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ABSTRACT: Lanthanum is widely used as a structural and textural promoter in zeolite-containing FCC catalysts. This work

investigates the structural, textural, and sorption properties of the solid residue formed after acid leaching of lanthanum from spent
petroleum hydrocarbon cracking catalyst. It is shown that nitric and sulfuric acids treatment aimed at extracting the rare earth element
leads to significant changes in the chemical composition and surface characteristics of the residual material, while the crystalline Y-type
zeolite framework is preserved. The aluminum content in the solid residue decreases from 26.8 to 14.0−15.3 wt %, while the relative
proportion of silicon increases to 30.4−33.7 wt.%, indicating preferential dealumination of the amorphous matrix. The specific surface
area of the material increases from 89 to 107−112 m2/g when treated with nitric acid and to 118–120 m2/g when using sulfuric acid,
and the total pore volume increases by 21–60%. The formation of additional mesoporosity in the range of 1.5−5 nm contributes
to improved sorption characteristics. The practical sorption capacity for Fe(III), Cu(II), Zn(II), and NH4

+ ions increases by
1.5−1.8 times compared to the initial catalyst. The results show that the solid residue after lanthanum extraction is not an inert waste,
but a functional sorption material comparable in characteristics to low-cost mineral sorbents and promising for environmental
applications.
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In the context of implementing the UN Sustainable Development
Goals (SDGs), primarily SDG 6 “Clean Water and Sanitation”
and SDG 12 “Responsible Consumption and Production,”
technologies aimed at simultaneously purifying contaminated
water and recycling industrial waste are becoming particularly
relevant.1−4

The use of zeolites and zeolite-containing materials in sorp-
tion processes for the purification and concentration of pollut-
ants is one of the steadily developing areas of materials
science and environmental chemistry.5,6 The widespread use
of these materials is due to the peculiarities of their aluminum-
and silicon-oxygen framework, which has an excess negative
charge compensated by cations of alkali, alkaline earth, and rare
earth elements. This structure determines the high ion-
exchange and sorption capacity of zeolites, as well as their selec-
tivity toward a wide range of inorganic ions.

The literature shows7−9 that zeolites exhibit pronounced
selectivity toward Pb, Mn, Cr, Cs, Sr, Co, Cd, Cu, Ag, Au, Fe,
and Zn ions, while the sorption capacity values, depending on
the adsorbate, vary in the range from 0.05 to 4.5 mg·eq/g.
Zeolite-containing materials are successfully used for the extrac-
tion of heavy metals from multicomponent polymetallic solu-
tions, including in metal concentration processes.10,11

In addition, there are examples of the use of such materials
for purifying wastewater from ammonium ions, fluoride and sul-
fate ions, as well as from a number of organic compounds,
including methanol and naphthalene.12,13 The sorption proper-
ties of zeolites and zeolite-containing materials are used not
only in water purification but also in binding and limiting the
mobility of heavy metal ions in soils and wastewater
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sediments,14 as well as in the remediation of soils contaminated
with petroleum products.15,16

To increase the efficiency of sorption, such materials are
often subjected to activation or chemical modification. In partic-
ular, treatment of high-silica zeolites with solutions of mineral
acids leads to partial dealumination of the structure and replace-
ment of cations in the framework with hydronium ions or pro-
tons, which is accompanied by an increase in ion-exchange
capacity and specific surface area.17

In this work, the spent petroleum hydrocarbon cracking cat-
alyst is considered as a zeolite-containing material. According to
the literature data, the crystalline structure of the zeolite phase
in the spent catalyst corresponds to synthetic zeolite type Y,
the content of which is approximately 40%.18 Lanthanum is
commonly introduced into catalysts as a structural promoter
that stabilizes the zeolite framework during catalytic cracking.
In recent years, spent cracking catalysts have been actively stud-
ied as a secondary raw material for the extraction of rare earth
elements, primarily lanthanum. However, after acid leaching of
rare earth components, a significant volume of solid residue is
formed, the further use of which is often not considered or is
limited to disposal.

At the same time, acid treatment of the spent catalyst can sig-
nificantly alter its structural and surface characteristics, which
potentially makes the solid residue a promising functional mate-
rial, in particular, an adsorbent for inorganic pollutants.
However, data on the physicochemical properties and sorption
behavior of the residue after lanthanum extraction are presented
fragmentarily in the literature and remain insufficiently studied
and require systematic investigation.

The aim of this work was to investigate the structural and
sorption properties of the solid residue formed after acid leach-
ing of lanthanum from a spent cracking catalyst, as well as to
assess the possibility of its further use as a sorption material
for environmental protection purposes.

Unlike most studies focusing on the recovery of rare earth
elements from spent catalysts, this work considers the solid res-
idue as a potential functional sorbent material and evaluates its
properties in comparison with conventional mineral sorbents.
2. MATERIALS AND METHODS

2.1. Materials and Reagents

The starting material used in this work was spent hydrocarbon cracking
catalyst (SCC) obtained from an industrial catalytic cracking unit. The
SCC was a fine gray powder with spherical particles. According to
X-ray phase analysis data, the crystalline zeolite phase in the SCC cor-
responds to synthetic zeolite type Y, the proportion of which is about
40 wt %. The main components of the catalyst are aluminum and sili-
con oxides, as well as lanthanum compounds, which are used as a struc-
tural ionic modifier of the zeolite. Before the experiments, the SCC was
used without additional thermal or chemical pretreatment.

