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Abstract

Growing demand for rare earth elements (REEs) necessitates the development of efficient
recycling strategies from secondary sources. This work presents a complete hydromet-
allurgical process for recovering yttrium (Y) from spent fluorescent lamps, emphasizing
the efficient coupling of a conventional acid leaching with a solid–liquid extraction sys-
tem. Multi-stage sulfuric acid leaching (2 M, 65 ◦C, an S/L ratio of 0.25 g/L) achieved a
cumulative yttrium dissolution of 71.11% over four stages, with individual stage recov-
eries (based on initial yttrium content) of 44.2%, 21.56%, 7.19%, and 0.68%. Kinetic and
spectroscopic analyses (FTIR, SEM-EDS) revealed that the leaching rate is controlled by
diffusion through an in situ formed sulfate-rich layer (CaSO4, Na2SO4), as described by
the Z-L-T (Zhuravlev–Leshokin–Templeman) model (Ea = 35.5 kJ mol−1). The resulting
leachate was subjected to solid–liquid extraction using Amberlite XAD-7 resin impreg-
nated with D2EHPA. Under optimal conditions, the extraction process was highly efficient,
yielding over 99% yttrium recovery at an optimal pH of 0.75 with a low resin dosage of
0.1 g/L. Furthermore, the solvent-impregnated resins exhibited excellent reusability over
five consecutive extraction–stripping cycles, maintaining a single-cycle stripping efficiency
above 70% and a cumulative recovery exceeding 97%. This study validates the technical
feasibility of an integrated leach–extract–strip process based on impregnated resins as an
alternative approach for yttrium recycling from electronic waste, potentially supporting
the development of a circular economy.

Keywords: yttrium recovery; solid–liquid extraction; XAD-7 resin; fluorescent lamp recy-
cling; leaching kinetics
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1. Introduction

Rare earth elements (REEs) are a group of strategic metals that includes scandium (Sc),
yttrium (Y), and the fifteen lanthanides located in the 4f block of the periodic table that are
considered strategic materials due to their critical role in advanced technologies. These
elements share similar electronic and chemical properties, making their separation and
purification challenging [1]. From a chemical perspective, the lanthanides are commonly
classified into light rare earth elements (LREEs), or the cerium group, which includes Sc,
and heavy rare earth elements (HREEs), or the yttrium group [1,2].

REEs are found in a variety of minerals, occurring in both primary and secondary
deposits. However, their concentration in most rock-forming minerals is not economically
feasible for direct exploitation [3]. Furthermore, their mineralogical distribution varies
significantly depending on the geology of the deposit. These elements are essential in
high-value technological applications, such as wind turbines, batteries for electric vehicles,
electronic displays, fluorescent lamps, and wear-resistant materials [4].

Increased generation of waste electrical and electronic equipment has driven the
development of urban mining strategies to recover REEs from technological waste. Since
2011, international organizations have recognized the recycling of waste electrical and
electronic equipment as a socioeconomic priority [3,5]. This approach offers multiple
benefits, such as a reduced environmental impact, enhanced supply security of critical
materials, and the creation of circular value chains [3].

Among the most established recycling processes is that for fluorescent lamps. Fluores-
cent lamp dust contains over 50 metallic and non-metallic components, including REE-rich
phosphors, such as europium (Eu), terbium (Tb), and yttrium (Y), with the latter being the
most abundant [6]. Tens of millions of these lamps are discarded each year, representing a
major environmental challenge [4,5,7]. Although components such as glass, metals, and
polymers can be recycled, phosphors containing rare earths often are not recovered and
end up in landfills.

Although different methods have been proposed for the recovery of these materials,
most involve the use of strong acids, such as hydrochloric acid [8,9] or nitric acid [10].
This generates large volumes of aqueous waste that then require treatment [11]. The
recovery processes for yttrium, europium, and other REE require a secondary refining
step. Among the secondary processes following leaching, the use of phosphinic acid
and phosphinate-based extractants, such as the Cyanex 272 and Cyanex 572 families, has
frequently been reported for REE extraction [12]. The use of this type of extractant in
liquid–liquid extraction processes has significant disadvantages, such as the formation of a
third phase, requiring the use of a phase modifier during the extraction process, a strong
dependence on aliphatic diluents (e.g., kerosene), and highly controlled pH conditions that
require additional refining stages during extraction [12,13].

In comparison, D2EHPA (di-(2-ethylhexyl) phosphoric acid) has been reported as an
efficient extractant for different trivalent rare earths (TRs), with particular affinity for the
recovery of Y [14], as it requires fewer additives and allows for better pH control [9,15]. To
overcome several operational drawbacks associated with liquid–liquid extraction, the solid–
liquid extraction approach using solvent-impregnated resins (SIR’s) can be considered, as
it increases the contact area, prevents third-phase formation, and can enhance recovery
efficiency [16].

The solid–liquid extraction process requires a suitable porous support material. In
the last decade, the use of such support materials for solid–liquid extraction processes has
gained importance due to the advantages they offer [17,18], including increased contact
area and more efficient use of the extractant without the formation of a third phase. Support
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materials are used as a base for impregnation with extractants such as Cyanex-272, Cyanex-
572, D2EHPA (DEHPA), P227, TOPO, TBP, Cyanex-923, and Aliquat-336 [19].

The most reported advantages of using XAD-7 as a support material are high selectivity
(depending on the extractant), ease of batch operation, and reduced secondary residues
compared to liquid–liquid extraction. It supports multiple adsorption–desorption cycles
and can operate in acidic, nitric, or hydrochloric matrices, depending on the system [19,20].
Some frequently reported disadvantages are low capacity per gram (usually lower than that
of highly functionalized chelating compounds or inorganic materials), risk of extractant loss,
heterogeneity in impregnation (distribution of extractant within the pores), heterogeneity
in particle size, mass transfer limitations (intraparticle diffusion), and pH sensitivity that
affects selectivity [19–21]. Table 1 summarizes reports on the efficiency of using XAD-7
resins for the extraction of different metals.

Table 1. Comparison of XAD-7 and other resins for metal extraction.

Year
Resin/Support

Material
Extractant

Recovery/Capacity/Stripping/
Highlights

Reference

2004 Amberlite XAD-7
DEHPA,

Ionquest-801,
Cyanex-272

Pb(II) extraction efficiency 95%
under optimal pH for DEHPA.

