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Abstract

The removal of nickel from industrial wastewater necessitates efficient sorbent materials.
This study investigates nanostructured potassium- and sodium-substituted aluminosilicate-
based nanocomposites for this application. Materials were synthesized and characterized
using SEM-EDS, XPS, XRD, FTIR, low temperature N, adsorption—-desorption and Ni2* ad-
sorption experiments. SEM and XRD confirmed an X-ray amorphous structure attributable
to fine crystallite size. The sodium-substituted material NayAl,Si;Og exhibited the lowest
specific surface area (48.3 m?/g) among the tested composites. However, it demonstrated
the highest Ni(Il) sorption capacity (64.6 mg/g, 1.1 mmol/g) and the most favorable sorp-
tion kinetics, as indicated by a Morris-Weber coefficient of 0.067 + 0.008 mmol/(g-min' /2).
Potassium-substituted analogs with higher Si/ Al ratios showed increased surface area
but reduced capacity. Analysis by XPS and SEM-EDS established that Ni(Il) uptake oc-
curs through a complex mechanism, involving ion exchange, surface complexation, and
chemisorption resulting in the formation of new nickel-containing composite surface phases.
The results indicate that optimal sorption performance for Ni(Il) is achieved with sodium-
based aluminosilicates at a low Si/ Al ratio (Si/ Al = 1). The functional characteristics of
Na;Al,5i,Og compare favorably with other silicate-based sorbents, suggesting its potential
utility for wastewater treatment. Further investigation is needed to elucidate the precise
local coordination environment of the adsorbed nickel.
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1. Introduction

Nickel and its compounds are extensively used across various industrial sectors, in-
cluding chemical manufacturing, electroplating, and pharmaceutical production. Due to
their high toxicity, contamination by nickel and its compounds poses a significant environ-
mental concern [1]. Anthropogenic activities substantially contribute to the accumulation
of Ni in soils and water bodies, increasing the risk of its introduction into terrestrial ecosys-
tems and food production systems. This poses a threat not only to food security but also
to human health and environmental integrity [2-5]. Due to the high toxicity of nickel, the
World Health Organization has established guidelines stipulating that nickel concentration
in drinking water should not exceed 0.07 mg/L (70 ug/L) [6].

Adsorption technology for nickel removal from wastewater offers several significant
advantages over alternative treatment methods: (1) high removal efficiency even at low
concentrations of contaminants; (2) relatively simple process design and operation with-
out requirements for complex equipment; (3) high selectivity toward nickel ions with
appropriate adsorbent selection; (4) regeneration capability and reusability of adsorbents
with potential nickel recovery from regeneration solutions; (5) environmental compatibility
through elimination of toxic reagents and prevention of secondary pollution; (6) operational
flexibility and adaptability to varying conditions [7-9].

In this context, extensive research is being conducted to identify sorbents for nickel
ion removal from aqueous solutions, with natural and synthetic aluminosilicates, along
with their derived materials, representing a particularly significant group [10-13]. Alumi-
nosilicates have emerged as promising heavy metal sorbents due to their cost-effectiveness,
diversity, and natural abundance.

A comprehensive review [14], examining the structure, properties, and characteristics
of aluminosilicates in terms of their sorption applications highlights that aluminosilicate-
based materials serve as effective heavy metal sorbents owing to their high affinity, selectiv-
ity, reactivity, and substantial specific surface area. However, it is noted that in certain cases,
aluminosilicates may exhibit lower sorption properties compared to synthetic adsorbents.
Consequently, their properties are often enhanced through functionalization processes,
including thermal activation, acid activation, and intercalation, among others.

The sorption capacity of various aluminosilicates (bentonite, palygorskite, vermi-
culite, montmorillonite, kaolinite, muscovite, etc.) towards Ni%* ions ranges from 0.8 to
124.3 mg/g. Notably, a remarkably high nickel ion sorption capacity (up to 1227.2 mg/g)
has been reported for a geopolymer based on bentonite clay modified with FesO, nanoparti-
cles [15]. Modification of aluminosilicates with phosphates allowed achieving high sorption
capacity of 193.98 mg/g for Ni** and 185.78 mg/g for Cd?* [16].

A novel synthesis method for mesoporous aluminosilicate composite using glass
waste from thin-film transistor liquid crystal displays was proposed in [17]. The composite,
with a specific surface area of 175 m?-g~!, demonstrated high efficiency as a heavy metal
ion adsorbent. The maximum sorption capacity for Ni** ions reached 23.1 mg/g at pH
3.5. Furthermore, the composite’s environmental applicability was evaluated through
column experiments using actual electroplating wastewater. These experiments confirmed
the composite’s ability to effectively remove Ni?* from electroplating wastewater with a
sorption capacity of 18.7 mg/g.

Our previous research focused on investigating the sorption properties of nanocompos-
ite aluminosilicates with varying Si/ Al ratios, represented by the formula My Al,SixOox4).
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nH,O (where M = K*, Na*; x = 2, 10), including their modified forms [18-20]. These com-
pounds, synthesized from aqueous multicomponent systems, demonstrated high sorption
capacities towards cesium ions. Investigation of both potassium and sodium is important
because these cations influence the porous structure development and impact the kinetic
parameters of the adsorption process.

The present study aims to investigate the sorption capacity and kinetic characteristics,
as well as to elucidate the mechanism of nickel ion adsorption on nanostructured potassium
and sodium aluminosilicates with varying Si/Al ratios (M2Al>SixO(py4+4).nH20, where
M =K*, Na*; x = 2, 10). This investigation will assess these materials’ potential as highly
effective heavy metal sorbents.

The scientific novelty of the research lies in the use of X-ray amorphous nanostructured
aluminosilicates with variable Si/ Al ratio as sorbents for Ni* removal. Additionally, the
fundamental mechanisms of nickel ion interaction with the surface of X-ray amorphous sil-
icate materials M Al>SixO px44) nH2O have been investigated using SEM-EDS microscopy,
XPS, and physicochemical methods for studying adsorption processes. The formation of
nanocomposite of nickel-containing phases and initial amorphous aluminosilicate during
the sorption of nickel from liquid media was demonstrated.