Nitric (HNO3, analytical grade, Sigma-Aldrich, USA) and sulfuric
acid (H2SO4, analytical grade, Sigma-Aldrich, USA) solutions were
used for acid leaching of lanthanum from the SCC. Nitric acid of
“chemically pure” grade (mass fraction of HNO3 not less than 65%)
and sulfuric acid of “chemically pure” grade (mass fraction of H2SO4
not less than 96%) were used. Working solutions of acids with a given
molar concentration were prepared by diluting concentrated acids with
distilled water immediately before use.

Distilled water meeting the requirements of analytical purity was
used to wash the solid residue after acid treatment. The separation of
1206
the solid and liquid phases was carried out by centrifugation without
the addition of flocculants or coagulants.

In the study of sorption properties, aqueous solutions of iron(III),
copper(II), zinc, and ammonium salts were used as model pollutants.
Solutions of iron(III) ions were prepared from iron(III) chloride
hexahydrate FeCl3·6H2O (analytical grade, Sigma-Aldrich, USA),
copper(II) ions from copper(II) sulfate pentahydrate CuSO4·5H2O
(analytical grade, Sigma-Aldrich, USA), zinc ions from zinc chloride
ZnCl2 (chemically pure grade, Sigma-Aldrich, USA), and ammonium
ions from ammonium chloride NH4Cl (analytical grade, Sigma-
Aldrich, USA). All salts were used without further purification.
Model solutions were prepared using distilled water.

Standard reagents for photometric and titrimetric analysis were used
for the analytical determination of metal ion concentrations. Iron(III)
ions were determined using sulfosalicylic acid (“chemically pure”),
and zinc ions using xylenol orange (“chemically pure”). Nessler's
reagent (“chemically pure”) was used to determine ammonium ions.
The concentration of copper(II) ions was determined titrimetrically
by iodometry using sodium thiosulfate and starch as an indicator, as
well as by a photometric method with chloroform extraction (“pure”).

Potassium bromide KBr (“chemically pure”) was used to prepare
tablets for recording IR spectra. All solutions and samples were pre-
pared and analyzed at a temperature of (20 ± 2) °C.

2.2. SCC Recycling

For the processing of the rare earth concentrate, acid solutions with
concentrations of 6.0−18.0 mol/L for sulfuric acid and 4.6−14.0
mol/L for nitric acid were used. Leaching experiments were performed
over a range of temperatures and contact times. The optimal condi-
tions (90 °C and 2 h) were later identified based on regression analysis
of the experimental results (see Section 3.1). Single-stage leaching of
lanthanum was carried out with stirring, at a solid phase (rare earth
concentrates) to acid solution mass ratio of 1:2. The leaching solution
was separated into a solid residue and a liquid phase using an OS-6
centrifuge for 5 min at a rotation speed of 3000 min−1 (separation fac-
tor 3500). The solid residue was washed with distilled water.

2.3. Samples Analysis

The shape, nature, and composition of the surface of the SCC granules
after acid treatment were evaluated at a magnification of up to
1000 times using scanning electron microscopy on a JSM 5610 LV
scanning electron microscope with an EDX JED 2201 JEOL elemental
analysis system (Japan). Elemental analysis was performed using X-ray
fluorescence spectroscopy (XRF), which is widely applied for deter-
mining the bulk chemical composition of aluminosilicate catalysts
and SCC materials. The aim of the analysis was to evaluate the relative
changes in elemental composition of the catalyst before and after acid
treatment.

Infrared spectra in the wavenumber range 4000−500 cm−1 were
recorded for KBr-tableted (“chemically pure”) mixtures on a NEXUS
Fourier transform infrared spectrometer from THERMO NICOLET.
The error in determining vibration frequencies did not exceed
±2 cm−1.

X-ray diffractograms of SCC after acid leaching were obtained using
the powder method on a BRUKER D8 ADVANCE diffractometer with
a step-by-step scanning method (with a step in angle 2θ of 0.03° and
an exposure time of 3 s at each point) in the angle range 2θ from 20
to 80°. The diffractograms were interpreted using the Match program
and the EVA software package (Bruker) using the ICDD PDF-2
database.

The specific surface area and specific volume of SCC and SCC
after acid leaching were measured using the low-temperature nitro-
gen adsorption-desorption method. The samples were studied on a
NOVA 2200 instrument, which allows determining the specific sur-
face area in the range from 10 to 1000 m2/g; the measurement prin-
ciple is based on the BET method. The pore radius (rp, nm) in SCC
https://doi.org/10.1021/acssusresmgt.6c00043
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and the solid residue after acid treatment was calculated using the
Kelvin equation.

The sorption properties of SCC and the solid residue after lantha-
num leaching were judged by the values of the total static exchange
capacity (TSEC). Sorption was carried out under static conditions
from aqueous solutions with a given concentration (concentration
range from 1 to 100 mg/L, sorbent dose −0.5 g/L, temperature
20 ± 2 °C, sorption time −2 h) and wastewater samples. The sorption
properties of SCC and SCC after acid leaching were studied with
respect to iron (III), copper (II), zinc, and ammonium ions.