[22]

2007 Amberlite XAD-7 D2EHPA
Kinetic diffusion coefficient

~10−12 m2/s; high adsorption under
optimal conditions.

[23]

2011 Amberlite XAD-7 D2EHPA
Arsenate (As(V)) removal;
equilibrium, kinetic, and

thermodynamic modeling.
[24]

2018 Amberlite XAD-7 Cyanex-272

Equilibrium capacities: La
11.1 mg/g, Pr 0.56 mg/g, Nd 1.69

mg/g, Sm 0.75 mg/g, Eu 0.10 mg/g,
Gd 0.25 mg/g; stripping with 0.1 M
HNO3: 100% Pr, Nd, Gd; 95.1% Eu.

[25]

2018 Amberlite XAD-7
Dibenzo-18-crown-

6+ Fe(III)

Maximum As(V) adsorption:
18.8 µg As(V)/g resin; fits Sips

isotherm, pseudo-2nd-order
kinetics; reusable for ~5 cycles.

[26]

2021 * Amberlite XAD-16
Chelating groups

(amidino-thiourea)
Reported removal of Cd(II) and

Pb(II); high capacity.
[27]

2021 Amberlite XAD-7
Dibenzo-18-crown-6

(DB18C6)

For Pd(II) : qmax = 6.5 mg Pd(II)/g
resin; adsorption increases with

temperature (0.83–3.05 mg/g from
298 to 328 K).

[28]

2023 Amberlite XAD-7 Cyanex-272
Ce(III) recovery : 99.75%; La(III) :

69.98%. qmax Ce = 11.873 mg/g,
La = 7.324 mg/g.

[29]

2024 Amberlite XAD-7
DL-valine (amino

acid)
Novel material, SIR method with

DL-valine.
[30]

2024 Amberlite XAD-7 D2EHPA
Proposed yttrium extraction process

applying solid–liquid extraction.
80% extraction while 75% stripping.

[14]

* not XAD-7, but related family.
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While the individual steps of sulfuric acid leaching and D2EHPA-based extraction
are well-documented, their effective integration and systematic evaluation for the spe-
cific case of complex fluorescent lamp waste leachates represent a practical engineering
challenge. Furthermore, detailed kinetic studies, alongside a complete process flow as-
sessment (leaching, extraction, stripping, resin reusability) for this waste stream, are not
extensively reported.

Therefore, this work focuses on the systematic evaluation and integration of a hy-
drometallurgical process for yttrium recovery from spent fluorescent lamps. The study
aims first to optimize sulfuric acid leaching conditions (including solid–liquid ratio, acid
concentration, and temperature) and to elucidate the associated leaching kinetics and
mechanism. Subsequently, it evaluates the performance of D2EHPA-impregnated Am-
berlite XAD-7 resin for the solid–liquid extraction of yttrium from the resulting complex
leachate by determining the optimal pH and resin dosage, while directly comparing its
efficiency with conventional liquid–liquid extraction. Furthermore, the reusability of the
solvent-impregnated resin is assessed over multiple consecutive extraction–stripping cy-
cles. Finally, a preliminary techno-economic analysis of the fully integrated process is
provided. The primary contribution of this study lies in the comprehensive demonstration
and validation of this integrated leach–extract–strip process for a real-world waste matrix,
thereby supporting its potential implementation within a circular economy framework for
rare earth elements.

2. Results and Analysis

2.1. Waste Chemical Characterization

A structural characterization was performed using X-ray diffraction (XRD) on both
the total ground waste material and the phosphor powder isolated from the glass matrix
through density separation. The corresponding diffractograms are presented in Figure 1.
The XRD pattern of the total waste material exhibited only a broad band from 15◦ to
30◦, characteristic of an amorphous structure, confirming that the glass substrate of the
lamp constitutes the largest mass fraction of the recyclable material. In contrast, the
phosphor powder pattern revealed a complex mixture of crystalline phases. The identified
compounds included yttrium oxide doped with europium (Y2O3:Eu3+, ICDD 00-025-1011),
lanthanum-cerium-terbium phosphate (La0.43Ce0.44Tb0.13PO4, ICDD 01-078-6321), barium
magnesium aluminate doped with europium (BaMgAl10O17:Eu2+, ICDD 00-001-072-6158),
cerium phosphate (CePO4, ICDD 00-032-0199), and lanthanide phosphate (LnPO4, ICDD 00-
035-0731). The presence of these phases is directly linked to the function of the lamp, where
the combination of blue (BaMgAl10O17:Eu2+), green((La,Ce,Tb)PO4), and red (Y2O3:Eu3+)
emitters produces white light. The dominance of Y2O3:Eu3+ as the major crystalline phase
is particularly significant for resource recovery. Given that yttrium is a critical REE with
high economic value, this fraction is the primary target for hydrometallurgical recovery.

The chemical analysis of the fluorescent lamp waste powder was determined by
X-ray fluorescence (XRF). The results, shown in Table 2 for the principal elements and
oxides, revealed a complex inorganic matrix primarily composed of silicon (30.60% as SiO2),
aluminum (21.40% as Al2O3), and calcium (15.90% as CaO). This composition is consistent
with the glass constituents and other phosphor components commonly found in fluorescent
lamps. Critically for this study, the yttrium was directly quantified at a low concentration
of 0.442 wt. %, confirming its status as a valuable but minor component within the waste
stream. This complex chemical matrix underscores the technical and economic challenge
of recovering this critical REE and justifies the need for the highly efficient leaching and
solid–liquid extraction process developed here to achieve viable recovery rates.
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Figure 1. X-ray diffraction (XRD) patterns of total fluorescent lamp waste and isolated phosphor
powder.

Table 2. Chemical composition of waste lamps by XRF.

Element Wt./% Oxide Wt./%

Ca 20.40 SiO2 30.60

Na 20.40 Al2O3 21.40

Si 18.90 CaO 15.90

Al 14.80 P2O5 14.30

P 8.54 Na2O 13.90

Mg 1.76 SO3 0.77

Sr 1.37 TiO2 0.48

K 0.62 K2O 0.41

Mn 0.42 MnO 0.40

Fe 0.34 Fe2O3 0.29

Ti 0.28

Hg 0.11

Loss on ignition (LOI) tests were conducted to quantify the content of volatile and
organic matter. The very low mass loss observed (LOI = 0.42%) confirms that the material
is predominantly inorganic in nature, with the minor weight loss primarily attributed to
polymeric binders and residual organic compounds associated with the phosphor coating.

