capacitors. Various
methods have been explored to remove components from
PCBs, including chemical dissolution,12 manual and automated
mechanical picking,13 and laser integration into automated
processes to melt component solders.14−16 For the removal of
the resin part of capacitors extracted from PCBs and the
exposure of tantalum cores, mechanical treatment,17 pyrol-
ysis,18−20 and supercritical water treatment21 have been
applied. In tantalum refining, various organic solvents such as
MIBK (methyl isobutyl ketone) and TBP (tributyl phosphate)
have been used, but the use of TSILs (task-specific ionic
liquids) has been proposed as an environmentally friendly
alternative.22−24 Current studies involving tantalum recovery
from e-waste using ion exchange resins or similar materials
such as zeolites seem very scarce or close to nonexistent based
on literature search. This publication aims to survey the new
possibilities in this relatively uncharted field.
Zeolites are abundant naturally occurring adsorbent

materials that are cost-effective and environmentally friendly.25

The utilization of both natural and synthetic zeolites for
purposes such as remediation of heavy metal-contaminated
sites,26 removal of heavy metals from wastewater,27 and
treatment of radioactive liquid waste28 has been extensively
studied. However, a focus on utilizing zeolites from a circular
economy perspective is still lacking.
This study aimed to find a solution for the selective recovery

of tantalum from the elementally complex e-waste fraction,
namely, a component mixture leachate obtained by hydro-
metallurgical means using synthetic zeolites. The dissolution of
the component sample was optimized with respect to sulfuric
acid molarity with and without hydrogen fluoride (HF). Five
zeolite materials were selected for the tests, which were
screened using synthetic solutions. The most promising
material, zeolite ZSM-5, underwent more specific adsorption,
kinetics, capacity, and elution tests with a focus on tantalum.

2. MATERIALS AND METHODS
2.1. Samples. Synthetic sample solutions were prepared

using PerkinElmer multielement standard solutions 2, 3, 4, and
5. More detailed information about the stock solutions is
presented in Table S1. The component sample was obtained
from a local electronics recycling center, where the
components were mechanically removed from the PCBs of
desktop computers, laptops, and set-top boxes. The
component samples had been ground into fine powder with
a particle size of <125 μm prior to receipt. No other physical
pretreatments were performed to the sample, so it represents
well the raw waste fraction coming from the recycling plant as
is.

2.2. Materials and Reagents. Adsorbent materials zeolite
ZSM-5, zeolite ferrierite, zeolite β, and zeolite Y were
purchased from Thermo Scientific and molecular sieve 13X
from Merck. More detailed information about adsorbents is
presented in Table S2. Sulfuric acid (95−98% p.a.), nitric acid
(65−69% p.a.), and hydrogen chloride (35−37% p.a.) from
Honeywell were purchased from Fisher Scientific and HF

(40%) from Merck. Ethylenediaminetetraacetic acid (EDTA,
99−101% p.a.), MIBK (≥99%), and ethanolamine (min 99%)
were purchased from Sigma-Aldrich. All of the chemicals were
used as received. High-purity water with a specific conductivity
of 18.2 MΩ·cm was produced using Purelab Ultra by Elga.

2.3. Instrumentation. Elemental analyses were performed
with a PerkinElmer Optima 8300 inductively coupled plasma-
optical emission spectrometry (ICP-OES) instrument equip-
ped with a GemCone Low-Flow nebulizer and a cyclonic spray
chamber. The following parameters were used: sample flow
rate of 1.5 mL/min, plasma gas flow of 8 L/min, nebulizer gas
flow of 0.6 L/min, auxiliary gas flow of 0.2 L/min, and plasma
power of 1500 W. The determinations of the element
concentrations were performed using a five-point calibration
(range 0−10 mg/L). More detailed measurement information
is presented in the Supporting Information, in Table S3.