Model solutions for sorption were prepared from the corresponding
salts (FeCl3 · 6H2O, chemically pure; CuSO4·5H2O, chemically pure;
ZnCl2, pure; CaCl2, chemically pure; NH4Cl, chemically pure) in dis-
tilled water meeting the requirements. The concentration of metal ions
was determined by photometric and titrimetric methods. When study-
ing the sorption of metal ions, the pH value of the solutions was
controlled to prevent their precipitation as hydroxides. The TSEC
value, mmol·eq/g, was calculated using eq 1:

TSEC=
ðC0 −CeqÞ⋅V

m⋅Мeq
(1)

where C0 and Ceq are the initial and equilibrium concentrations of the
adsorbate in the solution, mg/L; V is the volume of the solution, L;
m is the mass of the sorbent, g; andMeq is the molar mass of the equiv-
alent, mg/(mmol·eq).

Iron ions were determined using sulfosalicylic acid, and zinc ions
using the xylenol orange dye. The reported values (±15% for concen-
trations of 1.0−5.0 mg/L and ±10% for concentrations above
5.0 mg/L) represent the standard deviation (SD) calculated from three
parallel experimental samples. These values reflect the variability of the
sorption experiments rather than the instrumental error of the analyti-
cal methods used for metal ion determination. The copper content in
the solution was determined by direct titrimetry with iodine in the con-
centration range of 10−100 mg/L (titration was carried out with
sodium thiosulfate in the presence of starch), and by a photometric
method with chloroform (concentration range 1–5 mg/L).

Modeling of sorption isotherms. Equilibrium sorption data were
analyzed using the Langmuir and Freundlich isotherm models in
order to quantify the sorption capacity and to elucidate the dominant
adsorption mechanisms. The Langmuir model assumes monolayer
adsorption on a finite number of energetically equivalent sorption
sites and neglects lateral interactions between adsorbed species. The
Freundlich model is an empirical approach that accounts for surface
heterogeneity and a non-uniform distribution of adsorption energies.

The Langmuir isotherm is expressed by the following equation:

q= qmax ·KL·Ce= 1+KL·Ceð Þ (2)

where q is the equilibrium sorption capacity (mg·g−1), qmax is
the maximum monolayer sorption capacity (mg·g−1), KL is the
Langmuir affinity constant (L·mg−1), and Ce is the equilibrium concen-
tration of the sorbate in solution (mg·L−1).

The Langmuir parameters qmax and KL were determined by nonlin-
ear regression of the experimental q−Ce data. The quality of the fit was
evaluated using the coefficient of determination R2.

The Freundlich isotherm is described by the following equation:

q=KF·Ce
1=n (3)

where KF is the Freundlich constant related to sorption capacity, 1/n is
the heterogeneity factor reflecting the intensity of sorption, Ce and q
have the same meaning as defined above.

Values of 1/n < 1 indicate favorable sorption and increasing surface
heterogeneity, whereas values of 1/n ≥ 1 suggest weak or linear
adsorption behavior. Freundlich parameters were also obtained by
1207
nonlinear regression, and the fitting quality was assessed using the
coefficient of determination R2.

All isotherm parameters were obtained by nonlinear least-squares
fitting of the experimental equilibrium data. The number of experimen-
tal equilibrium points used for fitting (n) corresponds to the number of
concentration points constituting each isotherm. For systems where
equilibrium concentrations were not directly measured, Ce values were
reconstructed from mass balance using the initial concentration, solu-
tion volume, and sorbent mass. Model adequacy was assessed by
comparing R2 values and by visual inspection of the fitted curves.

The mobility of potentially toxic metals in soils was evaluated using
a single-step chemical extraction approach, which is widely applied to
assess the environmentally available and weakly bound metal fractions.
Soil samples were air-dried at room temperature, homogenized, and
sieved to a particle size <2 mm prior to analysis. A representative sub-
sample (5.0 g) was subjected to extraction. The solid-to-liquid ratio
was maintained at 1:10 (w/v). The suspension was agitated on an
orbital shaker at ambient temperature (20±2 °C) for a fixed extraction
time (1 h), ensuring sufficient contact between the soil matrix and the
extracting solution. After extraction, the suspension was separated by
centrifugation, and the supernatant was filtered through a membrane
filter (0.45 μm) prior to metal analysis. All extractions were performed
in duplicate to ensure reproducibility. Metal mobility was assessed
using chelating extractants that simulate natural soil solution condi-
tions and rhizosphere processes. Applied extractants include 0.005 M
DTPA (Ca−DTPA, pH 7.3). The degree of metal mobility was
expressed as a mobility factor (MF), calculated according to the follow-
ing equation:

MFð%Þ=Cmob·100%=Ctot (4)

where Cmob is the concentration of the metal extracted by the selected
reagent (mg·kg−1) and Ctot is the total metal concentration in the soil
determined by complete digestion (mg·kg−1).

Metal concentrations in the extracts were determined using atomic
absorption spectroscopy (AAS).