2. Materials and Methods

The synthesis methodology for potassium and sodium aluminosilicates with specified
Si/ Al ratios has been previously described in our works [18-20].

Sorption properties were investigated in batch experiments at 20 °C with a solid-to-
liquid ratio of 1:100 using aqueous solutions of nickel chloride (NiCl,-6H,0O) with initial
Ni?* ion concentrations ranging from 0.83 to 18.41 mmol-L~!. Adsorption kinetics were
studied under similar conditions at 20, 40, and 70 °C using aqueous solutions with NiZ*
ion concentrations of 8.45-9.8 mmol-L~1. The contact times were 0.05, 0.117, 0.25, and 0.5 h.
All adsorption tests were performed in duplicate experiments.

Model wastewater containing lead, nickel, manganese, and copper was prepared
from stock solutions, with precise metal concentrations determined by atomic absorption
spectrometry (AAS). Groundwater samples were collected at Berendey Waterfall (Parti-
zansky Urban District, Primorsky Krai, Russia). Seawater samples were collected from
Ajax Bay (Russky Island, Vladivostok Urban District, Primorsky Krai, Russia). The exact
ion concentrations in the groundwater samples were determined by AAS. Nickel solution
was added to the original groundwater and seawater samples to achieve an initial Ni
concentration approaching 20 mg /L.

Ni?* ion concentrations in initial solutions and post-sorption filtrates were determined
by AAS using a Solaar M6 double-beam spectrometer (Thermo Scientific, Waltham, MA,
USA) at wavelength of 232 nm. The detection limit for nickel ions in aqueous solutions was
0.05 ug/mL.

The experimental adsorption data were analyzed using well-established models:
Langmuir, Freundlich, and Langmuir-Freundlich isotherms [21] for equilibrium studies,
and pseudo-first-order, pseudo-second-order, and intraparticle diffusion models [22] for
kinetic studies.

Structural characterization of pristine and saturated materials was performed using
a D8 ADVANCE automatic diffractometer (Bruker, Karlsruhe, Germany) with sample
rotation in CuK« radiation.

The thermogravimetric and differential thermal analysis (TG-DTA) curves were
recorded on the DTG-60H Shimadzu device in platinum crucibles with a pierced lid in a
dry argon stream (20 mL/min) in the temperature range of 35-1300 °C at the heating rate
of 10 °C/min (Shimadzu, Kyoto, Japan).



J. Compos. Sci. 2025, 9, 530

4 0f 20

Fourier transform infrared (FTIR) absorption spectra were recorded on a Fourier
transform spectrophotometer “Iraffinity-1S” (Shimadzu, Kyoto, Japan).

Sample density was determined by pycnometry. Specific surface area, pore vol-
ume, and pore size distribution of sodium aluminosilicate samples were analyzed us-
ing low temperature nitrogen adsorption technique (—196 °C) on Autosorb-iQ surface
area analyzer (Quantachrome, Boynton Beach, FL, USA). Sample preparation for poros-
ity analysis included degassing at 100 °C using the integrated degassing station of the
Autosorb-iQ analyzer.

Elemental composition of the synthesized aluminosilicates was quantified using
energy-dispersive X-ray fluorescence spectroscopy on a EDX 800 HS spectrometer (Shi-
madzu, Kyoto, Japan).

XPS spectra were recorded using a spectrometer (SPECS, Berlin, Germany) equipped
with a Phoibos 150 mm radius analyzer (SPECS, Berlin, Germany. AlKo radiation
(1486.7 eV) served as the excitation source. Calibration was performed using an inter-
nal standard, with the C 1s peak of aliphatic and aromatic carbon set to 285.0 eV. All spectra
were recorded at a constant analyzer pass energy of 50 eV. Survey spectra were collected
with a 1 eV step, while detailed spectra of characteristic lines were recorded with a 0.1 eV
step. Spectral processing was performed using CASA XPS Ver. 2.3.26PR1.0 software.

Surface morphology was examined by scanning electron microscopy (SEM) using
ULTRA 55 Plus microscope (Carl Zeiss, Oberkochen, Germany) equipped with an X Max
80 energy-dispersive spectroscopy (EDS) detector (Oxford Instruments, Oxford, UK).

3. Results and Discussion
3.1. Characterization of Obtained Materials

To confirm the achievement of the target phase and elemental composition, as well as
the nanostructured state of the obtained samples, XRD, FTIR, TGA-DTA, and SEM-EDS
methods were employed (Figure 1). The diffractograms of the aluminosilicates (Figure 1a)
exhibited a diffuse halo in the 26 = 24-27° region, which is characteristic of X-ray amorphous
silicate materials [23,24]. For the sodium-substituted samples, a shift of the halo toward
lower 20 angles was observed, indicating an increase in the interplanar spacing of these
materials compared to the potassium-substituted samples. Such a characteristic X-ray
amorphous diffraction pattern can be observed when the investigated material lacks long-
range order or when the crystallite size is extremely small [25]. For our obtained materials,
an extremely small crystallite size is characteristic while preserving long-range order in
the crystal lattice [26]. This is confirmed by data from a series of complementary analytical
methods for the condensed state of matter: SEM images indicate a nanostructured state
of the material with individual crystallite sizes much smaller than 100 nm (Figure 2),
FTIR spectra demonstrate characteristic absorption bands of crystalline aluminosilicates
(Figure 1c), and TGA-DTA curves upon heating show mass loss without exothermic effects
associated with crystallization (Figure 1d).

Figure 1b shows typical EDS maps of the distribution of main structural elements
across the material surface using Nay Al;Si;Og as an example. The uniform distribution of
Al Si, O, and Na(K) indicates the homogeneity of the phase composition of the obtained
samples. To confirm the achievement of the target quantitative elemental composition, the
content of main elements in the synthesized aluminosilicates was also evaluated by XRF
(Table 1).



J. Compos. Sci. 2025, 9, 530 5of 20

Intensity, a.u.

24.92°

5420 it ‘ NaZAIZSi10024|
21.70° A 1K2A|23i10024|
Na,AlSi,0,

27.49°

Transmittance, a.u.