2.4. Dissolution of Tantalum-Rich E-Waste Fraction.
Based on the literature, there are several potential methods for
tantalum mineral decomposition, which include but are not
limited to dissolution with sulfuric acid29 or a combination of
sulfuric acid with HF.30 Therefore, the dissolution of the
component sample was optimized in relation to the molarity of
sulfuric acid with and without HF. The parameters presented
in the study by Das and Ting31 for the dissolution of e-waste
with ultrasound assistance were used as applicable in the
dissolution.
Experiments were carried out with sulfuric acid molarities of

0.1, 1, 2, 4, 6, 8, and 10 mol/L. 500 mg accurately weighed
samples were leached with 10 mL of H2SO4 or with a mixture
of 9 mL of H2SO4 and 1 mL of concentrated HF, using an
ultrasonic bath and heated to 60 °C. The ultrasound-assisted
dissolution was performed in 50 mL polypropylene centrifuge
tubes in five cycles lasting 2 min each. Excess pressure was
released from the centrifuge tubes between each cycle. The
leached samples were quantitatively transferred and filtered
(filter paper Whatman 41) into 50 mL volumetric flasks using
high-purity water. Elemental concentrations of the sample
solutions were determined, and the most effective digestion
solution combination, 8 mol/L H2SO4 with HF, was selected.
Due to the heterogeneity of the sample, the dissolution was

also performed using a sample weight of 2000 mg with 40 mL
of optimal digestion solution. The determination of element
concentration was performed more accurately when a larger
sample weight was used.

2.5. Preliminary Adsorption Experiments. The adsorp-
tion performance screening of zeolite materials was done by
using synthetic solutions with element concentrations of 1 mg/
L in 0.5 mol/L of H2SO4. In batch tests, 10 mL of synthetic
solution aliquots were mixed with 500 mg of adsorbent using
magnetic stirring for 4 h at room temperature. After the
adsorption period, centrifugation was performed to separate
the phases of the solid−liquid mixtures. Elemental concen-
trations were determined from the solution phase before and
after the zeolite treatment, and adsorption efficiencies for each
adsorbate were calculated from the change in concentration
using eq 1.

c c
c

adsorption efficiency (%) 100%i

i
= ×

(1)

where ci is the concentration (mg/L) of the adsorbate before
zeolite treatment and c is the concentration (mg/L) after
treatment.
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2.6. Optimization of the Adsorption Process. Opti-
mization of the adsorption process was performed in batch
experiments. First, the most optimal sulfuric acid molarity for
adsorption was determined. These tests were performed by
using synthetic solutions as well as previously digested
component samples. Acid molarities of 0.01, 0.1, 0.25, 0.5,
1.0, and 2.0 mol/L were adjusted to the solutions by dilution
or addition, but the experimental setup remained otherwise
identical compared to the preliminary adsorption tests. The
determined pH values of the solutions are presented in the
Supporting Information, in Table S4. Simultaneously, the
durability of the zeolite material was evaluated in different
sulfuric acid molarities based on the solubilities of silicon and
aluminum, the main elements of the zeolite material.
The effect of adsorption time on adsorption efficiency was

determined by mixing 25 mL of component leachate diluted to
0.5 mol/L with respect to acid with 200 mg of zeolite at room
temperature. Sample aliquots of 0.5 mL were taken from the
solution after 5, 15, 30, 45, 60, 90, 120, 180, and 240 min
contact time and diluted appropriately for elemental analyses.
To elucidate the adsorption mechanism, the results from the

adsorption time experiments were fitted to the commonly used
pseudo-first-order (PFO) and pseudo-second-order (PSO)
kinetic models. The linear fittings of PFO and PSO are shown
in eqs 2 and 3, respectively.

Q Q Q k tln( ) ln( )te e f= (2)

t
Q k Q

t
Q

1

t s e
2

e

= +
(3)

where Qe is equilibrium adsorption capacity (mg/g), Qt is
adsorption (mg/g) at time t (min), kf is PFO’s rate constant
(1/min), and ks is PSO’s rate constant (g/mg·min).
The effect of the initial amount of adsorbate on the value of

the adsorption capacity was investigated with the component
leachate at 0.5 mol/L of H2SO4, using volumes of 10, 25, 50,
75, 100, and 125 mL. The test was performed at room
temperature using 200 mg of zeolite and a contact time of 4 h.
The experimental adsorption capacity values were determined
by eq 4.