The batch mixture was prepared based on the industrial composi-
tion of an aluminosilicate frit with partial replacement of the Al2O3
source. The residue after acid leaching of lanthanum from the ore con-
centrate was used as a modifying additive, introduced in an amount of
5 wt % in excess of the basic 100% batch composition without adjust-
ing the ratios of the main components. The batch included technical
alumina (partially replaced by the additive), kaolin, quartz sand, soda,
and feldspar according to the technical regulations of the ceramic prod-
ucts manufacturing plant. All components were pre-dried, jointly
ground to a homogeneous state, and thoroughly mixed. The frit syn-
thesis was carried out under industrial ceramic production conditions
by heat treatment of the batch at a temperature of 1500 °C with an iso-
thermal holding time of 1 h, after which the melt was subjected to the
standard cooling operation for frits, forming a glassy product.

Evaluation of the acid-leached residue as a lanthanum-containing
microelement additive. Laboratory and field studies were conducted
to assess the effect of the acid-leached residue as a lanthanum-
containing microfertilizer on plant growth and development. A
sod-podzolic light loamy soil without fertilizer application was used
as a control. In laboratory conditions, containers with a capacity of
2 kg of soil were used, with three replicates of the experiment.
Observations were carried out for 30 days, with 100 Scots pine seeds
planted in each container. Field experiments were conducted in
May-October 2024 and March 2025 at a forestry enterprise
(Grodno region, Belarus). Observations were carried out for 30 days,
with 500 Scots pine seeds planted in each plot.

Mathematical processing of the leaching results included the
construction of correlation matrices and regression equations, where
X1 is the acid concentration (4.6−14.0 mol/L for HNO3 and
6.0−18.0 mol/L for H2SO4), M; X2 is the leaching temperature,
20−90 °C; X3 is the leaching time, 1.0−3.0 h. Python was used for
mathematical processing.
https://doi.org/10.1021/acssusresmgt.6c00043
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3. RESULTS AND DISCUSSION

3.1. Regression-Based Assessment of Lanthanum
Leaching from Spent Cracking Catalyst

Based on experimental data, partially published earlier,19 a
quantitative analysis of the influence of technological para-
meters of acid leaching on the degree of lanthanum extraction
from spent cracking catalyst was performed (Figure 1).
Regression equations describing the leaching process were
obtained from the experimental data. These equations were
subsequently used to determine the optimal leaching conditions
for further experiments (90 °C and 2 h). The experimental
dependencies (eqs 1 and 2) adequately describe the change in
the degree of lanthanum extraction within the studied parame-
ter ranges, which is confirmed by the high values of the coeffi-
cient of determination (R2 = 0.823 for nitric acid leaching
and R2 = 0.733 for sulfuric acid leaching). The regression
model for sulfuric acid leaching showed a moderate coefficient
of determination (R2 = 0.733), indicating a reasonable descrip-
tion of the experimental trends. It was shown that increasing the
temperature is the determining factor in intensifying the pro-
cess, while increasing the acid concentration and treatment time
leads to a less pronounced increase in the degree of extraction.
Based on the obtained regression equations, it was established
that at a temperature of 90 °C and a treatment duration of about
2 h, high values of lanthanum extraction (more than 90%)
Figure 1. Pearson’s correlation matrix, plots of predicted and measured valu
(b): where X1 is the acid concentration, M; X2 is the leaching temperature,
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are achieved, which served as the basis for choosing these con-
ditions in subsequent experiments and a mass ratio of solid
spent cracking catalyst to acid solution equal to 1:2.

YHNO3 = 255:311− 9:155·X1− 15:181·X2− 79:752·X3

− 0:739·X12 + 9:298·X1·X2+ 15:222·X1·X3

− 0:779·X22 + 32:239·X2·X3− 203:391·X32 (5)

YH2SO4 = 294:235− 13:055·X1− 32:828·X2− 132:349·X3

− 1:614·X12 + 16:239·X1·X2+ 27:403·X1·X3

− 1:272·X22 + 46:489·X2·X3− 279:204·X32 (6)

3.2. Sample Characterization

It is known that acid treatment of aluminosilicates under certain
conditions leads to their dealumination;17 therefore, the leach-
ing of lanthanum from the SCC catalyst is accompanied by
the transfer of aluminum into the solution. When using concen-
trated acid solutions, dealumination of both the matrix and the
zeolite component of the SCC catalyst is possible. The alumi-
num located in the structural nodes of the zeolite, formed after
the removal of lanthanum, is weakly bound to the framework,
which makes its transition to the liquid phase possible during
acid treatment.17 Analysis of the initial SCC sample and the
es for SCC, and variable importance for nitric acid (a) and sulfuric acid
20–90 °C; X3 is the leaching time, h.

https://doi.org/10.1021/acssusresmgt.6c00043
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Table 1. Elemental Composition of the Initial Spent Cracking Catalyst (SCC) and Acid-Leached Residues Obtained under
Different Treatment Conditions, wt%

sample O Al Al2O3 Si SiO2 La LaO2 Na Na2O

SCC 49 26.8 51.4 21.3 45.3 1.8 2.21 0.6 0.9
4.6 mol/L HNO3 51.19 15.2 32.1 32.29 64.61 1.32 3.29
7 mol/L HNO3 51.44 14.05 29.63 33.73 68.45 0.77 1.92
6 mol/L H2SO4 51.07 15.34 32.33 32 63.86 1.28 3.19 0.31 0.63
9 mol/l H2SO4 51.28 14.46 30.4 32.96 66.37 1.3 3.23

ACS Sustainable Resource Management pubs.acs.org/acssrm Article
acid-leached residues obtained under different leaching condi-
tions indicates that the degree of aluminum removal depends
on the acid type and treatment conditions (Table 1).