2.2. Waste Leaching

The leaching of powders obtained from ground electronic waste was performed
using H2SO4. Sulfuric acid was selected over organic acids (e.g., citric, oxalic, or ascorbic
acids) due to the slower leaching kinetics typically observed with such alternatives [31].
Additionally, H2SO4 is preferred over HCl or HNO3 due to its greater availability, lower
cost, reduced risk of equipment corrosion, and ease of neutralization. Its effectiveness in
REE leaching has also been widely demonstrated [32–34]. The dissolution of yttrium oxide
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in sulfuric acid yields a ∆G◦ of −24.2 kJ/mol, confirming that the reaction is spontaneous
under standard conditions according to Equation (1):

Y2O3 + 3H2SO4 → Y2(SO4)3 + 3H2O ∆G◦ = −24.2 kJ/mol, k (1)

This reaction produces water-soluble yttrium sulfate (Y2(SO4)3), releasing Y3+ ions into
the aqueous phase, which is a highly favorable process, as demonstrated by the markedly
negative ∆G◦ of −427.0 kJ/mol, indicating that Y2(SO4)3(s) can dissociate in aqueous
solution, as shown in Equation (2):

Y2(SO4)3 → 2Y3+ + 3SO2−
4 ∆G◦ = −427.0 kJ/mol (2)

Complete digestion of fluorescent lamp waste was performed using a mixture of
hydrochloric and nitric acids. The results are shown in Table 3. Other REEs typically found
in lamps were observed, but in much smaller proportions than yttrium; these could be
removed during the leaching process. Therefore, it was decided to focus on improving the
efficiency of yttrium release by modifying the acid concentrations used and by controlling
the secondary extraction process by means of pH.

Table 3. Rare earth element content in fluorescent lamps.

Element mg/kg Element mg/kg

Y 4229 Ca 8048

Ce 5781 Na 7408

Eu 4957 Sr 1909

Tb 2797 Mg 488

Gd 1638 Al 535

The effects of the solid–liquid ratio (S/L: 0.5 and 0.25 g/L) and H2SO4 concentration
(1 M and 2 M) on the leaching efficiency at room temperature are shown in Figure 2a,b.
After 300 min, the maximum recovery efficiency (26.1%) was achieved under the highest
acid concentration (2 M) and the lowest S/L ratio (0.25 g/L). Lower S/L ratios improved
recovery at both acid concentrations, as the reduced solid content increases the collision
frequency between particles and acid molecules, thereby enhancing dissolution. Similarly,
higher H2SO4 concentrations accelerated yttrium recovery.

Temperature significantly influences the leaching kinetics by increasing the reaction
rates. Isothermal leaching experiments were conducted at S/L = 0.25 g/L and 2 M H2SO4

(Figure 3). As anticipated, the yttrium recovery increased with temperature, reaching 33.5%,
36.1%, 39.6%, and 44.2% at 35, 45, 55, and 65 ◦C, respectively. To further analyze leaching
variables and dissolution mechanisms, kinetic modeling was performed. No leaching
experiments were conducted at higher temperatures, as the objective was to conserve
energy and minimize leaching agent losses due to evaporation.
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Figure 2. Effect of solid–liquid ratio on yttrium recovery first-cycle leaching kinetics: (a) 1 M H2SO4,
(b) 2 M H2SO4.

Figure 3. Cont.
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Figure 3. (a) Leaching kinetics of yttrium as a function of temperature, first cycle at S/L = 0.25 g/L
and 2 M H2SO4. (b) Z-L-T model.

2.2.1. Batch Leaching

The cyclic leaching process was performed to increase the yttrium recovery. The
optimal conditions were 65 ◦C, 2 M H2SO4, and an S/L of 0.25 g/L. The results are shown
in Figure 4 and Table 4. Two stages were sufficient to achieve more than 65% yttrium
release, and four stages achieved 71.11% release. This multi-cycle approach is standard in
industrial hydrometallurgical operations, as it balances reagent consumption with metal
recovery while generating leachates compatible with solvent extraction. Furthermore,
the recovery achieved through four cycles demonstrates the scalability and practicality
of the process, avoiding the operational and environmental drawbacks associated with
single-stage, high-acid leaching.

Figure 4. Batch leaching for yttrium recovery by cycle: 2 M H2SO4, S/L = 0.25 g/L, 65 ◦C, 300 min by
cycle. The initial yttrium content before the first leaching cycle has been used as the basis for calculation.
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Table 4. Batch leaching for the recovery of yttrium from an initial base concentration: ~1058 mg.

Leaching
Step

Process
Time

S-L
%

Leaching
Efficiency
per Step

%
Remaining

% Accumu-
lative

Recovery
[Y] (mg/L)

Concentration
per Step per

Litter of Total
Acid Used (mg/L)

1

300 min 0.25 g/L

44.20 44.20 55.80 44.20 461.90 461.90

2 21.56 48.77 34.24 64.76 233.54 347.72

3 7.19 33.34 27.05 72.95 77.94 257.79

4 0.68 9.45 26.37 73.63 7.42 195.20

Total % extraction after 4 steps 73.63%

Total yttrium concentration after
4 cycles

195.20 mg/L

2.2.2. Kinetic Modeling

The leaching kinetics of yttrium-containing waste with H2SO4 were analyzed under
the assumption that the SiO2-Al2O3 matrix remains inert, allowing the topochemical disso-
lution of Y3+ ions without significant particle shrinkage. The process is likely controlled
by mass transfer (either H2SO4 or Y3+ diffusion through a boundary layer or product
deposit). This assumption is chemically justified as amorphous silica (as observed by XRF
and XRD) exhibits extremely low solubility and dissolution kinetics in sulfuric acid due
to the high stability of the Si-O-Si network and the formation of a protective, polynuclear
layer of hydrated silica on the surface [35]. Similarly, aluminum oxide is highly stable
in non-complexing acidic media such as H2SO4, where it forms a passivating layer that
reduces its dissolution rate [36].