26, degree DTA, Mass, % Mass, % DTA,
- mV- 102+ —TG Na,ALSI,0, | 102 oMV
. 401100 - DTANa,ALS,O0; | |70
1649 1513 577 35| 98 — TG Na,ALSi, 0, ZZ
1042 4:;2 30 961 - DTANaALSiO] [0 1o
gl ) o £
3612 1645 100 434 20{ g0 [ 90
. 1 88 |
wl——&f/m\/\ NaALSi,0, 151 881 _86 20
1012 451 10‘ 86 - _84
889 - 1 841 L
m K50y 51 82] 182 45
——————————— 8 ol sol— : , : —L80
4000 3500 3000 2500 2000 1500 1000 500 0 200 400 600 800 1000
Wavenumber, cm™ Temperature, °C

Figure 1. Physicochemical characterization of initial aluminosilicate materials: (a) XRD patterns, (b) EDS
elemental distribution maps for NayAl,SiyOg, (¢) FTIR spectra, (d) TG-DTA curves.

Figure 2. SEM—images of (a) NazAleizOg, (b) KzAleizOg, (C) Na2A128110024, (d) K2A128i10024.



J. Compos. Sci. 2025, 9, 530 6 of 20

Table 1. Elemental Composition and Textural Properties of obtained aluminosilicates as determined
by XRF, Pycnometry and NG Adsorption.

Predicted Formula Nominal Si/Al Ratio

: 3 2
(Experimental Formula) (Experimental Si/Al Ratio) Mass Content Density, g/cm Ser, m°/g

wt.%(K) = 27.20

KaAlS10 1.0 (1.04) wt.%(Al) = 35.10 1.84 189.4
(K1.1ALSiz10n) wt.(Si) = 37.70
. wt.%(K) = 18.64
Ky AlySijO2 5.0 (5.3) wt.%(Al) = 12.53 2.35 389.8
(K2.1ALSi1060n) wt.(Si) = 68.83
. wt.%(Na) = 19.95
Nap Al,SiyOg 1.0 (1.2) wt.%(Al) = 34.96 1.54 48.3
(Nay 3Al,Si; 50n) wt.(Si) = 45.09
. t.%(Na) = 9.20
Na2A125110024 v [¢) —
(Naj 4Al;Sig 4On) 087 N s as 0 o

wt.(Si) = 75.38

FTIR spectra (Figure 1c) are sufficiently informative for investigating the structure of
X-ray amorphous aluminosilicates and contain a large number of characteristic absorption
bands assigned to aluminosilicate materials according to available literature [27,28]: a broad
band with a maximum in the 1042-1018 cm ! region corresponds to asymmetric stretching
vibrations of Si-O-Al bonds, the absorption band at 434-451 cm ™! is caused by vibrations
of bridging Si-O-Si bonds, a shoulder in the 889-943 cm ! region corresponds to vibrations
of terminal Si-O bonds, and bands at 776-794 cm ! and 572-578 cm ! are attributed to
deformation vibrations of the silicon-aluminum framework. Additionally, FTIR spectra of
the initial samples contain absorption bands in the 3535-3613 cm ! and 1645-1654 cm ™!
regions, assigned to stretching and bending vibrations of water. For sodium-substituted
samples, the characteristic water absorption bands exhibited higher intensity, indicating
an increased degree of hydration of sodium-substituted aluminosilicates compared to
potassium-substituted ones.

Based on the comparative analysis of SEM images (Figure 2), a reduction in particle
and agglomerate size of NayAl,SijgOp4 (Si/ Al = 5) compared to Nap AlySipOg (Si/Al = 1) is
evident. The aluminosilicate surface consists of numerous nanoscale spherical and quasi-
spherical agglomerates. The diametrical dimensions of these particles are significantly
below 100 nm (Figure 2), accounting for the X-ray amorphous nature of the sorbents.
According to all obtained SEM-images, no significant morphological differences were
observed between potassium- and sodium-substituted samples. These observed patterns
align with our previously reported findings for a broader range of sodium-substituted
aluminosilicates [20].

The mass loss observed on TG (Figure 1d) is explained by the removal of adsorbed
and crystalline water, which is also confirmed by the presence of endothermic effects on
the DTA curves. The absence of exothermic effects and other changes on the TG-DTA
curves confirms the nanocrystalline structure of the material, since for a truly amorphous
sample in the studied temperature range, crystallization processes would inevitably be
observed [26].

The chemical composition of synthesized materials was evaluated using X-ray fluores-
cence analysis, with results presented in Table 1. The obtained Si/ Al ratios in the materials
match the theoretical values within experimental error. The specific surface area increased
dramatically with increasing Si/ Al ratio (Table 1), likely correlating with changes in average
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particle size (Figure 2). Sodium- and potassium-substituted samples exhibited significantly
different specific surface areas, suggesting potential variations in their sorption properties.

Low-temperature adsorption—desorption isotherms and DFT pore size distributions
(Figure 3) allow detailed investigation of the differences in porous structure of the syn-
thesized aluminosilicates. In terms of shape, the obtained isotherms belong to Type III
according to IUPAC classification [29] and are characterized by the absence of a plateau at
high P/P values, indicating the presence of large macropores in the material structure. In
the low relative pressure P/Pj region, a characteristic plateau is present, indicating microp-
ore filling. It should be noted that the micropore volume increases with increasing Si/ Al
ratio, which is explained by the decrease in material particle size (Figure 2). The hysteresis
loops belong to H3-H4 type, indicating a slit-like pore shape between material particles. The
pore size distributions constructed using the DFT method (Figure 3a*-d*) demonstrate sig-
nificant differences between sodium-substituted and potassium-substituted materials. The
K, Al,5i;0g sample with Si/ Al = 1 exhibited a polymodal pore size distribution with the
largest contribution from mesopores with diameter dj, = 15 nm. As the Si/ Al ratio increases
to 5 for the Ky Al»Sij0Os4 sample, the distribution character changes to monomodal with a
dominant diameter of d, = 8 nm. Sodium-substituted samples, in contrast, regardless of the
ratio, possess a dominant mesopore diameter of d, = 8-10 nm. For the sodium-substituted
Nay Al»SiOg sample, an artifact in the micropore region (d, = 4 nm) is also present on the
DFT pore size distribution curve, the appearance of which is associated with the sharp
closure of the hysteresis loop of the desorption branch (in accordance with [29]).
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Figure 3. Isotherms of low-temperature N, adsorption—desorption (a—d) and DFT pore size distribu-
tions (a*~d*) for obtained aluminosilicate materials.
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3.2. Sorption Perfomance Towards Ni’* Ions

