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Abstract: Nickel contamination in water is a critical issue due to its toxicity and persistence. This
study presents a novel magnetic resin, developed by modifying Lewatit® MonoPlus TP 207 with
magnetite nanoparticles, to enhance adsorption capacity and facilitate efficient separation. A Defini-
tive Screening Design (DSD) was employed to identify and optimize key parameters affecting nickel
adsorption, including pH, resin dosage, initial nickel concentration, and the presence of competing
ions (calcium and magnesium). The DSD analysis revealed that pH and magnesium concentration
were the most significant factors influencing nickel removal. Optimal conditions were determined as
pH 7, 270 min contact time, resin dosage of 0.5 mL/L, initial nickel concentration of 110 ug/L, calcium
concentration of 275 mg/L, and magnesium concentration of 52.5 mg/L, achieving a maximum
removal efficiency of 99.21%. The magnetic resin exhibited enhanced adsorption capacity and faster
kinetics compared to the unmodified resin, leading to more efficient nickel removal. Moreover, its
magnetic properties facilitated rapid separation from treated water, offering practical advantages for
real-world applications. This study demonstrates the effective use of DSD in optimizing adsorption
parameters and underscores the potential of magnetic resin as a sustainable and efficient adsorbent
for water treatment.

Keywords: nickel removal; aqueous solution; magnetic resin; adsorption; process optimization;
definitive screening design; ion exchange resin

1. Introduction

Water contamination from both natural processes and human activities has become a
major global concern in recent years [1,2]. Among the various pollutants, metals are partic-
ularly troubling due to their persistence, non-biodegradability, and toxicity, making them
some of the most hazardous contaminants in water [3,4]. Nickel, often found alongside
antimony, arsenic, and sulfur, is notable for its high thermal and electrical conductivity [5].
However, excessive exposure to nickel has been linked to a range of serious health is-
sues, including neurotoxicity, hepatotoxicity, nephrotoxicity, gastrointestinal disorders,
dermatitis, and severe lung damage. Long-term exposure to nickel in drinking water has
also been associated with genetic alterations and an increased risk of cancer [6-8]. The
International Agency for Research on Cancer (IARC) classifies inhaled nickel compounds as
carcinogenic (Group 1) and metallic nickel as a possible human carcinogen (Group 2B) [9].
To mitigate the health risks associated with nickel, the European Parliament’s Directive
(EU) 2020/2184 recommends a maximum allowable concentration (MAC) of 20 ug/L in
drinking water [10-12].

Processes 2024, 12, 2287. https:/ /doi.org/10.3390/pr12102287

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr12102287
https://doi.org/10.3390/pr12102287
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-0283-4303
https://orcid.org/0000-0002-4434-3609
https://orcid.org/0000-0002-8218-4899
https://orcid.org/0000-0001-7503-7754
https://orcid.org/0000-0002-9915-2885
https://doi.org/10.3390/pr12102287
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12102287?type=check_update&version=2

Processes 2024, 12, 2287

2 0f 23

Nanotechnology is emerging as a key innovation in water treatment, with various
nanomaterials demonstrating exceptional capacities for heavy metal adsorption [13-16]. De-
spite their benefits, effectively recovering nanoparticles such as metal oxides, carbon-based
materials, layered double hydroxides, and nano-polymer composites from purified water
remains challenging [17,18]. Traditional separation methods like filtration and sedimen-
tation are often inefficient, with high operational costs and energy demands. In contrast,
magnetic separation offers an effective alternative by utilizing the magnetic properties of
iron-based nanoparticles for rapid and efficient recovery. This green approach not only
enhances separation efficiency but also reduces energy consumption and operational costs,
making it favorable for sustainable water treatment [19,20].

Among magnetic nanomaterials, iron oxide nanoparticles like magnetite (Fe3O4) and
maghemite (y-Fe,Os3) have been widely explored for heavy metal removal due to their
magnetic properties and ease of synthesis [21-23]. However, magnetic nanoparticles can
aggregate in solution, reducing their effectiveness in fixed-bed or continuous-flow systems.
To overcome this limitation, stabilizing magnetic nanoparticles with support media such as
carbon-based materials, polymers, biopolymers, and organic substances has emerged as a
promising strategy, leading to the development of magnetic nanocomposite materials with
enhanced characteristics [24-26].