Treatment of the carbonaceous material with acid solutions
leads to partial destruction of its structure, as shown in Figure 2.

To identify possible changes in the zeolite in the SCC cata-
lyst after acid treatment, the X-ray diffraction patterns of the
SCC catalyst and its samples after acid treatment were com-
pared (Figure 3).

As the presented X-ray diffraction patterns show, treatment
with acid solutions does not lead to visible changes in the
Figure 2. SEM images (a) and PSD (b) of SCC samples.

Figure 3. XRD (a) and IR spectrum (b) of SCC and SCC after leaching wi

1209
zeolite framework in the SCC catalyst. This is explained by
the fact that aluminum is predominantly extracted from the
SCC matrix.
Changes in the composition and structure of the silicoalu-

minate framework of the zeolite and the matrix in the SCC
after dealumination should be reflected in its IR spectrum
(Figure 3). Analyzing the obtained IR spectra of the SCC
samples, it can be noted that after acid leaching, there is a
slight shift of the peaks in the region of 396–615 cm−1, which
is possibly associated with the removal of aluminum from the
tetrahedral positions in the zeolite framework 17 and with the
th nitric (7 mol/L) and sulfuric (9 mol/L) acids.

https://doi.org/10.1021/acssusresmgt.6c00043
ACS Sustain. Resour. Manag. 2026, 3, 1205−1215
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dealumination of the amorphous aluminosilicate matrix. The
IR spectra of the treated samples show changes in the
hydroxyl region. However, the characteristic band near
3745 cm−1, typically associated with isolated silanol groups
formed after dealumination of zeolite frameworks, was not
clearly observed. This suggests that the acid treatment did
not lead to extensive formation of isolated silanol groups,
although partial structural modification of the aluminosilicate
framework cannot be excluded. Therefore, the IR results indi-
cate structural modification of the catalyst rather than com-
plete framework dealumination.

The contradictions obtained in the analysis of X-ray diffrac-
tion and IR spectroscopy data are probably explained by the fact
that during dealumination of the zeolite, the oxygen positions in
the aluminosilicate skeleton are preserved, and the crystalline
structure of the zeolite in the SCC does not change.17

It has been established that acid treatment contributes to an
increase in the specific surface area and specific pore volume of
the SCC (Figure 4). When processed under conditions that
ensure maximum lanthanum leaching, the specific surface area
increases by 20.5−25.0% (to 107−112 m2/g) when using nitric
acid, and by 32−35.0% (to 118−120 m2/g) when using sulfuric
acid. The specific pore volume increases accordingly to
Figure 4. Nitrogen adsorption-desorption isotherm and pore size distributio
(9 mol/L) acids.

Figure 5. (a) Isotherms of iron(III) ion sorption, (b) isotherms of metal ion
after leaching with nitric acid at room temperature (22 ± 2 °C).

1210
0.72−0.76 cm3/g and 0.94−0.96 cm3/g (by 21.0−27.0% and
56.0−60.0%, respectively).
It has been established that after acid treatment, the propor-

tion of pores with a size of 1.5−5 μm increases. This fact is
explained by the fact that the decationization process of the
organoclay complex, accompanied by its partial dealumination,
leads to a certain increase in the diameter of the effective pores
and the free volume of channels and cavities in the structure of
the organoclay complex.

3.3. Sorption Performance and Environmental
Applicability of the Acid-Leached Residue

Acid treatment of the organic carbon concentrate leads to a sig-
nificant increase in its sorption capacity for iron ions (Figure 5).
The data presented in Figure 5a indicate that acid leaching

of lanthanum from the SCC is accompanied by its activation
as a sorbent material. Acid activation of the amorphous and
crystalline phases in the SCC is primarily associated with their
dealumination. After treatment with nitric acid, the sorption
capacity of SCC for iron ions increases from 0.87 mmol·eq/g
to 1.7 mmol·eq/g, while with sulfuric acid, the sorption capacity
reaches 3.7 mmol·eq/g.
n of SCC, and SCC after leaching with nitric (7 mol/L) and sulfuric

sorption, and (c) isotherms of ammonium ion sorption by the residue

https://doi.org/10.1021/acssusresmgt.6c00043
ACS Sustain. Resour. Manag. 2026, 3, 1205−1215
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Table 2. Langmuir Isotherm Parameters (Nonlinear Fit)

ion sorbent/system n qmax (mg/g) KL (l/mg) R2

Fe3+ initial SCC 14 16.03 0.36213 0.854
Fe3+ residue after HNO3 13 52.89 0.09923 0.775
Fe3+ residue after H2SO4 12 79.18 0.16806 0.923
Cu2+ initial SCC 15 21.47 0.03289 0.934
Cu2+ residue after HNO3 Langmuir parameters not reported due to poor model fit
Cu2+ residue after H2SO4 12 182.00 0.10008 0.810
Zn2+ initial SCC 15 22.15 0.09725 0.970
Zn2+ residue after HNO3 14 58.51 0.09424 0.920
Zn2+ residue after H2SO4 15 64.64 0.06155 0.919
NH4