The sorption characteristics of the synthesized sorbents were evaluated using equi-
librium adsorption method. Experimental adsorption isotherms for Ni** ions (Figure 4)
were obtained during batch experiments in aqueous solutions without background elec-
trolytes. The experimental data were analyzed using Langmuir, Freundlich, and Langmuir-
Freundlich isotherm models (Table 2).
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Figure 4. Isotherms of Ni2* sorption on obtained aluminosilicate materials: (a) KyAl;SipOg,
(b) K2A128i10024, (C) NazAleizOS, (d) Na2A128i10024.

Table 2. Parameters of isotherm models for Ni?* sorption on obtained aluminosilicate materials.

Isotherm Model Parameters K>Al,Si,Og K>Al1,Si19094 NaAl,Si,Og NayAl;Si1gOz4

n 0.17 4 0.02 0.14 4+ 0.03 0.22 4 0.06 0.23 4 0.03

Freundlich Ky 0.38 4 0.02 0.23 +0.02 0.86 & 0.12 0.44 4+ 0.03
R? 0.98 0.92 0.87 0.97

Q' yuax, mmol /g 0.48 4+ 0.04 0.30 + 0.03 1.10 +0.19 0.63 + 0.07

Langmuir K;, L/mmol 58 + 29 31 + 20 26 + 18 10.3 + 8.5
R? 0.91 0.85 0.82 0.89

Q' yiax, mmol/ g 1.00 & 0.56 0.44 +0.11 1.52 4 0.90 1.13 £ 0.60

Langmuir- Ky, L/mmol 0.69 4 0.72 1.54 4+ 1.18 1.89 4 0.86 0.72 +0.76

Freundlich m 0.27 4 0.09 0.34 +0.12 0.46 4 0.33 0.38 +0.15
R2 0.99 0.99 0.90 0.98

The isotherm shapes correspond to H-type according to Giles classification, char-
acterized by a distinctive vertical initial segment. This indicates uniform occupation of
sorption-active sites as the concentration of Ni%* ions increases in solution. Such adsorption
isotherm type is characteristic of ion exchange processes and chemisorption [30-32]. The
equilibrium adsorption data are more accurately described by the Langmuir-Freundlich
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Sorption capacity, mmol/g

model rather than the Langmuir model (Table 2), confirming the presence of multiple
adsorption-active sites and the complex nature of the adsorption mechanism. At high
concentrations, the adsorption isotherm exhibited a gradual plateau, indicating a shift in
the dominant adsorption process.

The experimental sorption capacity, as well as the maximum theoretical capacity cal-
culated from Langmuir and Langmuir-Freundlich equations, decreases with increasing
Si/Alratio from 1 to 5 (Table 2). This decrease in sorption capacity is inversely proportional
to the increase in specific surface area (Table 1) but directly proportional to the content
of exchangeable sodium and potassium ions (Table 1). This observation suggests that
chemisorption play the most significant role in nickel adsorption, while physical adsorp-
tion makes a relatively minor contribution. The capacity of sodium-substituted samples
consistently exceeds that of potassium-substituted samples in all cases. Given similar quan-
titative content of these ions in the obtained sorbents, this difference is attributed to stronger
binding of potassium compared to sodium. The Na;Al>Si;Og sample demonstrates the
highest efficiency in terms of sorption capacity.

To determine the rate-limiting step and evaluate diffusion parameters of Ni** adsorp-
tion on the obtained materials, kinetic characteristics were investigated. The general form
of experimental adsorption kinetics data along with fitting curves is presented in Figure 5,
and the parameters of main kinetic models are summarized in Table 3.
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Figure 5. Kinetic curves of NiZ+ sorption on obtained aluminosilicate materials: (a) K;Al,Si;Og,
(b) NEQAIQSizOg, (C) K2A125110024, (d) Na2A125i10024.



J. Compos. Sci. 2025, 9, 530

10 of 20

Table 3. Parameters of kinetic models for Ni** sorption on obtained aluminosilicate materials.

Kinetics Model Parameters K2A12 Si208 K2A125i10024 Na2A125i208 Na2A12 Si10024
Lagergren Qiax, mmol/g 0.241 £ 0.007 0.36 = 0.03 0.61 £0.05 0.54 £0.01
pseudo-first Kj,1/min 0.71 £0.14 0.22 £ 0.06 0.33 £0.11 1.29 +£0.28
order R? 0.71 0.86 0.74 0.60
Ho Qiax, mmol/g 0.252 £ 0.004 0.41 £ 0.03 0.68 £ 0.05 0.54 +0.01
pseudo-second K, mmol/g-min 69+t14 0.66 £ 0.19 0.66 £ 0.27 17.48 £ 8.99
order R? 0.95 0.96 0.90 0.67
Morris-Webber K, mmol (g-min%%) 0.0098 £ 0.0015 0.048 4 0.004 0.067 &= 0.008 0.0054 4 0.0008
intra-particle C, mmol/g 0.200 4= 0.006 0.120 4 0.010 0.310 4= 0.030 0.517£ 0.003
diffusion R? 0.95 0.98 0.97 0.95

The obtained coefficients (Table 3) reveal complex kinetic relationships. Notably,
there is an increase in sorption capacity, determined by pseudo-first and pseudo-second-
order equations, for sodium-substituted samples. With increasing Si/ Al ratio, sorption
capacity also increased for K-substituted samples while remaining relatively constant for
Na-substituted ones. These patterns in sorption capacity changes confirm the conclusions
drawn from equilibrium adsorption isotherm analysis.

The Morris-Weber intraparticle diffusion kinetic model best describes the experimental
data (R? values reach 0.95-0.98—Table 3). However, non-zero values of coefficient C, reflect-
ing boundary layer thickness, are noteworthy. Thus, while intraparticle diffusion processes
most significantly influence nickel adsorption rate on aluminosilicates, chemisorption in
the boundary layer also affect the final stage [33,34]. The pseudo-second-order model
shows the second-highest determination coefficients, indicating the chemical nature of the
adsorption process [35].