Ion exchange resins are a particularly promising support material for stabilizing mag-
netic nanoparticles due to their mechanical strength and chemical stability. By combining
the advantages of nanoparticles and ion exchange resins, resin-based nanocomposites
offer high efficiency for metal adsorption [27-30]. While traditional strongly and weakly
acidic ion exchange resins can be effective for metal removal, they often exhibit low selec-
tivity [31-35]. In contrast, chelating ion exchange resins possess covalently bonded side
chains with donor atoms, enabling them to form coordination bonds with heavy metal ions,
thereby increasing their affinity for specific metals [36,37]. For instance, the iminodiacetate
functional group in the commercial chelating resin Lewatit® MonoPlus TP 207 effectively
binds divalent metal ions like Ni(II) through chelation, enhancing both selectivity and
efficiency [38]. Additionally, the mechanical stability and high specificity of Lewatit®
MonoPlus TP 207 for metal ions make it an ideal candidate for modification with magnetic
nanoparticles, enabling the development of novel magnetic polymer-based adsorbents
for nickel removal. These magnetic polymer-based adsorbents represent an emerging
class of hybrid organic-inorganic materials, offering distinct advantages over traditional
adsorbents and enhancing adsorption capacity for metal ions. Unlike activated carbon
or non-magnetic polymer resins, their magnetic properties allow for rapid and efficient
separation from treated water, reducing both time and costs associated with post-treatment
recovery. Furthermore, compared to silica-based materials or bioadsorbents, magnetic-
resin-based adsorbents demonstrate superior mechanical stability, chemical resistance, and
reusability, making them suitable for repeated use in continuous processes under diverse
environmental conditions [26,39,40].

Various factors, such as pH, nickel concentration, ionic strength, the presence of other
competing ions, and organic matter, influence the efficiency of nickel adsorption or removal
processes. Aranda-Garcia et al. [41] found that higher ionic strength can reduce adsorption
efficiency, which is particularly pronounced when divalent cations like Ca?* and Mg?*
are present, as they compete with nickel ions for adsorption sites, further diminishing
the adsorption capacity [42]. Another study emphasizes that pH is a critical factor in
nickel adsorption, as it affects the precipitation and adsorption processes, which could be
extrapolated to the behavior of nickel ions under different pH conditions [43]. Given the
complexity of these factors, optimizing the treatment process requires a careful experimental
design. Traditional methods, such as Response Surface Methodology (RSM), require a large
number of experimental runs and are most effective once the primary factors influencing
the process have been identified [44-50]. The Definitive Screening Design (DSD), in contrast,
uses a numerical algorithm to maximize the determinant of the main effects model matrix,
effectively identifying significant factors, predicting two-factor interactions, and estimating
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model coefficients across the entire experiment with fewer runs [51-54]. DSD is particularly
advantageous for the initial screening and optimization of multiple factors with fewer
runs, whereas RSM is better suited for detailed optimization once key factors have been
established [55-58].

In this study, the DSD was employed to enhance efficiency and optimize key pa-
rameters influencing nickel removal from water using a novel magnetic resin. This resin
was synthesized by incorporating magnetite nanoparticles into the commercially available
Lewatit® MonoPlus TP 207, which contains iminodiacetate functional groups. Both un-
modified and magnetic resins underwent comprehensive characterization, including BET
surface area analysis, SEM/EDS imaging, FTIR spectroscopy, XRD analysis, and Raman
spectroscopy. To optimize experimental conditions and evaluate the impact of key opera-
tional parameters—such as initial nickel concentration, resin dosage, and magnesium and
calcium concentrations, as well as pH—on nickel removal efficiency, experiments were
conducted over a pH range of 6.0-8.4 with DSD applied. Additionally, kinetic and isotherm
studies were performed at neutral pH (around 7.0 & 0.2), supported by mathematical
models, to elucidate the mechanism of nickel removal by the magnetic resin.

2. Materials and Methods
2.1. Reagents

Stock solutions of Ni(II) (100 mg/L) were diluted in deionized water to the desired
metal concentrations. FeSO4-7H,0O and FeCls-6H,0 (Lach:ner, Czech Republic), were used
for preparation of the magnetic resin. MgCl,-6H,0O (Sigma Aldrich, USA), CaCO; (Sigma
Aldrich, USA), were employed to create specific synthetic matrices with various calcium
and magnesium ion concentrations according to the experimental design. NaOH, HNO;
(Sigma Aldrich, USA) were used during the resin activation, as well as for adjusting the
pH of the solution. The deionized water used in the work was produced in the laboratory
using a LABCONCO treatment system (WaterPro RO/PS Station, USA).