Therefore, for liquid film-controlled kinetics, pseudo-first-order (Equation (3)) or
pseudo-second-order (Equation (4)) models apply:

kappt = −ln(1 − x) (3)

kt = (1 − x)−1 (4)

where x is the fraction of metal solubilized (dimensionless), t (min) is the reaction time,
kapp (min−1) is the pseudo-first-order kinetic constant, and k (min−1) is the second-order
constant. However, if product layer diffusion controls the kinetics, and the Zhuravlev–
Leshokin–Templeman (Z-L-T) model (Equation (5)) applies, where kd is the reaction con-
stant (min−1) [37]:

kdt =
((

(1 − x)−
1
3

)

− 1
)2

(5)

For boundary layer-controlled kinetics, the process can be evaluated according to the
shrinking core model proposed by Ginstling–Brounsthein (Equation (6)) and Jander for a
spherical particle (Equation (7)) [38]:

kplt = 1 −
2
3

x − (1 − x)
2
3 (6)

kst =
(

1 − (1 − x)
1
3

)2
(7)

where kpl

(

min−1
)

is the apparent rate constant of the shrinking core model with an
insoluble product layer, and ks is the apparent rate constant for a spherical model. For all
experiments shown in Figures 2 and 3, the rate constant values and correlation coefficients
(R2) were calculated using the corresponding models. Specifically, the effects of the solid–
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liquid ratio (Table 5, Figure 2) and temperature (Table 6, Figure 3) were analyzed. Overall,
the results showed a better fit with the Z-L-T model (Figure 3b).

Table 5. Kinetic constants for proposed models of yttrium extraction as a function of solid–liquid
ratio and H2SO4 concentration at room temperature.

S/L(g/L) [H2SO4]/N

Kinetic Model

Pseudo-First-
Order

Second-
Order

Z-L-T
Ginstling–

Brounsthein
Jander

kapp/min−1 k/min−1 kd/min−1 kpl/min−1 ks/min−1

* Correlation Coefficient R2

0.25 1
2.955 × 10−4 3.0393 × 10−4 2.7095 × 10−6 2.5117 × 10−6 2.5596 × 10−6

* 0.9815 * 0.9788 * 0.9556 * 0.9572 * 0.9568

0.5 1
6.2060 × 10−4 6.9713 × 10−4 1.6992 × 10−5 1.4144 × 10−5 1.4805 × 10−5

* 0.9166 * 0.9334 * 0.9978 * 0.9959 * 0.9958

0.25 2
5.3930 × 10−4 5.3930 × 10−4 1.1970 × 10−5 1.0219 × 10−5 1.0628 × 10−5

* 0.9250 * 0.9250 * 0.9833 * 0.9832 * 0.9834

0.5 2
1.1663 × 10−3 9.9237 × 10−4 3.8515 × 10−5 2.9766 × 10−5 3.1725 × 10−5

* 0.9622 * 0.9507 * 0.9532 * 0.9432 * 0.9411

Table 6. Kinetic constants for proposed models of yttrium extraction as a function of temperature.
S/L = 0.25 g/mL, [H2SO4] = 2 M.

Temperature/
◦C

Kinetic Model

Pseudo-First-
Order

Second-Order Z-L-T
Ginstling–

Brounsthein
Jander

kapp/min−1 k/min−1 kd/min−1 kpl/min−1 ks/min−1

* Correlation Coefficient R2

35
1.5239 × 10−3 1.1985 × 10−3 7.2060 × 10−5 4.9606 × 10−5 25.4339 × 10−5

* 0.8683 * 0.8287 * 0.9686 * 0.9485 * 0.9541

45
1.2780 × 10−3 1.6603 × 10−3 8.7403 × 10−5 5.6938 × 10−5 6.3087 × 10−5

* 0.7735 * 0.8193 * 0.9545 * 0.9043 * 0.9124

55
1.3668 × 10−3 1.8499 × 10−3 1.068 × 10−4 6.6897 × 10−5 7.5081 × 10−5

* 0.7645 * 0.8294 * 0.9381 * 0.9166 * 0.9247

65
1.5440 × 10−3 2.1391 × 10−3 1.4015 × 10−4 5.6938 × 10−5 3.1725 × 10−5

* 0.7590 * 0.8320 * 0.9501 * 0.9043 * 0.9411

The Z-L-T model assumes that the reaction rate is directly proportional to the concen-
tration of the reactant (H2SO4) and the surface area of the solid being leached. Furthermore,
the reaction is controlled by diffusion through a porous product layer. The complex multi-
component nature of the fluorescent lamp waste, containing significant amounts of calcium
(15.9% as CaO), aluminum (18.6% as Al2O3), sodium (13.90% as Na2O), and silicon (45.8%
as SiO2) as major constituents (Table 2), promotes the formation of mixed diffusion barriers.
The high calcium and sodium content suggests that these elements will also leach. Con-
sidering the low solubility of calcium sulfate at high sulfate concentrations [39], combined
with a porous silica-rich layer formed by glass matrix dissolution, a composite product
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layer that limits reagent diffusion is likely created. Furthermore, the solubility of rare earth
sulfates decreases with increasing temperature [40,41]. This mechanism is consistent with
the Z-L-T model, which effectively describes systems where diffusion through such porous
product layers is rate-limiting.

Geometrically, the model assumes particles may exhibit spherical shapes or a regular
morphology, with a defined size distribution. Additionally, the surface area of the particles
remains constant, indicating that the core size does not change significantly during the
reaction, as the primary phase remains unreacted. It is worth noting that this model has
successfully been used to describe the leaching behavior of REE from zircon tailings using
HCl [42], as well as terbium leaching from Lapindo mud with H2SO4 [37].

A detailed examination of the Z-L-T rate constants in Table 5 shows that kd is highly
sensitive to changes in the solid–liquid ratio (S/L). At 1 M H2SO4, reducing the S/L ra-
tio from 0.5 to 0.25 g/L increased kd by approximately one order of magnitude (from
1.6992 × 10−5 to 2.7095 × 10−6 min−1). This enhancement demonstrates that the diffusion
limitation is diminished when more acid volume is available per unit mass of solid, likely
reducing the effective thickness and density of the product layer. Regarding acid concen-
tration, increasing from 1 M to 2 M H2SO4 at constant S/L (0.25 g/L) increased kd by a
factor of 4.4 (from 2.7095 × 10−6 to 1.1970 × 10−5 min−1). This substantial increase is less
pronounced than the effect of S/L variation. This relationship strongly suggests that, while
an increased acid concentration accelerates the interfacial reaction rate and strengthens the
concentration gradient—which is the driving force for diffusion—the primary resistance
remains the physical barrier of the product layer itself. Therefore, the composite layer’s
permeability appears to be the dominant controlling factor.