+ model solution (HNO3 residue) 7 228.04 0.00276 0.971
NH4

+ industrial wastewater (HNO3 residue) 9 61.46 0.08967 0.837

ACS Sustainable Resource Management pubs.acs.org/acssrm Article
Comparison of the sorption properties of SCC before and
after leaching with nitric acid solution for iron, copper, and zinc
ions shows a significant increase (Figure 5b). The TSEC values
were for iron (III) ions − 1.7 ± 0.05 mmol·eq/g (31.6 mg/g),
copper (II) − 1.6 ± 0.05 mmol·eq/g (50.8 mg/g), and zinc −
1.5 ± 0.05 mmol·eq/g (51 mg/g). The highest TSEC value
for Fe3+ is possibly explained by the fact that in the case of ions
with different charges, their sorption increases with increasing ion
charge. Ions with the same charge (Cu2+, Zn2+) are sorbed bet-
ter the larger the ion radius, since a larger ion is less hydrated.
The Langmuir and Freundlich parameters listed in Tables 2
and 3 indicate predominantly monolayer adsorption on hetero-
geneous sorption sites formed during the acid treatment.

Isotherm modeling supports the quantitative trends observed
in Figure 5a−c. It should be noted that the Langmuir parameter
qmax represents the theoretical maximum sorption capacity
derived from model fitting and may differ from experimentally
observed sorption capacities. For Zn(II) sorption, the Langmuir
model provides an excellent fit (R2 ≈ 0.92−0.97 across the inves-
tigated materials), consistent with uptake dominated by a finite
number of ion-exchange sites. For Cu2+ sorption on the nitric
acid-treated residue, the Langmuir model produced unrealistic
parameter values (extremely large qmax and near-zero K1). This
indicates that the Langmuir model does not adequately describe
the sorption behavior for this system. Therefore, Langmuir
parameters are not considered reliable and are not reported.
This behavior may indicate heterogeneous adsorption sites or
multilayer sorption processes that deviate from the assumptions
of the Langmuir model. For Fe(III), both models describe the
Table 3. Freundlich Isotherm Parameters (Nonlinear Fit)

ion sorbent/system n KF 1/n R2

Fe3+ initial SCC 14 6.057 0.237 0.925
Fe3+ residue after HNO3 13 5.892 0.636 0.755
Fe3+ residue after H2SO4 12 22.142 0.310 0.944
Cu2+ initial SCC 15 2.926 0.369 0.878
Cu2+ residue after HNO3 14 2.494 0.815 0.851
Cu2+ residue after H2SO4 12 38.711 0.324 0.631
Zn2+ initial SCC 15 5.588 0.283 0.836
Zn2+ residue after HNO3 14 14.254 0.289 0.715
Zn2+ residue after H2SO4 15 11.062 0.353 0.757
NH4

+ model solution (HNO3 residue) 7 0.846 0.882 0.964
NH4

+ industrial wastewater (HNO3
residue)

9 12.584 0.348 0.763
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data well; however, the best fits are obtained for the sulfuric-
acid residue (R2L ≈ 0.923; R2F ≈ 0.944), in agreement with the
strong activation reflected by the increased TSEC. For
Cu(II), sulfuric-acid treatment yields high capacities and good
Langmuir agreement (R2L ≈ 0.810), implying a combination
of ion exchange and surface complexation on newly generated
sites. In the case of Cu(II) for the nitric-acid residue, the pres-
ence of a high-capacity point at elevated concentration results
in a poorly constrained Langmuir qmax (large extrapolated
value), indicating that saturation is not fully reached within
the investigated concentration range and that heterogeneous
site energies may contribute; accordingly, Freundlich fitting
provides a complementary description.
For NH4

+ uptake, both Langmuir and Freundlich models
adequately describe the model solution data (R2L ≈ 0.971;
R2F ≈ 0.964), while the industrial wastewater dataset shows
lower correlation due to matrix effects and competitive
sorption (Tables 2 and 3). The observed decrease of TSEC
from 3.35 mmol·eq/g (60.4 mg/g) in model solution to
2.75 mmol·eq/g (49.6 mg/g) in wastewater (≈18% reduction)
is consistent with competition from Ca2+/Mg2+ and increased
ionic strength but still confirms the practical applicability of the
material for ammonium removal in real effluents. The isotherm
parameters generated from the model fit support our hypothe-
sis that acid leaching can be applied to SCC in order to create
an inorganic sorbent that exhibits predictable equilibrium char-
acteristics as well as much higher metal ion adsorption capabil-
ities compared to untreated forms of SCC. The activation via
sulfuric acid allows for maximum activation of Sorbents toward
iron and copper ions while using nitric acid yields an activated
material that has the dual advantage of being effective against
both metal ions and ammonium even in the wastewater envi-
ronment. The obtained values of sorption capacity for ammo-
nium sorption and metal cation sorption show similarities to
previously reported values of zeolite-based inorganic sorbents
and indicate that this new form of inorganic sorbent has a more
competitive capability for both ammonium removal and metal
cation removal (refer to Table 4).
Based on the results obtained, two brands of sorbent derived

from activated carbon were proposed. Their characteristics, in
accordance with the developed technical specifications
“Sorbent for water purification” TU BY 100354659.102-2014,
are presented in Table 5.
The total sorption capacity (TSEC) of the sorbent obtained

from SCC for ammonium ions (sorption from model solutions)
reaches 3.35 ± 0.05 mmol·eq/g (60.4 mg/g) of sorbent
https://doi.org/10.1021/acssusresmgt.6c00043
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Table 4. Comparison of Sorption Performance of the Acid-Leached SCC Residue with Selected Zeolite-Based Sorbents
Reported in the Literature

sorbent target ion matrix / conditions sorption capacity (mg/g) reference

natural clinoptilolite NH4
+ model solution, batch 9.8−16.3 20

natural clinoptilolite NH4
+ wastewater, batch 12−20 8

modified natural zeolite (acid / ultrasound treated) NH4
+ model solution, batch ≈140 21

diatomite-based X-type zeolite Cu2+ isotherms, 323 K 146 22
diatomite-based X-type zeolite Zn2+ isotherms, 323 K 195 22
acid-leached SCC residue (this work) NH4