2.2. Materials

Commercial macroporous cation exchange resin, Lewatit® MonoPlus TP 207 (Bayer,
Berlin, Germany) with iminodiacetate group (-N (CH,COOH);) (Table 1) was used for
the synthesis of magnetic resin as well for comparison of nickel removal performance.
Before adsorption experiments, dry resin was activated with 4% NaOH solution by contin-
uously passing the solution through a column filled with 100 mL of resin, at a flow rate of
20 mL/min. Afterwards, the resin was rinsed several times with deionized water until the
pH was neutral and stored before use.

Table 1. Characteristics of the Lewatit® MonoPlus TP 207 resin applied for Ni(II) removal.

Resin Type Chelating Resin
Matrix Polystyrene
Structure Macroporous
Functional group Iminodiactetic
Uniformity coefficient 1.1

Mean bead size (mm) 0.61 £ 0.05
Water retention (%) 55-60

Capacity (eq/L) 2.0

2.3. Synthesis of Magnetic Resin

The modification of Lewatit® MonoPlus TP 207 with magnetite nanoparticles was
conducted in a single-step process using an adapted coprecipitation method, as described
in the study by Sikora et al. [27]. Initially, FeSO,4-7H,0O (11.45 g) and FeCl3-6H,0 (20.21 g)
were dissolved separately in 50 mL of distilled water and then combined, followed by
stirring for 30 min. Afterward, 25 g of dry Lewatit® MonoPlus TP 207 resin was added to
the iron solution and stirred continuously for 2 h at room temperature. The impregnated
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resin was then washed with distilled water to remove excess iron particles. Subsequently,
to synthesize the magnetite nanoparticles and regenerate the resin, 0.2 M NaOH was added
to the mixture, which was stirred for 1 h. The synthesized magnetic resin was separated
using an external magnet, washed thoroughly with distilled water until neutral pH was
achieved, and dried at 105 °C

2.4. Resins Characterization

The morphological characteristics of both resins, modified and unmodified, were ana-
lyzed using a scanning electron microscope (SEM), while the qualitative and semiquantita-
tive elemental composition of the surface of the resins was examined by energy-dispersive
spectroscopy (EDS) (Hitachi TM3030, Tokyo, Japan). The FTIR spectra of the resins were
recorded on a spectrophotometer at a range of 400-4000 cm ! (FTIR Nexus 670, Thermoni-
colet, USA). Raman spectra were obtained with Thermo Scientific DXR Raman Microscope
coupled with a 532 nm wavelength laser, with the power level set to 9 mW. Specimens
were illuminated for 10 s in 10 repetitions at room temperature. X-ray diffraction (XRD)
patterns were obtained with the Rigaku MiniFlex 600 (Tokyo, Japan) diffractometer using
Cu-Ka radiation in the range from 10° to 90°, with a step of 0.02° and dwell time of 3 s.
The identification of compounds from the resulting diffractograms was carried out using
the Pcpdfwin database, version 2.4 JCPDS-ICDD. To measure the magnetic susceptibility
of resin samples, the MS2B device manufactured in Bartington, UK, was used. The MS2B
sensors are used for the measurement of magnetic susceptibility of soil, rock and sediment
samples and operate on the principle of comparison between the magnetic permeability of
air and the relative permeability obtained with the contribution of the sample magnetic
permeability. The sensors are calibrated to the diamagnetism of water, where the mass
susceptibility is —0.72 x-107° SI.

2.5. Adsorption Experiments

The batch experiments were carried out in a series of 800 mL glass beakers containing
500 mL Ni(II) aqueous solution. In the kinetic experiments, the resin dose was 0.5 mL/L,
and the three different initial concentrations of nickel (0.05 mg/L, 0.5 mg/L and 1 mg/L)
were investigated over a period of 24 h. The initial pH of the solutions was adjusted
to 7.0 £ 0.2 by addition of 0.1 M HNO3 and/or NaOH. The suspensions were stirred
(120 rpm, 22 °C) at predetermined time intervals (0.5, 1, 2, 3,4, 5,6,7,8,12,24h)on a
mechanical stirrer. Afterwards, the supernatants were separated from the magnetic resin
using an external magnet or decanted in the case of the unmodified resin. Residual nickel
and iron concentrations in the supernatant were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS). Adsorption isotherms were obtained in a similar manner
by varying the initial nickel concentration (0.05-20 mg/L) while maintaining the same
conditions as those used in the kinetic experiments.