The temperature dependence of kd (Table 6) shows an increase from 7.2060 × 10−5

to 1.4015 × 10−4 min−1 between 35 and 65 ◦C, representing an overall increase by a
factor of 1.94. Although, as expected, there is an increase in the reaction rate, it can be
considered small compared to that observed in chemically controlled reactions, which
is an indirect corroboration that diffusion is the limiting factor. The calculated apparent
activation energy of 35.5 kJ mol−1 (derived below) falls within the typical range for mixed
diffusion-controlled processes, further corroborating that the transport of reagents through
the possible composite Na2SO4/CaSO4/SiO2 layer, rather than the chemical reaction at the
yttrium oxide surface, governs the overall leaching rate.

To provide experimental evidence supporting the formation of a sulfate-based dif-
fusion layer, the solid residue after leaching was characterized by FTIR (Figure 5). The
spectrum shows bands at 1140 cm−1 and 1024 cm−1, which are unequivocally assigned
to the asymmetric (ν3) and symmetric (ν1) stretching vibrations of the sulfate ion (SO4

2–),
respectively [43–45], while the band at 580 cm−1 may correspond to the ν4 mode. The broad
band at 3366 cm−1 and the sharp band at 1636 cm−1 are characteristic of O-H stretching
and H-O-H bending vibrations of adsorbed crystalline water, suggesting the presence of
hydrated sulfate phases. This FTIR profile confirms the significant formation of sulfate
species on the solid residue after leaching.

To identify the chemical species precipitating from the leach solution—which are
indicative of the reactions occurring at the solid–liquid interface—the leach liquor ob-
tained under optimal conditions (2 M H2SO4, 65 ◦C) was evaporated to dryness, and the
resulting solids were analyzed by Scanning Electron Microscopy with Energy Dispersive
X-ray Spectroscopy (SEM-EDS). Figure 6a shows the heterogeneous morphology of the
crystallized material, with three representative points selected for punctual EDS analysis
(Table 7). The punctual EDS data reveal the distinct sulfate salts that precipitate from the
leachate. Point 1 is dominated by sulfur (25.34 wt.%) and calcium (17.56 wt.%), suggesting
the formation of CaSO4·H2O. The significant yttrium content (10.12 wt.%) at this location
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indicates the probable co-precipitation of yttrium sulfate [Y2(SO4)3] with the dominant
calcium sulfate phase, explaining the low overall efficiency. Point 2 shows a strong associa-
tion between sulfur (26.24 wt.%) and sodium (19.48 wt.%), characteristic of sodium sulfate,
Na2SO4, which originates from the extensive leaching of sodium from the glass matrix
(13.9% Na2O, Table 2). Point 3 represents a more complex aggregate, with moderate sulfur
(18.90 wt.%), significant sodium, and various other cations (Cu, Zn, Fe, Al), reflecting the
multi-component nature of the waste and the formation of mixed sulfate salts.

Figure 5. FTIR spectra from solid waste products after leaching.

Table 7. Punctual EDS composition (weight %) of phases in dried leachate (Figure 6a).

Element Point 1 Point 2 Point 3

O 42.17 52.05 54.45
Na 1.92 19.48 9.36
Mg 0.17 - 1.28
Al 0.67 0.15 0.50
Si - 0.06 1.33
P - 0.65 -
S 25.34 26.24 18.90

Ca 17.56 - 1.46
Mn 0.33 - -
Fe 0.78 0.61 3.11
Cu 0.94 0.75 5.23
Zn - - 4.38
Y 10.12 - -
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Figure 6. Characterization of the crystallized solids from the evaporated leach liquor: (a) representa-
tive SEM micrograph showing the heterogeneous morphology, with numbered points corresponding
to punctual EDS analyses detailed in Table 7; and elemental distribution maps for (b) sulfur (S),
(c) calcium (Ca), (d) sodium (Na), and (e) yttrium (Y).

Elemental mapping (Figure 6b–e) shows the distribution of these elements. The sulfur
(S) map (Figure 6b) is prevalent, confirming sulfate as the dominant anionic species in the
precipitate. The calcium (Ca) map (Figure 6c) and sodium (Na) map (Figure 6d) visually
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confirm the segregation into Ca-rich sulfate and Na-rich sulfate phases. The yttrium
(Y) map (Figure 6e) is concentrated in the same areas as calcium. This provides direct
visual evidence for the association of yttrium with the calcium sulfate phase, likely as a
co-precipitate or adsorbed complex.

This analytical evidence supports the precipitation of sulfate salts in situ during the
leaching process, forming a porous but obstructive layer. The probable co-precipitation of
yttrium sulfate within this layer further reduces the driving force for yttrium dissolution.
These phenomena synergistically create a diffusion barrier that controls the rate of ion
transport, consistent with the product-layer diffusion mechanism described by the Z-L-T
model. Moreover, the identification of sodium sulfate further confirms the leaching of
major glass components, which contributes to the porosity and specific properties of the
diffusion-controlling layer.

For reactions where the rate is sufficiently high, the apparent activation energy can be
calculated using the Arrhenius equation (Equation (8)):

lnkd = −
Ea

RT
+ lnA (8)

where kd is the rate constant (from the Z-L-T shrinking core model), R is the ideal gas
constant, T is the absolute temperature of the reaction, Ea is the apparent activation energy,
and A is the pre-exponential factor. Therefore, a plot of T−1 vs. ln kpl can be used to
calculate the activation energy, as seen in Figure 7. The apparent activation energy value
determined in this study is 35.5 kJ mol−1 (8.04 kcal mol−1). This value further supports
a diffusion-controlled mechanism, as it falls within the characteristic range for processes
limited by diffusion through product layers.

 

Figure 7. Arrhenius plot for fluorescent waste leaching.

2.3. [Y] Extraction from XAD-7 Resin

2.3.1. Effect of pH

The effect of pH on the extraction process was evaluated by adding controlled volumes
of the leach liquor at a fixed concentration while maintaining a constant amount of XAD-7
resin, as shown in Figure 8. The solution pH was adjusted from 0.5 to 2.7. Studies on the
sorption of rare earth elements (REE3+) onto D2EHPA-impregnated Amberlite XAD-7 resin

https://doi.org/10.3390/recycling11010022

https://doi.org/10.3390/recycling11010022


Recycling 2026, 11, 22 15 of 26

show a strong pH dependence. The maximum extraction efficiency is reached within the
pH range of 0.77 to 0.88, which agrees with the pH 1

2
value of the system, estimated at 0.8.