The rate constant of the pseudo-second-order kinetic equation for K, Al,SipOg was ten
times higher than for K, Al,Si19O04, attributed to increased chemical reaction rates in the
final adsorption stage. However, the intraparticle diffusion rate of nickel ions in the porous
structure of KyAl,SijgOs4 is considerably higher than in Ky Al»SiyOsg.

Comparison of chemisorption reaction rates between NayAl»Si;Og and Nay Al;SijgOn4
is not feasible as the experimental dependencies for NayAl,Sij9Op4 do not fit accurately to
the nonlinear pseudo-second-order equations (R? = 0.67). However, diffusion characteristics
of these samples can be compared due to acceptable determination coefficients (R? > 0.95).
NayAl,Si;Og shows an order of magnitude higher intraparticle diffusion coefficient K
compared to NayAl,SijgOp4. This can be attributed to lower specific surface area (Table 1)
and higher particle size (Figure 2), which reduces the overall diffusion path. Moreover,
the coefficient value K = 0.067 mmol/(g-min') for NayAl,Si;Og is the highest among
all studied aluminosilicate samples, which, combined with the highest sorption capacity,
indicates this sample’s optimality.

Overall, the observed dependencies of nickel diffusion rates and chemisorption re-
actions demonstrate complex behavior: both the type of ion Na* (K*) and Si/Al ratio
significantly influence the process, determining porous structure and number of active
sorption sites. Therefore, future research should focus on investigating kinetic dependencies
across a broader range of Si/ Al ratios.

To evaluate the sorption selectivity of the obtained materials for real industrial con-
ditions, sorption-selective characteristics were investigated under conditions of treating
model and real solutions with varying content of interfering ions (Table 4). Seawater
contains high concentrations of alkali metals, groundwater is characterized by low total
salt content, while the model industrial wastewater solution contains, in addition to nickel,
ions of other heavy metals (lead, copper, manganese) that are also prone to adsorption on
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aluminosilicate surfaces [36,37]. In all cases (Table 4), an increase in sorption characteristics
of NapAlySi,Og compared to KyAl,;SipOg was observed, confirming previously drawn
conclusions. Under groundwater treatment conditions, which has low concentrations of
interfering ions, high removal efficiencies were observed: 94% and 90% for Nay Al,Si,Og
and K;Al,Si;Og, respectively. Nickel extraction from seawater containing large amounts of
interfering alkali metal cations can be performed achieving lower removal efficiencies of
45% and 35% and reduced sorption capacity to 7.0 mg/g and 6.1 mg/g for Nap Al,Si,Og
and K;Al,5i;0g. Model industrial wastewater solutions are treated notably worse, with re-
moval efficiencies of 16% and 8%, respectively, and sorption capacity significantly decreases
to 1.6-3.0 mg/g. Overall, the obtained data (Table 4) indicate that Na, Al,Si,Og material can
effectively remove Ni?* from liquid media with low content of interfering cations. Under
conditions of treating liquid media with high content of competing alkali metal cations
(seawater), Nay Al»Si,Og retains up to 48% of the original sorption parameters for sorption
capacity and removal efficiency. In liquid media containing other heavy metals (Pb, Zn, Cu),
the application of Na,Al,Si;Og sorbent is limited due to competitive adsorption processes
of these ions together with Ni*.

Table 4. Sorption capacity and nickel removal efficiency from model and real solutions using the
synthesized aluminosilicate materials.

Solution Solution Solution Solution Nasztﬁi)ztil)znos Kéﬁ:ﬁilgr?s
Type Origin Properties Composition Characteristics Characteristics
Seawater Natural _ o _ o
contaminated Seawater pH=717 C(Ni) =174 mg/L Q= 7'12 Izligo\/h Ve Q= 6'11{ I?ggs/h )/8
with Ni%* spiked with Ni%* T T
C(5i) =4.5mg/L
C(Ca)=3.4mg/L
Groundwater Natural C(Na)=21mg/L Q=184mg(Ni?*)/g Q=177 mg(Ni2")/g
contaminated groundwater pH=16.88 o "
with Ni2* spiked with Ni2* C(Mg) =08 mg/L R =94% R=90%
P C(K) =0.3mg/L
C(Ni) =19.6 mg/L
C(Cu) =20 mg/L
Industrial Model <333 C(Pb) ~20mg/L  Q=3.0mgNi**)/g Q=16mgNi**)/g
wastewater solution pH =2 C(Mn) ~ 20 mg/L R=16% R=8%

C(Ni) =189 mg/L

3.3. Mechanism of Adsorption Interaction Between Ni** and Aluminosilicate Surface

To elucidate the adsorption mechanism, material surfaces before and after nickel
saturation were investigated using XPS. Survey XPS spectra and detailed scans of core
electronic levels of main structural elements are presented in Figure 6, while quantitative
relationships of electronic states before and after adsorption are shown in Tables 5 and 6,
respectively. Ni 2p 3/2 peaks can be reliably deconvoluted into electronic states only in
Ni-NayAl»Si;Og and Ni-K; Al»Si;Og samples, while detailed analysis of this spectral region
is not feasible for Ni-Naj Al;Sij0Oy4 and Ni-KyAl;Sij0O04 samples due to low surface nickel
concentration. Therefore, for samples with high Si/ Al ratio, analysis focused on electronic
states of other structural elements involved in nickel ion binding.
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Figure 6. XPS spectra for initial and Ni2*-saturated aluminosilicate materials: (a) K»Al,Si;Og,
(b) NazAlzsizog, (C) Ni—KzAleizOg, (d) Ni-Na2A1251208.

Table 5. XPS electronic states of elements in initial K-substituted and Ni-saturated aluminosilicates.