Adsorption capacity of resins for Ni(II) was calculated based on the difference between
the initial and equilibrium concentrations of nickel in the solution, according to Equation (1).

de =(Co —Ce) x V/m 1)

where g is the adsorption capacity (mg/g), Cy is the initial concentration of nickel (mg/L),
Ce is the equilibrium concentration of nickel (mg/L), V is the volume of the solution (L),
and m is the mass of the resin used (g). This calculation allowed us to determine the amount
of nickel adsorbed per gram of resin under the given experimental conditions.

The percentage removal of nickel was calculated using Equation (2):

% Removal = (Cy — Ce)/Cp x 100 (2)

This equation quantifies the efficiency of nickel ion removal as a percentage of the
initial concentration. These calculations provided an insight into the adsorption capacity of
the resin and the effectiveness of nickel removal under varying experimental conditions.
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2.5.1. Adsorption Kinetics

To assess the rate at which the adsorbate is taken up and to explore potential mecha-
nisms or pathways involved in the adsorption of nickel on the both resins, three kinetic
models were applied: the Lagergren pseudo-first-order model, the pseudo-second-order
model, and the Elovich model. The nonlinear equations and the parameters for these
kinetic models are outlined in Table S1.

2.5.2. Adsorption Isotherms

In order to evaluate the maximum adsorption capacity of the resins and to gain
an enhanced understanding of the adsorption mechanisms, the equilibrium data were
analyzed using the two most common isotherm models, Freundlich and Langmuir models.
Table S1 details the nonlinear mathematical equations, associated parameters, and key
assumptions underlying these isotherm models.

2.6. Definitive Screening Design

DSD was applied as an effective, complete and flexible novel statistical approach,
giving the opportunity to narrow down the long list of significant variables and interactions
to only a few significant effects. The experiments were small and efficient, involving several
variables [56,57]. This study was designed to include six continuous factors: pH, contact
time, resin dosage, nickel, calcium and magnesium concentration. Specific levels for each
factor (Table 2) were selected based on data from related research [59,60]. The software
JMP 13 (version 13, SAS Institute, North Carolina, USA) was used for the design of the
experiment and statistical data processing. Experimental data were modeled using stepwise
regression analysis, which included the main factors and their interactions, with statistical
significance considered for p values <0.05.

Table 2. Process parameters with experimental levels.

Level

Factor Unit Coded Low Central High

Value (—1) (0) (+1)
pH - X1 5 7 9
Contact time min Xo 30 255 480
Resin dosage mL/L X3 0.5 2.75 5
Ni concentration ng/L Xy 20 110 200
Ca concentration mg/L X5 50 275 500
Mg concentration mg/L Xe 5 52.5 100

2.7. Analytical Methods

pH measurements were carried out using an InoLab pH/ION 735 instrument (UK).
Nickel concentrations in water samples were determined using the ICP-MS technique
(Agilent Technologies 7700 Series ICP-MS, Tokyo, Japan). Method detection limits for the
nickel were 0.001 mg/L.

3. Results and Discussion
3.1. Resin Characterization

The SEM analysis confirmed the spherical morphology of both the unmodified and
magnetic resin beads (Figure 1a,b). At higher magnification, the surfaces of both materials
appeared rough and highly porous (Figure 1c,d). The diameter of the resin beads was
measured to be between 400 and 450 um, demonstrating that the incorporation of magnetite
nanoparticles did not significantly affect the overall particle size (Figure 1). This finding is
consistent with the spherical morphology observed in the SEM images.
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Figure 1. SEM images of (a,b) Lewatit® MonoPlus TP 207, (c—f) magnetic resin.

Notably, while the SEM images of both unmodified and magnetic resins showed no
significant differences in overall morphology, the primary magnetite nanoparticles were
visible as irregular hexagonal crystals on the surface of the magnetic resin (Figure 1e,f).
This confirms the successful incorporation of magnetite without altering the resin’s sur-
face structure. Post-adsorption SEM analysis, conducted after Ni(Il) uptake, revealed no
observable differences in the surface structure, indicating that the adsorption process did
not significantly alter the resin morphology.