This value corresponds to the point at which 50% of the REE3+ ions are transferred from
the aqueous to the solid phase and serves as a reference to evaluate the efficiency of the
sorption system.

Figure 8. Effect of pH on yttrium extraction using D2EHPA-impregnated XAD-7 resin. (solid–liquid
ratio: 0.1 g/mL; yttrium solution: 44.2%).

Below pH 0.8, the sorption capacity of the resin increases significantly. This behavior
is explained by the progressive deprotonation of the phosphate groups of D2EHPA, which
act as chelating agents. Once deprotonated, these functional groups exhibit a high affinity
for REE3+ ions, facilitating the formation of stable complexes through coordinated interac-
tions. Sorption occurs through both complex formation and physicochemical adsorption
mechanisms, which increase the overall yield of the process [46,47].

From Figure 9, it was determined that at pH 0.75, the sorption capacity reached its
maximum, with extraction rates above 90% for yttrium [Y]. This result confirms that acidic
conditions favor the interaction between the impregnated extractant and the metal ions
in solution. In contrast, as the pH increased above 0.8, the sorption efficiency decreased
markedly. This effect is attributed to changes in the chemical equilibrium of REE3+ species
in the aqueous phase, where the formation of hydroxylated species or less reactive aqueous
complexes reduces their affinity towards the active sites of the extractant.

Therefore, the efficiency of the extraction process using Amberlite XAD-7 resin im-
pregnated with D2EHPA is strongly dependent on the solution pH. The optimum condition
is just below pH 1

2
≈ 0.8, where the complexation and adsorption mechanisms operate

synergistically to maximize the extraction of rare earth ions. Thus, this pH value was used
in all subsequent extraction processes.
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Figure 9. Relationship between pH and S-L extraction efficiency of REE3+ with XAD-7 resins
impregnated with D2EHPA.

2.3.2. Extraction Process

The extractions were performed by varying the resin dosage (1, 1.5, and 2 g) of
solvent-impregnated resin (SIR) functionalized with 20% D2EHPA and 80% kerosene,
while maintaining the same volume of leached liquor (10 mL) for 2 h. Figure 10 shows
a schematic of the interaction between the resin particles and the metal ions during the
extraction. For comparison, the liquid–liquid extractions were also performed with the
same extractant mixture (D2EHPA–kerosene), corresponding to the amount used in the
solid–liquid process. Figure 11 shows the results of these extractions. The bars represent the
solid–liquid extraction, and recovery above 99% is observed in all three cases, regardless of
the amount of resin added.

Figure 10. Theoretical scheme of yttrium extraction by functional particles.
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Figure 11. Comparison between solid–liquid and liquid–liquid extraction processes: SIR functional-
ized with 20% D2EHPA and 80% kerosene; 44.2% initial concentrated yttrium solution.

Increasing the amount of resin used in the extraction process (1, 1.5, and 2 g), the sur-
face area increases; therefore, the contact area between the yttrium ions and the extractant
is greater, resulting in higher efficiency recovery. When comparing this process with a
liquid–liquid extraction mechanism in which the contact area is limited by the interfacial
area, the extraction efficiency is up to 50% lower, even with the same amount of extractant
as in the resin process. This shows that the solid–liquid process is efficient for the recovery
of yttrium. The extraction of trivalent rare earth ions with extractants such as D2EHPA by
the equilibrium in Equation (9) [48]:

M3+ + 3HD ↔ MD 3 + 3H+ (9)

where M is any REE cation, and D is the organic anion.
During extraction, the functional groups of D2EHPA are deprotonated, favoring the

formation of stable dimeric structures that lead to the formation of pseudo-chelates [49].

2.3.3. Stripping

The recovery process was completed by stripping the resin after extraction. Figure 12
compares the extraction and stripping yields. The stripping process was performed in a
single stage at pH 2, yielding a recovery of 21% of the total amount extracted (99%). As
shown in Figure 12, the single-stage stripping process achieved only 21% yttrium recovery,
so a stepwise stripping process was performed. The process consisted of five stages with
the same loaded resin, with each step lasting 120 min; the results are shown in Table 8. The
aim was to determine how many steps were necessary to release the maximum amount of
yttrium from the resins.
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Figure 12. Comparison between extraction and stripping processes: SIR functionalized with 20%
D2EHPA and 80% kerosene at 0.1 g/mL. Initial yttrium solution concentration: 44.2%.

Table 8. Yttrium stripping results by step. Initial yttrium solution concentration: 461.90 mg/L.
Solid–liquid ratio: 0.1 g/mL.

Stripping
Step

Process
Time

SIR (g)
%

Stripping
%

Remaining

%
Efficiency
per Step

% Accumu-
lative

Stripping
[Y] (mg/L)

Concentration of
[Y] at Each Stage
per Accumulated
Volume (mg/L)

1

120 min 0.1 g/mL

21.11 77.89 21.32 21.11 97.50 97.50

2 20.16 57.73 25.88 41.27 93.11 95.31

3 20.9 36.83 36.20 62.17 96.53 95.72

4 19.27 17.56 65.28 81.44 89.00 94.04

5 16.33 1.23 92.99 97.77 75.42 90.31

Total stripping after 5 steps: 451.59 mg/L

The stripping percentage and the concentration of yttrium recovered in each stage
were recorded until more than 70% metal release was achieved. In the first stage, the
stripping percentage was 21.11%, corresponding to 97.50 mg/L of yttrium. This initial
stage represents a partial release, characteristic of systems involving strong chelating
extractants, such as D2EHPA, and is attributed to the high stability of the Y3+-D2EHPA
complex and the kinetic limitations in disrupting these coordination bonds during the
initial contact with the stripping agent. The gradual, multi-stage approach allows for
progressive breakdown of the metal–extractant complexes and more complete recovery of
yttrium. In the intermediate stages (Step 2 to Step 4), the cumulative stripping percentage
increases significantly, reaching 83.27% in the second stage and 97.40% in the fourth
stage (cumulative stripping percentage). Although the recovery continues to increase, the
incremental efficiency of each stage decreases slightly, as less [Y] remains to be released.
Finally, in the last stage, the cumulative stripping percentage is 97.77% (almost complete),
with a [Y] concentration of 451.59 mg/L.
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The stripping process appears to approach an equilibrium or saturation point, where
significant improvement in recovery is no longer achieved, and the extracted concentration
tends to stabilize, indicating that the process is cumulative and efficient, with a gradual
decrease in [Y] concentration per stripping stage as less yttrium is available. The behavior
is typical of a multi-stage stripping process with high efficiency at the beginning and
decreasing yield in later stages [50].