+ model solution, batch ≈60.4 this work (Figure 6)
acid-leached SCC residue (this work) NH4

+ real wastewater ≈49.6 this work (Figure 6)
acid-leached SCC residue (this work) Cu2+ isotherms to 200 mg/L ≈152 this work (Figure 5)
acid-leached SCC residue (this work) Zn2+ isotherms ≈51 this work (Figure 5)

Table 5. Characteristics of the Sorbent from the SCC

parameter

SCC
(AKV-1
grade)

SCC after nitric acid
leaching (AKV-2 grade)

content of fraction larger than
200 μm, not more than %

10

bulk density, g/cm3 0.65−0.95
total static exchange capacity 0.5 1.0
(for Fe3+ ions), mg-eq/g, not
less than

0.7−0.9

specific pore volume, cm3/g 100−140
specific surface area, m2/g 5.5−6.5
pH of aqueous extract the powder is light gray in color

Figure 6. Effectiveness of limiting the mobility of heavy metals in
excess activated sludge at different sorbent doses.
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(Figure 5c). The study also included research on the purifica-
tion of wastewater from a woodworking enterprise, generated
during the washing of filters in the production of urea-
formaldehyde resins, from ammonium nitrogen. The sorption
capacity of the sorbent for NH4

+ decreases slightly, reaching
2.75 ± 0.05 mmol·eq/g (49.6 mg/g). This decrease in sorption
capacity when using wastewater is explained by the fact that,
simultaneously with ammonium ions, calcium and magnesium
ions are also partially removed from the wash water.

A promising application of the sorbent, which does not
require regeneration, is its use as a substitute for synthetic zeo-
lites to bind and limit the mobility of heavy metals in soil and
wastewater sludge. Experimental studies have been conducted
on limiting the mobility (fixation) of heavy metals (cadmium,
lead, nickel, and copper) using the obtained sorbent (Figure 6).

It has been established that the addition of a fixing material to
excess activated sludge results in the binding of a portion of the
metals. Up to 68.7% of copper, up to 53.7% of nickel, and up to
84.8% and 54.5% of cadmium and lead, respectively, were
bound by the immobilizing material. The obtained values are
comparable to or exceed published data for mineral and
sludge-based amendments used at significantly higher doses
(Table 6). The decrease in the effectiveness of limiting metal
mobility when the sorbent dose is increased above 50 g/L is
due to the enlargement of its particles and a sharp increase in
the sedimentation rate, as a result of which the necessary
interaction between the sorbent and the sludge is not
ensured.

Tests were conducted on the use of the residue after acid
leaching of lanthanum from rare earth concentrates, with the
aim of partially replacing technical alumina in the frit composi-
tion at an industrial plant. In addition to the substituted
1212
technical alumina, the frit mixture included kaolin, quartz sand,
soda, and feldspar. The initial components were thoroughly
ground, mixed, and subjected to heat treatment at a tempera-
ture of 1500 °C for 1 h. As a result, a frit was obtained that,
in terms of its technological and physicochemical properties,
fully meets the requirements for frits according to the compa-
ny's technological regulations (Table 7).

3.4. Evaluation of the Acid-Leached Residue as a
Lanthanum-Containing Microelement Additive

To evaluate the potential environmental compatibility of the
treated catalyst residues, a preliminary phytotest was performed
using Scots pine (Pinus sylvestris). The purpose of this experi-
ment was not to conduct a comprehensive agronomic assess-
ment, but rather to obtain an indicative evaluation of the
possible effects of the treated material on plant growth. The
solid residue after treatment with nitric acid contains lanthanum
that is not incorporated into its structure, making it possible to
introduce it into the soil as a trace element supplement. The
lanthanum content in the solid residue is comparable to that
in a slow-release micronutrient fertilizer, which consists of zeo-
lite impregnated with lanthanum salts. Both the solid residue
after acid leaching of the spent cracking catalyst and the product
obtained by treating natural zeolite with lanthanum compounds
from the spent catalyst can be used as a trace element supple-
ment. As shown in publications,25 lanthanum has a positive
https://doi.org/10.1021/acssusresmgt.6c00043
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Table 7. Comparison of the Physicochemical and Technological Parameters of the Experimental Frit with the Addition of
5% SCC Residue and the Regulatory Requirements for Frits

parameter experienced frit (5% excess of total alkali content above 100%) regulatory requirements for this type of frit:

frit type aluminosilicate glaze aluminosilicate
mass fraction of Al2O3, % within the normative range 12−18
mass fraction of SiO2, % within the normative range 55−65
alkali oxides (Na2O + K2O), % complies with the standard 6−12
alkaline earth oxides (CaO + MgO), % complies with the standard 7−14
Fe2O3 content, % ≤ normative value ≤0.5
softening point temperature, °C 720−760 700−780
melting temperature, °C 1400−1500 1350−1500
melt viscosity ensures uniform melting and glass phase formation must ensure glaze application processability
coefficient of thermal expansion, ×10−6 K−1 6.8−7.4 6.5−7.5
structural homogeneity vitreous, without crystalline inclusions homogeneous
frit color light, without discoloration light / colorless
chemical resistance meets the requirements meets the requirements for glaze frits
compatibility with ceramic body confirmed mandatory
technological applicability confirmed approved for use