Q
C C V

m
( )

e
0 e=

·
(4)

where Qe is equilibrium adsorption capacity (mg/g), C0 and Ce
are the initial and equilibrium adsorbate concentrations (mg/
L), V is the volume of the solution (L), and m is the mass of
adsorbent (g).
The experimental results of the adsorption capacity tests

were fitted to the nonlinear models of Langmuir32 and
Freundlich33 adsorption isotherms to elucidate the interaction
between the adsorbate and adsorbent, eqs 5 and 6, respectively.

Q
Q bC

bC1e
max e

e
=

+ (5)

Q K C n
e F e

1/= (6)

where Qe is the equilibrium adsorption capacity (mg/g) and Ce
equilibrium adsorbate concentrations (mg/L). Qmax expresses
the theoretical maximum adsorption capacity (mg/g) and b
represents the Langmuir constant (L/mg). n and KF are the
Freundlich constants, indicative of the adsorption intensity and
adsorption capacity, respectively.

2.7. Desorption Experiments. Desorption was examined
with batch tests for six different eluents, which were H2SO4,
HNO3, HCl, EDTA, MIBK, and ethanolamine. In the
desorption experiments, zeolite batches from capacity deter-
mination tests were used, where the tantalum loadings were
approximately 1.7−7.2 mg/g. Before the actual desorption
experiments, the loaded ZSM-5 batches were treated three
times with 20 mL of high-purity water using magnetic stirring
and a 30 min contact time to prevent the possibly remaining
leachate solution in the zeolite from causing errors in the
desorption tests. Loaded and water-washed zeolite batches
were contacted with 20 mL of eluent using a contact time of 4
h at room temperature. For mineral acids, stepwise elution was
utilized. The loaded zeolite batches were first in contact with
the most diluted mineral acids at 1 mol/L, after which the
phases were separated. Next, the same zeolite batches were
brought into contact with 3 mol/L acids and, after phase
separations, with 6 mol/L acids. The EDTA eluent was used at
0.05 mol/L, whereas MIBK and ethanolamine were used
undiluted.
The optimization of the desorption process was continued

with ethanolamine by increasing the elution volumes to 30 and
40 mL, keeping the experimental setup otherwise unchanged.
In the second test setup, ethanolamine was diluted with high-
purity water in the ratio of 1:2, 1:4, and 1:8, while raising the
elution temperature to 60 °C.

3. RESULTS AND DISCUSSION
3.1. Sample Elemental Composition. The elemental

composition of the component sample according to the
optimized dissolution is presented in Table 1. As can be seen,
the sample is elementally very complex, creating a challenge
from a recycling point of view. However, a significant 1.1 m %
of tantalum makes this waste fraction an attractive secondary

Table 1. Elemental Composition of the Crushed and
Digested E-Waste Component Sample (Mean ± s of 6
Replicates)

component sample (mg/kg)

Si 61 000 ± 4000
Fe 31 000 ± 1100
Al 14 000 ± 2000
Sn 12 000 ± 1400
Ta 11 000 ± 1000
Ca 6900 ± 500
Mn 3000 ± 200
Nd 2600 ± 500
Zn 2500 ± 50
Ti 2100 ± 200
Ni 1400 ± 100
Mg 1000 ± 40
B 930 ± 30
Sb 730 ± 30
Cr 660 ± 30
Zr 510 ± 80
Pr 330 ± 50
Co 140 ± 40
Sm 140 ± 30
Sr 80 ± 20
Pb 77 ± 7
Cu 63 ± 7
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stream, with the other major elements being silicon, iron,
aluminum, and tin. The sample also contains valuable rare
earth metals such as neodymium, praseodymium, and
samarium.