2.4. Cycle Extraction

Five extraction and stripping cycles were performed with the same functionalized resin.
The results are shown in Figure 13. The graph shows that yttrium recovery ([Y]-Recovery)
remains very high and stable (between 95 and 99%) throughout five cycles, indicating
excellent reusability of the material without significant loss of extraction efficiency. In
contrast, the single-cycle stripping percentage remains relatively low (between 16 and 22%)
and shows a slight decrease with cycles, suggesting that the stripping stage is incomplete.
This implies that the material is highly selective and stable for Y extraction, but that
the discharge process requires optimization (adjustments in pH, stripping medium, or
operating conditions) to improve overall yttrium recovery.

Figure 13. Extraction and stripping process by cycles with the same resin: SIR functionalized with
20% D2EHPA and 80% kerosene at 0.1 g/mL; time per step: 120 min. Initial yttrium solution
concentration: 44.2%.

2.5. Cost Analysis

The estimated cost of obtaining the functionalized resin for the yttrium recovery
process from fluorescent lamp waste was taken from previous studies [14] and updated
(Tables 9 and 10). To align the cost evaluation with standard industrial metrics, the op-
erational cost is normalized to the amount of yttrium oxide (Y2O3) recovered per liter
of leachate. From the leaching stage, approximately 45 g of Y2(SO4)3 are obtained per
liter, which corresponds to 21.6 g of theoretically available Y2O3. With an overall recovery
efficiency of 43%, the effective yield is 9.29 g of Y2O3 per liter of leachate.
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Table 9. Cost of the extractant-impregnated resin process.

Cost of Resin and Solvents

Reagent Quantity Unit Price Cost

Original
Amberlite® XAD-7

100 g 30 USD/kg 3 USD

D2EHPA 200 mL 4.5 USD/L 0.9 USD

Kerosene 800 mL 0.8–1 USD/L 0.8 USD

Ethanol 100 mL 1–1.5 USD/L 0.125 USD

Water 5000 mL 0.70 USD/m3 0.00035 USD

Unit cost of electricity (México, 2025) 0.05 USD/kWh
(a) Cost of resin impregnation at 20% D2EHPA in kerosene

Power of magnetic stirrer in kWh× electricity cost per unit + reagents
(b) Cost of drying in the oven

Power of oven in kWh× electricity cost per unit + after washing + after impregnation

Total cost:
Cost incurred = (a) + (b)

4.87 USD

Table 10. Cost of leaching process [14].

Cost of Leaching Fluorescent Lamps

Reagent Quantity Unit Price Cost

H2SO4 1000 mL 0.18 USD/L 0.18 USD

Water 500 mL 0.70 USD/m3 0.00035 USD

Unit cost of electricity (México, 2025) 0.05 USD/kWh 0.05 USD/kWh
(a) Waste grinding cost

Ball mill (kWh) × electricity cost per unit
(b) Cost of leaching fluorescent lamps (S/L = 0.25 g/mL and 2 M H2SO4)

Power of magnetic stirrer in kWh× electricity cost per unit + reagents

Total cost:
Cost incurred= (a) + (b)

0.23 USD

The leaching stage has an operational cost of 0.23 USD per liter, while the secondary
extraction step using the functionalized resin requires 4.87 USD per 100 g of resin. Consid-
ering that the impregnated resin can be reused for five consecutive cycles, the amortized
resin cost decreases to 0.97 USD per cycle.

Therefore, the total operational expenditure (OPEX) amounts to approximately
1.20 USD per liter of leachate, including both leaching and extraction stages. Based on a
production yield of 9.29 g of Y2O3 per liter, the resulting production cost is approximately
129.17 USD per kilogram of Y2O3. The updated analysis demonstrates that the production
cost is approximately 129.17 USD per kg of Y2O3 when resin reuse is considered, which is
within the commercially viable range.

3. Materials and Methods

3.1. Loss on Ignition (LOI)

LOI tests were performed at 700 ◦C in a Barnstead Thermolyne (Waltham, Mas-
sachusetts, USA) muffle furnace for 2 h. The initial weight was 100.0004 g, and the final
weight was 90.9578 g.
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3.2. Leaching of Fluorescent Lamps

Tubular fluorescent lamps of different wattages and lengths (21 W—849 mm, 30 W—
895 mm, 23 W—970 mm, 36 W—1200 mm, 58 W—1500 mm) were used. The ballasts
and metal terminals, composed mainly of copper and steel, were removed manually. A
controlled incision was made in each tube, and a suction system was immediately attached
to capture the released mercury vapor, which was retained in an aqueous solution to
prevent its release into the environment. Subsequently, the tube fragments were introduced
into a ball mill, using steel spheres with diameters between 5 and 10 cm, and ground
for 60 min. At the end of this stage, the resulting material was sieved, with an average
particle size of 0.18 mm. The collected powder, composed of a mixture of glass and tricolor
phosphors (red, green, and blue) characteristic of this type of lamp, was subjected to
a leaching process. This stage was applied exclusively to the pulverized material from
the milling.

For hydrometallurgical operations and selected REE separations, the fluorescent pow-
der was leached with sulfuric acid (Fermont, Monterrey, México, 98%). Three different
solid–liquid ratios were tested during the leaching process: 1:1, 1:2, and 1:4, with 250 g
fluorescent powder/liter of leaching solution. Complete leaching was carried out in a
single step using two different sulfuric acid concentrations (1 and 2 mol/L) at 25, 35, 45,
55, and 65 ◦C under normal pressure for 24 h. This process was carried out in a 1 L glass
reactor with a vertical mixer and a simple 4-blade propeller.

For the kinetic analysis, 10 mL samples were taken at 15, 30, 45, 60, 90, 180, 240, and
300 min, without removing any solids. After sampling, 10 mL of acid solution was added
to maintain the S/L ratio. Each sample was diluted with deionized water for subsequent
analysis by ICP-MS.