The elemental analysis, obtained through EDS measurements for both the unmodified
and modified resins, is shown in Figure 2. The elemental composition analysis of Lewatit®
MonoPlus TP 207 revealed that carbon (75.57 Wt%) is the most abundant surface element,
as expected, given that it forms the main component of the polymer matrix. Oxygen
(14.19 Wt%) is the second most prevalent element, consistent with its role in both the resin’s
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structure and the iminodiacetate functional group. Additionally, sodium (10.24 Wt%) is
detected as part of the activated iminodiacetate group in the commercial resin (Figure 2a).
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Figure 2. EDS analysis of (a) Lewatit® MonoPlus TP 207 before Ni(II) adsorption; (b) magnetic resin
before Ni(Il) adsorption; (c) Lewatit® MonoPlus TP 207 after Ni(Il) adsorption; and (d) magnetic
resin after Ni(II) adsorption.

Upon modification to produce the magnetic resin, changes in the surface composition
were observed: carbon remains the dominant element (54.17 Wt%), while oxygen content
increased to 18.41 Wt%, and sodium content decreased to 7.43 Wt%. Importantly, iron was
detected at 19.99 Wt%, indicating the successful integration of Fe3O4 nanoparticles into the
resin structure (Figure 2b).

Following metal adsorption using the commercial resin, a reduction in sodium content
was noted, alongside the appearance of characteristic peaks for adsorbed nickel, suggesting
that the adsorption of heavy metals primarily occurs through an ion-exchange mechanism
(Figure 2c). For the magnetic resin, nickel adsorption did not lead to a significant decrease
in either iron or sodium content, implying a combined mechanism of ion exchange and
sorption (Figure 2d). This hybrid adsorption process enhances the magnetic resin’s capacity
for nickel removal compared to the commercial resin by combining the mechanisms of ion
exchange and sorption [27]. The magnetic modification not only retains the ion-exchange
functionality of the original resin but also introduces additional sorption sites provided by
the Fe304 nanoparticles. This dual mechanism improves adsorption efficiency, resulting in
faster kinetics and higher adsorption capacity for nickel ions from aqueous solutions.

The phase and crystalline structures of Lewatit® MonoPlus TP 207 and the magnetic
resin were analyzed using X-ray powder diffraction (XRD), with the corresponding patterns
shown in Figure 3.

The XRD pattern of the commercial resin contains broad and low-intensity peaks,
indicating that the resin is predominantly amorphous with a low degree of crystallinity.
Previous research has also demonstrated that unmodified resins exhibit wide diffraction
peaks within the range of 10° to 80°, with prominent peaks appearing between 20° and
50° (specifically at 20 = 23°, 29°, 39° and 47 in this study). These peaks correspond to
the scattering behavior of the cross-linked polymer network and reflect its amorphous
characteristics [61,62].



Processes 2024, 12, 2287

8 of 23

Intensity (a.u.)

(311)

I JeL

Lewam MonoP]us TP 207

(222)

|
I (400) (440)
M )

i i (511)

w (533)
I

Intensity (a.u.)

20

30

T T T T 1 T T T T T T 1
40 50 60 70 80 10 20 30 40 50 60 70 80

0,
20 20

(a) (b)

Figure 3. XRD pattern of (a) Lewatit® MonoPlus TP 207 before Ni(II) adsorption; (b) magnetic resin
before Ni(II) adsorption.

The XRD peaks for the magnetic resin are broad and exhibit low intensity, indicating
that the resin is predominantly amorphous with a minor degree of crystallinity. However,
eight sharper diffraction peaks were observed at 268 angles of 19°, 30°, 35°, 43°, 50°, 57°, 63°,
and 74° (Figure 3) on the XRD spectrum of the magnetic resin. These peaks correspond to
the (111), (220), (311), (222), (400), (511), (440), and (533) crystallographic planes of the mag-
netite (Fe3O4) phase, as identified by the JCPDS card number 11-0614 for magnetite [27,63].
These XRD patterns confirm the successful synthesis of magnetite nanoparticles via a green
synthesis method.