3.2. Optimization of Sample Dissolution. The use of
HF had a significant effect on the leachate’s tantalum and
silicon concentrations derived from elemental analyses of
solutes. The amount of Ta, determined by dissolution without
HF, was approximately 10 mg/kg. The presence of HF
increases the solubility of tantalum by up to 1000 times.
Without HF treatment, the amount of silicon was lower than
1000 mg/kg, but after treatment, it increased up to 50 000 mg/
kg. Figure 1 shows the mean and standard deviations of the
dissolution of three replicate samples for the concentrations of
tantalum (Figure 1a) and silicon (Figure 1b). The hetero-
geneity of the sample fraction is manifested by large standard
deviation values. The mixture of 8 mol/L H2SO4 with HF
resulted in the most effective dissolution of tantalum, 11 000 ±
2000 mg/kg.

3.3. Preliminary Adsorption Experiments. Materials
(zeolite ZSM-5, zeolite ferrierite, zeolite β, and zeolite Y) and
molecular sieves were tested for the selective adsorption of
tantalum from the synthetic solution. Molecular sieve 13X was
dissolved in 0.5 mol/L H2SO4, and for practical reasons, it was
rejected immediately from these experiments. The four other
tested materials worked effectively, adsorbing tantalum more
than 90% from the synthetic solution, where tantalum was
present in its anionic form as nominal hexafluorotantalate,
[TaF6]−. Figure 2 demonstrates the adsorption efficiency of
the materials for the major elements of the component sample.
Of these adsorbent materials, zeolite ZSM-5 was the most
selective for tantalum, and its research was performed in more
detail.

Adsorption experiment results of tantalum without any kind
of preliminary zeolite modifications were surprisingly good, as
zeolites are known for their cation binding rather than anion
binding properties, which are due to the natural negative
charge of the zeolite body. Despite that, anions can also bind to
the zeolite despite electrostatic repulsion. Zeolites with a
higher Si/Al ratio show reduced ion exchange capacity but, on
the other hand, better adsorption.34 Results in the literature
support the ability of the zeolite body to adsorb anions as well.
For example, fluoride has been adsorbed with both natural35

and modified zeolite.36 Also, solutions for the removal of
chloride37 and phosphate38 can be found in the adsorption
studies of zeolites.

3.4. Optimization of the Adsorption Process. 3.4.1. Ef-
fect of Sulfuric Acid Molarity. The effect of acid molarity on
the adsorption efficiency of zeolite ZSM-5 was first tested with
synthetic solutions. There was no significant difference in the
adsorption efficiency of tantalum in the tested acid molarities,
the results being between 90 and 95% regardless of the
molarity of the acid background (Figure 3a). Only a small
amount of boron is adsorbed to the material in all sulfuric acid
molarities. Lead was partially removed from the solution only
in the 2.0 mol/L H2SO4, indicating lead precipitation

39 rather
than adsorption. Tests performed with the component leachate
displayed even higher efficiencies for tantalum, resulting in a
higher than 98% tantalum adsorption. Depending on the
molarity of the acid, the material also adsorbed tin and
antimony (Figure 3b).
Tin is present in the leachate sample at the same level as

tantalum: 12 000 ± 1400 mg/kg (Sn) and 11 000 ± 1000 mg/
kg (Ta). Compared to tantalum, the amount of antimony is
lower by about 10-fold, at 730 ± 30 mg/kg. When aiming for
the selective adsorption of tantalum, it is relevant to monitor
the behavior of tin, which is present in the leachate sample in
high concentration. The tests show that the adsorption should
be carried out at 0.5−2.0 mol/L H2SO4, where tin is not
readily adsorbed to the material.
ZSM-5 is proposed to adsorb size selectively, having pore

diameters of ∼0.55 nm.40 As shown in Figure 3a,b, tantalum is
adsorbed from both the synthetic solution and the component
leachate, where it is present as fluorocomplexes in both
samples, nominally [TaF6]−. Additionally, from the synthetic
solution, where HF is not present, antimony was not adsorbed
to the ZSM-5 material. However, in the presence of excess HF
in the component leachate, the adsorption of antimony was
clearly enhanced, suggesting its conversion to a readily
absorbed fluorocomplex of [SbF6]− with a relatively similar
size to [TaF6]−, having ionic diameters of ∼0.50 nm.41 Due to

Figure 1. Effect of different H2SO4 molarities on the dissolution of the component sample for tantalum (a) and silicon (b) with and without HF.