3.3. Pre-Treatment of Resins

XAD-7 microsphere resin was used (Amberlite, Sigma-Aldrich, St. Louis, MO, USA).
It was weighed, then immersed in distilled water, subjected to an ultrasonic bath to remove
any remaining organic residues, and washed three times with deionized water. Finally,
it was washed with ethanol and subsequently dried in an oven at 60 ◦C. They were
impregnated with the D2EHPA–kerosene solution (hydrogen phosphate, Sigma-Aldrich, St.
Louis, MO, USA, 97%). The mixture was prepared at a ratio of 10 mL of organic solution
(20% D2EHPA) per 1 g of clean, dry resin. The details of the resin functionalization have
been reported previously [14]. Correct functionalization of the resin with D2EHPA requires
a thorough cleaning process. By means of weight difference and semiquantitative analysis
by scanning electron microscopy (SEM), the extractant was shown to be securely adhered
to the resin, both inside and on the surface, as reported in previous work [14]. Figure 14
shows a micrograph of the XAD-7 resin ready for the extraction process.

Table 11 shows the results obtained by EDS, which confirm the presence of phosphorus
in the resin after the functionalization process, a characteristic element of the extractant
(D2EHPA) deposited on the particle surface.
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Figure 14. XAD-7 resin impregnated with D2EHPA is ready for the extraction process.

Table 11. Chemical resin composition before and after functionalization.

Element Wt.% Atomic %

Clean resin

C 63.74 70.43

O 35.24 29.23

Ca 1.02 0.34

Resin after
functionalization

with D2EHPA

C 65.20 72.37

O 31.41 26.17

P 3.39 1.46

3.4. Solid–Liquid Extraction Process and Stripping

The solid–liquid extraction process was performed with the solution obtained from
the leaching of fluorescent lamps. The initial REE concentrations are presented in Table 3.
All extraction and stripping experiments were performed in triplicate, producing results
with an average error of less than 2%.

For extraction, the solvent-impregnated resin (SIR) was added to the leaching solution.
Three different S/L ratios were tested: 1, 1.5, and 2 (g/mL) to 20 vol% of D2EHPA. A
450 r/min agitation was applied for 120 min. At the end of the extraction, the solid phase
(resin loaded with metal ions) was separated from the aqueous surplus by filtration using
size 42 ashless filter paper. A 2 mol/L sulfuric acid solution was prepared for the stripping.
The S/L ratio for stripping was the same as that used in the 120 min extraction stage, with
constant agitation at 450 r/min at room temperature.

The cyclic extraction was carried out using the same lot of functionalized resin under
the optimal extraction and desorption conditions (S/L 0.1 g/L, 450 rpm at room tempera-
ture, and 120 min per step).

3.5. Sample Preparation and Analysis

Quantification of the metal concentration was performed using a PerkinElmer® Op-
tima™ 8300 benchtop Inductively Coupled Plasma Optical Emission Spectrometer (ICP-
OES, Springfield, IL, USA). For complete digestion, a 1:10 mL sample was used, and the
samples from each leaching step were diluted 0.25:10 mL, as were the samples at each
kinetic time point (15, 30, 45, 60, 90, 180, 240, 300 min), with the extracted volume being
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replaced. During the extractions, the samples taken were diluted 1:10 mL. All samples were
filtered using size 42 ashless filter paper and made up to volume with ultrapure water.

3.6. Apparatus

The leaching process was conducted at 300 rpm using a conventional stirrer. The
extraction and stripping stages were performed under constant agitation using a magnetic
hot plate stirrer (Thermolyne, Mirak TM, USA). SEM images and EDS analysis were
obtained using a SEM (JEOL JSM-7800F, Akishima, Tokio, Japan). Yttrium chemical analysis
was performed using a PerkinElmer Optima 8300, a benchtop inductively coupled plasma–
mass spectrometer (ICP-OES, Springfield, IL, USA). The functional groups present in the
solid residues were identified by Fourier-Transform Infrared (FTIR) spectroscopy using a
PERKIN ELMER FTIR 2000 spectrometer (FTIR, Springfield, IL, USA). The morphology and
elemental composition of the leachate precipitates and resin were examined by Scanning
Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDS) using a JEOL
JSM-6300 microscope (Akishima, Tokyo, Japan).

4. Conclusions

This study successfully demonstrated an integrated hydrometallurgical process for
the recovery of yttrium from spent fluorescent lamps. The process comprises three key
stages: (1) multi-stage sulfuric acid leaching under optimized conditions (2 M, 65 ◦C,
S/L 0.25 g/L) to dissolve yttrium from the phosphor matrix; (2) solid–liquid extraction
of the clarified leachate using D2EHPA-impregnated Amberlite XAD-7 resin at pH 0.75
for selective yttrium recovery (>99%); and (3) multi-stage stripping with sulfuric acid to
desorb and concentrate yttrium, regenerating the resin for reuse. The optimal leaching
conditions achieved a yttrium dissolution efficiency of 44.2% per stage, with a cumulative
recovery of 71.11% over four stages. Crucially, kinetic analysis coupled with FTIR and
SEM-EDS characterization provided evidence that the leaching kinetics are governed by
diffusion through a composite layer of precipitated calcium and sodium sulfates. This
phenomenon, validated by the excellent fit of the Z-L-T model (Ea = 35.5 kJ mol−1), explains
the decelerating dissolution profile.

The solid–liquid extraction process using Amberlite XAD-7 resin impregnated with
D2EHPA proved to be highly effective and superior to conventional liquid–liquid extrac-
tion. A critical pH dependence was identified, with maximum yttrium extraction efficiency
exceeding 99% at pH 0.75. This system demonstrated remarkable efficiency even at a low
resin dosage (0.1 g/L), highlighting the advantage of the increased surface area provided
by the solid support. Furthermore, the multi-stage stripping process with sulfuric acid con-
firmed the reusability and stability of the solvent-impregnated resins, achieving cumulative
yttrium recovery of over 97% across five consecutive cycles, with an average stripping
efficiency of 78.6% per cycle. Therefore, the combination of acid leaching and solid–liquid
extraction with D2EHPA-impregnated XAD-7 resin presents a viable, efficient, and more
sustainable method for yttrium recovery from electronic waste. This approach not only
mitigates the environmental impact of fluorescent lamp disposal but also enhances the
security of supply for yttrium recovery.
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using Cyanex 272 impregnated Amberlite XAD-7 resin. Hydrometallurgy 2018, 181, 156–163. [CrossRef]
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