Table 6. Comparison of Heavy Metal Immobilization Efficiency in Excess Activated Sludge Using Different Amendments

amendment / sorbent matrix dose of sorbent method for mobility assessment immobilization efficiency reference

FA- or CS-based stabilizers
(biochar precursors)

sewage sludge-derived
material

1−4% (w/w) DTPA, CaCl2, BCR fractionation 54−68% (FA); 68−92%
(CS) for Zn, Pb, Cd, Ni

23

natural zeolite amendment contaminated soil
(mechanistic analogue)

5−10% (w/w) BCR F1 (exchangeable fraction) 18−46% 30 d; 22−69% 90
d, max for Pb

24

acid-leached SCC residue
(this work)

excess activated sludge 40 mg/L decrease of mobile metal fraction Cu: 68.7%; Ni: 53.7%; Cd:
84.8%; Pb: 54.5%

this work
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effect on plant growth. Laboratory and field studies were con-
ducted to assess the effect of the spent cracking catalyst as a
lanthanum-containing micronutrient fertilizer on plant growth
and development. A sod-podzolic light loamy soil without fertil-
izer application was used as a control. The dose of lanthanum
applied to the soil was based on literature data.26 The results
of studies on the effect of lanthanum on the growth and devel-
opment of Scots pine (Figure 7a,b) reflect the positive effect of
using the trace element supplement from the spent cracking cat-
alyst at various application rates.

The results presented in Figure 7 indicate that the addition of
the treated residues did not inhibit the growth of Scots pine
seedlings. In several treatments, a tendency toward increased
plant growth compared with the control was observed.
However, given the exploratory nature of the phytotest, these
results should be interpreted as preliminary. Such effects are
consistent with previously reported observations that alumino-
silicate materials, including zeolite-containing residues, may
improve soil properties through enhanced water retention, cat-
ion exchange capacity, and gradual nutrient release. In labora-
tory conditions, the addition of a trace element supplement
derived from spent cracking catalyst increased seed germination
by 9.0% compared to the control group (which falls within the
experimental error range), while in field conditions, the increase
was 16.0%. The results of field experiments indicate the effec-
tive use of the supplement from spent cracking catalyst in com-
bination with mineral fertilizers (germination reaches 84.0%). It
was also established that the application of the trace element
supplement obtained from spent cracking catalyst positively
affects the parameters of Scots pine seedlings − an increase in
the average length of the above-ground part and roots of the
1213
plants is observed, and the stem thickness increases. The most
significant differences are noticeable after 10 months from the
emergence of shoots (Figure 7c,d).

4. CONCLUSIONS

This study demonstrates the possibility of comprehensive utili-
zation of spent cracking catalyst through lanthanum extraction
followed by the use of the resulting solid residue as a functional
sorbent material. Acid leaching in the temperature range of
25–90 °C and treatment durations of 1–3 h enable effective lan-
thanum removal. Regression analysis adequately describes the
dependence of lanthanum extraction on temperature for nitric
and sulfuric acids (R2 = 0.823 and R2 = 0.733, respectively),
allowing the optimal processing conditions to be identified.
Acid treatment significantly enhances the sorption properties

of the catalyst residue. Sulfuric-acid leaching results in the high-
est sorption capacity toward metal ions, while nitric-acid treat-
ment produces a material with more balanced properties
suitable for the removal of both metal and ammonium ions.
The sorption capacity toward Fe(III), Cu(II), and Zn(II)
increases substantially compared with the initial catalyst, con-
firming the formation of new active sorption sites after acid
treatment. Modeling of sorption isotherms using Langmuir
and Freundlich equations indicates favorable sorption behavior
and heterogeneous adsorption sites.
In addition to aqueous-phase applications, the obtained

material demonstrates potential for environmental remediation.
The solid residue effectively immobilizes heavy metals in acti-
vated sludge and contaminated soils, reducing the mobility of
metal ions through ion-exchange and surface complexation
https://doi.org/10.1021/acssusresmgt.6c00043
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Figure 7. Germination rate of Scots pine seeds with the addition of a microelement supplement from an organic-mineral complex under laboratory
conditions (a) and in field conditions (b). Parameters of Scots pine after shoot emergence: 2 weeks after shoot emergence (c); 10 months after shoot
emergence (d).
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mechanisms. Preliminary phytotests also indicate that the mate-
rial does not inhibit Scots pine growth and may exhibit benefi-
cial effects under the studied conditions.

Overall, the results suggest that acid-treated residues of spent
cracking catalysts can be considered promising sorbent materials
for environmental applications, while simultaneously enabling
the recovery of valuable components such as lanthanum.
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