Figure 2. Adsorption efficiency of zeolite materials ZSM-5, ferrierite,
β, and Y from synthetic 1 mg/L solutions in 0.5 mol/L H2SO4 for the
selected elements.
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the similar ionic diameters and pore sizes, the most probable
binding sites for roughly spherical fluorocomplexes are the
pore openings on the surface of ZSM-5 material instead of the
material’s inner structures and the pore walls themselves. Also,
due to hydration, the complexes pose an unreasonably tight fit
to be able to bind deeper into the zeolite bulk.
The durability of the ZSM-5 material was examined during

the adsorption tests performed on the component sample
leachate. Due to the lack of an exact molecular formula of the
zeolite material, the results are presented as changes in
elemental concentrations present in the solutions (Table S5).
During adsorption, the solubility of silicon is clearly greater
than that of aluminum, which is explained by the material’s
SiO2:Al2O3 molar ratio of 200−400:1 (Table S2). The more
dilute the sulfuric acid is, the less stress the material
experiences during adsorption.
When choosing the most optimal acid molarity for the

adsorption, material wear and selectivity for tantalum must be
considered. Based on the selectivity of the adsorption and the

minimal stress on the material, 0.5 mol/L proved to be the
optimal sulfuric acid molarity, which signified a dilution ratio
of the component leachate of 0.347:1 for further experiments.

3.4.2. Effect of Adsorption Time. Figure 4a illustrates the
effect of adsorption time on adsorption efficiency (%) in time
intervals from 5 to 240 min. Already at 60 min, a significant
adsorption of approximately 75% has been achieved. After that,
increasing the contact time has only minor effect on the
increase of adsorption efficiency. Adsorption equilibrium is
finally established at about 180 min.
Figure 4b,c shows that the experimental data settle more

precisely to the linear fitting of PSO (c) than the PFO (b)
model. The calculated Qe value of 3.582 mg/g of the PSO
model is close to the experimental Qe value of 3.513 mg/g,
unlike the 0.7867 mg/g of the PFO model. Correlation
coefficient (R2) values for the fittings are 0.9997 (PSO) and
0.7827 (PFO). The exact parameter values are compiled
separately in Table S6, where the rate constant values are also
presented. A good correlation to the PSO model suggests that

Figure 3. Adsorption efficiency of zeolite ZSM-5 for synthetic 1 mg/L solutions (a) and component leachate (b) at different sulfuric acid molarities
for the major elements.

Figure 4. Adsorption efficiency of tantalum as a function of contact time, mean ± s of 3 replicates (a), PFO (b), and PSO (c) linear kinetics model
fittings for the adsorption of tantalum.

Figure 5. (a) Tantalum adsorption capacity versus sample solution volume for zeolite ZSM-5, mean ± s of 3 replicates. (b) Nonlinear models of
Langmuir and Freundlich adsorption isotherms compared to the experimental results (mean of 3 replicates).
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rate-limiting steps for adsorption involve ionic or covalent
bonds associated with chemisorption.42 The result also agrees
with the reported literature, where zeolites are shown to be
better fitted for the PSO model.27

3.4.3. Adsorption Capacity. Figure 5a illustrates the effect
of the initial amount of tantalum on the value of the adsorption
capacity. As the solution volume increases, the amount of
tantalum in the solution increases from 0.4 to 5 mg. As Figure
5a shows, increasing the amount of tantalum no longer
significantly increases the value of adsorption capacity, and the
experimentally determined value of adsorption capacity settles
to 7.4 ± 0.2 mg/g.
In the literature, there are studies on the utilization of