Characteristic Line Chemical State * K2A125i208 Ni-K2A128i208 K2A125i10024 Ni-K2A125i10024
. 532.1 eV 532.4 eV 532.3 eV
5102, KO, 5321eV (22.44%) (35.99%) (38.61%)
. 530.9 eV 530.9 eV 530.7 eV
O1s Al O3, ALNIO, 530.7 eV (25.65%) (18.97%) (18.18%)
, - 528.7 eV - -
NiO (7.2%)
S0 102.8 eV 103.3 eV 103.1eV
Si2 ? a (12.09%) (18.21%) (20.42%)
P sic n 1012 eV 101.9 eV 103.6 eV
! (6.56%) (8.11%) (7.69%)
ALNIO, (765 '223;\; - i
Al2p n/d o270
ALO 744 eV 74.7 eV 74.6 eV
2Y3 (9.31%) (4.28%) (3.57%)
293.7 eV 294.0 eV 293.8 eV
K2p3/2 K0 n/d (4.06%) (1.62%) (1.16%)
285.0 eV 285.0 eV 285.0 eV
c1 CnHm, € /d (2.97%) (7.56%) (7.55%)
s sic n 282.0 eV 282.0 eV 282.5 eV
! (2.33%) (5.26%) (2.82%)
. . . 856.6 eV
Ni2p 3/2 NiO, Al,NiO4 - (1.16%) - n/d

* the elemental composition is given in atomic percentages (at.%).
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Table 6. XPS electronic states of elements in initial Na-substituted and Ni-saturated aluminosilicates.

Characteristic Line ~ Chemical State * NayAl,Si;Og Ni-NayAl,Si,Og NayAl,Si19024 Ni-NayAl»Sij0O024
S0 532.1 eV 532.3 eV 532.0 eV 532.0 eV
2 (18.20%) (18.40%) (33.17%) (32.10%)
. 531.1eV 531.2 eV 531.1eV 531.7 eV
Ols Al Oz, AlNIO4 (16.75%) (20.50%) (3.31%) (4.38%)
. 530.0 530.0 eV 530.1 eV 530.1 eV
NiO, Na,O (8.30%) (12.90%) (15.36%) (11.27%)
S0 1025 eV 102.6 eV 102.8 eV 103.4 eV
Sio "2 (11.36%) (10.41%) (15.49%) (12.56%)
P sic 101.3 eV 101.2 eV 101.4 eV 102.5 eV
! (5.17%) (5.04%) (9.26%) (9.50%)
. - 74.9 eV - -
ALNIO, (4.09%)
74.5 eV 742 eV 74.4 eV 745 eV
Al2p AlLOs (7.64%) (4.67%) (1.37%) (2.74%)
. 732 eV - 733 eV -
Si0; (AL20s) (3.47%) (1.58%)
NaO 1072.3 eV 1072.1 eV 1072.3 eV 1072.5 eV
Na 1 2 (3.83%) (2.17%) (1.28%) (0.97%)
als Na (org.) 1070.7 eV 1070.4 eV 1071.0 eV 1071.1 eV
& (0.91%) (0.52%) (0.84%) (0.49%)
288.1 eV 2889 eV 289.2 eV 287.3 eV
NaG,Hs0; (3.42%) (1.38%) (0.84%) (2.73%)
ChHm. C 285.0 eV 285.0 eV 285.0 eV 285.0 eV
c1 nHm, (15.44%) (9.11%) (7.58%) (12.52%)
S sic 2832 eV 283.3 eV 283.1 eV 282.7 eV
! (5.51%) (7.22%) (8.22%) (10.65%)
287.1eV
co (1.70%)
. . . 856.2
Ni 2p 3/2 NiO, ALNiOy4 - (3.59%) - n/d

* the elemental composition is given in atomic percentages (at.%).

Post-adsorption nickel exhibited a single electronic state at 856.2-856.6 eV (Figure 6,
Tables 5 and 6), characteristic of divalent Ni** ions in octahedral coordination. The decrease
in Na* and K* ion concentrations indicates ion exchange with Ni?* as possible adsorption
mechanism. After sorption saturation, the deconvolution of O 1s electronic states changes:
(i) in Ni-KAl,SipOg sample, a new component appears at 528.7 eV, attributed to direct
oxygen-nickel bonding (NiO), while the hydroxyl group component at 532.1 eV decreases;
(ii) in Ni-NapSipOg sample, the intensity of the 528.7 eV component also increases; (iii) in
Ni-NapAlySij9O4 and Ni-KpAlySijgOg4 samples, conversely, the intensity of hydroxyl
group component at 532.0-532.4 eV increases.

These differences may be attributed to the dominance of chemisorption processes and
formation of new compounds in samples with low Si/Al ratio (1), while samples with
high Si/ Al ratio (5) show formation of surface-coordinated inner-sphere and outer-sphere
complexes with hydroxyl groups [38]. For Al 2p in Ni-K;Al,Si,Og and Ni-NapAl,Si,Og
samples, a new component appears at 74.9-75.2 eV, indicating chemisorption processes
with new phase formation. This assumption is further supported by surface morphology
and XRD/FTIR after sorption (Figure 7). The distribution of electronic states for other
elements’ peaks (Si 2p, K 2p 3/2, and Na 1s) shows no significant changes after adsorption.
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Figure 7. Physicochemical characterization of Ni-saturated aluminosilicate materials: (a) XRD
patterns, (b) FTIR spectra, (¢,d) SEM images and EDS elemental distribution maps.

For identifying the dominant adsorption mechanisms, a comprehensive approach us-
ing multiple complementary analytical methods is important [39,40]. In this regard, within
the framework of this study, in addition to XPS, XRD, FTIR, and SEM-EDS microscopy
were used to investigate the nickel-saturated samples (Figure 7).

The diffractograms of nickel-saturated K, Al»SipOg, Ky Al;Sij9Oz4, and NayAlySiggOa4
(Figure 7a) are practically indistinguishable from the diffractograms of the initial materials.
For the K;Al,Si;Og sample, the appearance of new maxima in the 26 = 40.53° region is
noticeable, indicating the formation of new nanocrystalline phases on the material surface.
However, due to the small coherent scattering domain size for the newly formed phases,
significant broadening of the diffraction maxima is also observed, which prevents their
precise identification by XRD data. According to available literature data, silicate materials
can sorb Ni?* with the formation of two types of compounds: (1) nickel hydroxides in «- and
-forms, and (2) layered double hydroxides (LDH) of nickel-aluminum [38]. Characteristic
maxima of LDH and «-Ni(OH), in the low-angle diffraction region are absent, which
may indicate the formation of the 3-form of nickel hydroxide or a mixed compound (the
most intense X-ray maxima for hexagonal 3-Ni(OH), ICDD PDF 00-014-0117 lie in the 38°
and 19° regions). However, for precise confirmation of this assumption, it is necessary to
apply advanced methods for analyzing the local environment of nickel, particularly X-ray
absorption spectroscopy in accordance with the recommendations [38].

FTIR spectra after sorption saturation of nanostructured aluminosilicates with Ni?*
ions (Figure 7d) demonstrate changes confirming the proposed adsorption mechanisms.
First, a shift toward higher frequencies of the absorption band for asymmetric stretching
vibrations of Si-O-Al bonds (up to 1034-1085 cm ™) is noticeable. This frequency shift
occurs due to the change in the local electronic environment around the Si-O-Al framework
when nickel ions replace the original exchangeable cations. The substitution of smaller,
more highly charged Ni?* ions for larger monovalent cations (Na* or K*) at exchange sites
results in stronger electrostatic interactions with the aluminosilicate framework, thereby
increasing the bond strength and vibrational frequency of the Si-O-Al bonds. This spectro-
scopic evidence clearly indicates the occurrence of ion exchange with nickel substitution at
sodium or potassium exchange sites [41-43]. For the nickel-saturated Ni-K;Al,5i;Og sam-

ple, a relative decrease in transmittance (%) in the low-frequency region of 429-545 cm~!
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is observed, which is probably caused by the overlap of Ni-O bond absorption bands
and absorption bands of bridging Si-O-5i bonds [44]. Characteristic absorption bands of
B-Ni(OH),, particularly the narrow band at 3650 cm !, are nevertheless absent in the FTIR
spectra of this sample, indicating a mixed disordered nature of the nickel hydroxide, poorly
developed crystalline structure, and the presence of water and other adsorbed molecules
in its interlayer space. For practically all samples after nickel saturation, the intensity
of the band at 1640-1651 cm ™! significantly increases, indicating the presence of bound
water. Such changes may be caused by surface complexation or the formation of hydrated
precipitates on the material surface. The increase in intensity of the absorption band at
3500-3613 cm~! also indicates an increase in bound water and /or hydroxyl group content.

SEM images of nickel-saturated aluminosilicates (Figure 7c,d) demonstrate morpho-
logical changes toward more finely dispersed particles. These changes can be attributed
to nickel hydroxide precipitation on the aluminosilicate surface. EDS elemental distri-
bution maps (Figure 7c,d) indicate the preservation of homogeneous composition re-
garding main structural elements and confirm uniform distribution of adsorbed nickel.
Therefore, the adsorption of nickel ions from liquid media results in the formation of a
nanostructured composite consisting of novel nickel-containing phases and the original
aluminosilicate structure.

The combination of XRD, SEM-EDS, and FTIR data (Figure 7) indicates a complex
nature of the nickel adsorption mechanism involving a combination of ion exchange, forma-
tion of new phases (presumably nickel hydroxide Ni(OH);), and surface complexation. For
K,Al,SipOg, clear evidence of surface precipitation of nickel compounds was found. XPS
data complementarily confirm these assumptions and indicate that for samples with low
Si/ Al =1 ratio, chemisorption with formation of new surface-precipitated phases plays a sig-
nificant role, while for samples with high Si/ Al ratio, surface complexation predominates.

Figure 8 presents the potential mechanisms for nickel ion (Ni**) adsorption on the
surface of nanostructured aluminosilicates. Based on the results of this work, as well as data
from previously conducted studies [20], the functional groups on the aluminosilicate surface
are represented by hydroxyl (-OH) groups, deprotonated hydroxyl centers (-O~), and alkali
metal-substituted groups (-ONa, -OK). Ni?* ions in aqueous medium acquire a hydration
shell and exist in the form of octahedrally coordinated complex ion Ni(H,0)¢%* [45]. Ton
exchange (Figure 8(1)) can proceed through alkali metal-substituted hydroxyl groups (-ONa,
-OK), whereby newly formed sites of localized excess negative charge (-O™) electrostatically
bind with hydrated nickel ions, leading to the formation of outer-sphere surface complexes
(Figure 8(2)). XPS elemental analysis data (Table 5) unambiguously confirm alkali metal
substitution during nickel adsorption on aluminosilicate samples. An alternative form

2+ jons and

of ion exchange may involve the loss of the hydration shell by Ni(H;O)s
incorporation of Ni?* ions into the aluminosilicate crystal structure [46]. Outer-sphere
complexes can be monodentate (Figure 8(3a)) and bidentate (Figure 8(3b)). [47]. The main
difference from outer-sphere complexes lies in the shorter distance from the Ni center
to the aluminosilicate surface. In inner-sphere complexes, one or two oxygen atoms in
the nickel coordination sphere are directly bonded to the aluminosilicate surface. XPS
results (Table 5) and FTIR spectroscopy data (Figure 7) confirm the involvement of surface
complexes in the nickel adsorption mechanism on nanostructured aluminosilicates. Finally,
surface precipitation in the form of Ni(OH), (Figure 8(4)) has been reported by several
authors [38] as the final stage of inner-sphere complexation with the formation of a new
crystalline structure on the material surface. This assumption is also supported by ab initio
molecular modeling results presented in the study [48]. Within the current study, XRD
analysis of KyAl>Si;Og confirmed the formation of new phases (Figure 7a), while most
investigated samples demonstrate surface morphology changes that may be attributed
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to surface precipitation (Figure 7b,d). Thus, according to data from multiple laboratory
methods employed in this work, nickel adsorption on aluminosilicate surfaces is a complex
process governed by the contribution of each of the mechanisms described.
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Figure 8. Potential mechanisms for nickel (Ni**) adsorption on the synthesized aluminosilicates.