zeolites, e.g., for the removal of anionic fluoride from drinking
water, where a capacity of 0.47 mg/g has been determined for
natural zeolite35 and ∼2.3 mg/g for Fe(III) modified natural
zeolite.36 Modified zeolite has also been tested for wastewater
treatment, which has shown a capacity of ∼1.8 mg/g for
fluoride removal.43 Compared to these results, the adsorption
capacity of 7.4 ± 0.2 mg/g obtained for tantalum is
significantly higher.
The adsorption isotherm nonlinear fittings of the capacity

test average results are shown in Figure 5b, but linear fittings
are also visible in Figure S1. By comparing the R2 values of the
Langmuir and Freundlich nonlinear models, which are 0.9941
and 0.9808, respectively, it can be observed that the
experimental data fit the Langmuir model better. The exact
parameter values are compiled separately for both fittings,
nonlinear and linear, in Table S7, where the constant values are
also presented. Based on the assumption of the Langmuir
model, it can be stated that the interaction between tantalum
and zeolite is probably limited to only one layer. The
theoretical value of the maximum adsorption capacity
according to the model can be calculated using the slope,
which results in 10.5 ± 0.6 mg/g. Also, several studies dealing
with zeolites support the suitability of the Langmuir isotherm
in clarifying the interaction between adsorbate and adsorb-
ent.27

3.5. Desorption Experiments. Among the tested eluents,
ethanolamine was found to be the most effective and the only
suitable eluent for tantalum. A recovery rate of 31 ± 3% was
obtained for the tantalum desorption, as can be seen in Table
S8. Antimony was adsorbed to the zeolite in small amounts
and was not eluted with the tantalum. The results revealed a
significant and noteworthy finding that only the small
molecular base eluent appeared functional. Mineral acids and
the larger molecular complexants, EDTA and MIBK, proved to
be completely ineffective eluents in the experimental setups.
Increasing the volume of the ethanolamine eluent did not

improve the desorption of tantalum from the zeolite (Table
S9). In turn, raising the elution temperature to 60 °C together
with a 1:4 dilution of the ethanolamine eluent increased the
desorption to 87.2 ± 1.5%, as can be seen in Table S10.
Dilution of ethanolamine lowers the viscosity of the eluent and
improves contact with the loaded zeolite, but desorption
requires the combined effect of dilution and heating. The same
experiment performed at room temperature did not improve
the desorption results.
Further research is required to convert tantalum from the

eluent to a final product. The parallel studies18,24 found in the
literature regarding the recovery of tantalum support the
possibility of producing good quality tantalum oxide. Utilizing
the precipitation of tantalum from an aqueous solution of

ethanolamine with added ammonium hydroxide and finishing
the process with calcination to obtain tantalum oxide could be
a viable route.

4. CONCLUSIONS
In this paper, an efficient and selective method for the recovery
of tantalum from a complex e-waste component sample
utilizing ultrasound-assisted digestion followed by adsorption
with a commercial zeolite material ZSM-5 was developed. The
adsorption of tantalum from the component leachate was
performed with an extremely high recovery rate of over 98%.
The component sample obtained from a local electronics

recycling center contained components removed from PCBs of
desktop computers, laptops, and set-top boxes. Effective
dissolution of tantalum, most likely originating from capacitors,
can be performed only with a mixture of sulfuric acid and HF.
The applied ultrasound-assisted digestion using a mixture of 8
mol/L H2SO4 in the presence of HF at a temperature of 60 °C
was optimized. The concentration of tantalum determined by
ICP-OES from the leachate was 11 000 ± 1000 mg/kg
indicating a very high recovery potential.
For the adsorption experiments, diluted leachate with 0.5

mol/L H2SO4 was found to be optimal. In this concentration,
only tantalum and antimony were adsorbed from the complex
e-waste component leachate. Moreover, the concentrations of
antimony were found to be 1000-fold lower than the tantalum
concentrations in the loaded zeolite, resulting in a very low
level of impurities. An adsorption capacity as high as 10.5 ± 0.6
mg/g was obtained for tantalum. Tantalum was selectively
eluted from the material with 1:4 diluted ethanolamine with a
yield of 87.2 ± 1.5%. This research shows a huge potential for
tantalum recovery and recycling, despite the challenging
sample fraction.
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