3.4. Comparative Sorption Capacity Evaluation

To evaluate the potential of the obtained material as a sorbent for Ni** removal,
the batch sorption capacity was compared with other silicate materials proposed by the
global scientific community as sorbents (Table 7). Among the compared samples, the
highest nickel sorption capacities were demonstrated by silicate materials based on paper
waste (266.5 mg/g) [49], bentonite-based geopolymer (1227.2 mg/g) [15] and clinoptilolite-
chitosan composite (247.1 mg/g) [50]. Most proposed materials exhibited sorption capac-
ities in the range of 20-80 mg/g. The nanostructured aluminosilicates obtained in this
study demonstrate a sorption capacity of 64.6 mg/g, which is comparable to the average
level of this parameter. The simplicity and cost-effectiveness of synthesis, potential for
industrial waste utilization in material production [51], and favorable adsorption kinetic
characteristics make these materials particularly promising for practical applications.

Table 7. Sorption Capacity of Silicate-Based Materials for Ni>* Removal.

Sorption Material Characterization of the Material Sorption Capacity Ref.

Nanocomposite based on polyvinyl alcohol, sodium
Zeo/PVA/SA NC alginate and natural zeolite (RaaTec-Zeolite 47.619mg/g [52]
supplements Company, Helsingborg, Sweden)

Clinoptilolite (Sokyrnytsa, Sokyrnyansky Clinoptilolite rock (~75% clinoptilolite). Associated

deposit, Ukraine) minerals: quartz, calcite, b1(~)t1te,‘ muscovite, chlorite, 15.55mg/g [53]
montmorillonite
Rectorite (Zhongxiang, Hubei Na-rectorite sample Na-Aly[Si,Al]sO20[OH]4-xH,O 6.3-102mg/g [54]
Province, China) (Sper = 11.9 m?/g) (1.08-1.74-10~* mol/g) .
Dry-milled and calcined (500-900 °C) paper sludge ~
Calcined paper sludge containing compounds in (18251_42562&2%1/ /g ) [49]
CaO(MgO)-Al,03-5i0; system A &
Bicomponent membranes based on polyvinylidene
Palygorskite-based composite membranes fluoride (PVDF) and hyperbranched 12428 mg/g [55]
polyamidoamine-palygorskite
Montmorillonite (Ugwuoba, Nigeria) Acid-treated montmorillonite (0.5-2.5 M H,SOy) 40mg/g [56]
Silica clay, Mojallali Co., (Isfahan, Iran), . .
mo}éiﬁe gl with biopolymers Alginate-encapsulated silica clay (Sper =497 m?/g) 21.1mg/g [57]
Bentonite nanoclay-based geopolymer Bentonite clay-based geopolymer modified with Fe3O4 12272 mg/g [15]

nanoparticles (geopolymer/Fe30j, ratio = 13)
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Table 7. Cont.
Sorption Material Characterization of the Material Sorption Capacity Ref.
16.96 mg/g
Polymer-modified natural aluminosilicates ~ Aluminosilicates modified with poly-1-vinylimidazole (0.289 mmol/g) 58]
(Eastern Transbaikalia, Irkutsk, Russia) (PVIM) and poly-4-vinylpyridine (PVP) 1473 mg/g i
(0.251 mmol/g)
Aluminosilicate (75% calcium heulandite

Modified natural aluminosilicates (Eastern Ca[Al,SiyO45]-6H,0 and 25% K-feldspar KAISizOg) 79.6 mg/g [59]

Transbaikalia Irkutsk, Russia) modified with (1.36 mmol/g)

N,N’-bis(3-triethoxysilylpropyl)thiocarbamide

Clinoptilolite-based composite (Cluj County, Clinoptilolite-chitosan composite from volcanic tuffs 247.1 mg/ g [50]

Romania) 4.209 mmol/g

Zeolite X (Sppr = 242.04 m?/ g) synthesized by alkaline 792 mg/
Synthetic zeolite X from coal ash fusion with NaOH at 600 °C (90 min) followed by a 35' mm%)l% ) [60]
hydrothermal treatment at 100 °C (24 h) ’ &
Zeolite (Yagodninsky deposit, Nachiki, Zeolitic tuoffs containing chpophlohte (7Q %), mordenite
. (10%), and cristobalite, quartz, mica, clay 2.34mg/g [61]
Kamchatka, Russia) . N
minerals (20%)
Nanostructured potassium and sodium
o aluminosilicates with varying Si/ Al ratios: 64.6mg/g this
Nanostructured K and Na aluminosilicates MaALSiyOs(xsqH,0 (M = K¥, Na*; x = 2, 10) and (1.1 mmol/g) study

Na2A125i2k02(2k+2).nH20 (k = 1—5)

4. Conclusions

To address nickel removal from heavy industry wastewater, new sorption materials
based on potassium- and sodium-substituted nanostructured aluminosilicates were devel-
oped. A comparative evaluation of sorption capacity, kinetic characteristics, and sorption
mechanisms was conducted.

All synthesized materials exhibited an X-ray amorphous structure due to extremely
small crystallite size. While K-substituted aluminosilicates possessed larger specific surface
areas, sorption capacity demonstrated an inverse relationship with specific surface area
and a direct relationship with alkali metal and AI** content. According to the proposed
complex adsorption mechanism, higher sodium or potassium content correlates with
greater ion exchange capacity, while increased aluminum content provides more negatively
charged centers for surface complexation and precipitation. The NayAl;Si,Og sample
showed the highest sorption capacity for Ni(Il) at 64.6 mg/g (1.1 mmol/g) and optimal
kinetic characteristics.

Investigation of sorption mechanisms revealed the dominant role of chemisorption
processes. XPS, XRD, SEM-EDS, and FTIR analyses confirmed that nickel adsorption occurs
through ion exchange, surface complexation, and chemisorption with formation of new
nickel-containing compounds, resulting in a nanostructured composite interface.

Adsorption selectivity studies revealed that NayAl,Si,Og effectively removes Ni2*
from groundwater (94% removal efficiency) but shows reduced performance in seawater
(45% removal efficiency) and industrial wastewater containing competing heavy metals
(16% removal efficiency. The optimal nanostructured material Na, Al;Si;Og demonstrates
promising potential for practical application in nickel removal from wastewater, particularly
for solutions with low competing ion content.
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