As shown in Figure 4, FTIR analysis was conducted to investigate the chemical com-
position of both the unmodified ion exchange resin (Lewatit® MonoPlus TP 207) and the
modified magnetic resin. The FTIR spectra of both materials exhibited peaks within the
wavenumber range of 500-4500 cm . The most intense peak, at 3440 cm !, corresponds
to N-H and O-H stretching vibrations, which are indicative of hydrogen bonding within
the iminodiacetate functional group. Several peaks specific to the polystyrene structure
were observed within the range of 2800-3060 cm !, with a prominent peak at 2922 cm ™1,
indicative of C-H stretching vibration from the aliphatic chains of the resin matrix, particu-
larly the methylene (-CH,) and methyl (-CHj3) groups. The peak at 1626 cm ! is attributed
to N-H bending and C-N stretching vibrations, indicating the amine functionality within
the resin structure, while C-O stretching vibrations appear at 1404 cm ™!, associated with
the carboxylate and ester functional groups. Additionally, deformation vibrations of the
aromatic rings within the polystyrene backbone of the resin matrix are noted around 1098
and 906 cm ! (Figure 4).

After the sorption of Ni(II) ions, notable changes are observed in the FTIR spectrum
of Lewatit® MonoPlus TP 207, providing an insight into the binding mechanisms and
interactions between the resin’s functional groups and the metal ions (Figure 4a). One of the
key changes observed is the reduction in the intensity of the peak around 3440 cm~!. This
peak corresponds to N-H and O-H stretching vibrations, and its decrease suggests active
involvement of the iminodiacetate groups, particularly the amine and hydroxyl moieties,
in the adsorption process. The reduction in peak intensity indicates the participation of
these groups in binding Ni(II) ions, likely through coordination or chelation, confirming
their role as primary active sites for metal ion complexation.
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Figure 4. FTIR spectrum of (a) Lewatit® MonoPlus TP 207 before and after sorption of Ni(Il); (b) the
magnetic resin before and after sorption of Ni(II).

Another important observation is the emergence of a new band around 698 cm ™1,

which is attributed to M-O vibrations (where M denotes the metal, in this case, Ni). This
peak signifies the formation of metal-oxygen bonds, indicating that the carboxylate oxygen
atoms from the iminodiacetate functional groups participate in the binding of Ni(Il) ions.
The presence of this peak suggests that the adsorption of Ni(Il) onto the resin involves
a chelation mechanism, where the metal ions coordinate with the oxygen atoms in the
carboxyl groups of the iminodiacetate. This band is a clear indicator of the metal-ligand
interaction and confirms the successful adsorption of Ni(II) ions onto the resin. Additionally,
changes in the intensity of peaks around 1626 cm ! and 1404 cm ™" are observed after Ni(II)
adsorption. The peak at 1626 cm ™! is associated with C=O stretching vibrations of the
carboxylate group and N-H bending, while the peak at 1404 cm~! corresponds to the C-O
stretching of the carboxylate group. After adsorption, the intensity and sometimes slight
shifts of these peaks suggest changes in the electronic environment of these functional
groups, as they interact with Ni(II) ions. The reduction or alteration in peak intensity implies
that the carboxylate groups are directly involved in the coordination with Ni(Il), supporting
the idea that ion exchange and chelation are the main mechanisms for metal binding. Peaks
at 2922 cm ™!, related to C-H stretching vibrations from aliphatic methylene and methyl
groups, also exhibit changes in intensity. While these groups are not directly involved
in metal ion binding, the changes in their peaks might be attributed to conformational
adjustments in the resin matrix as a result of the sorption process. This suggests that the
resin undergoes some structural adjustments upon Ni(II) binding, possibly optimizing the
spatial arrangement of functional groups to facilitate coordination.

Moreover, after Ni(II) adsorption, the overall transmittance of the FTIR peaks is
generally higher in the Ni(Il)-loaded resin compared to the unsorbed resin, which could
indicate that some functional groups have formed stronger complexes with Ni(II), reducing
their vibrational freedom. The higher transmittance values in certain bands imply that
the adsorption process stabilizes certain functional groups, locking them into a more rigid
structure as they participate in binding. Overall, the FTIR spectral changes after Ni(Il)
adsorption highlight the active role of iminodiacetate functional groups in the sorption
process. The observed reduction in peak intensity around 3440 cm ™!, the new band at
698 cm~! indicating M—O bond formation, and changes in carboxylate-associated peaks
collectively confirm that the carboxyl and amine groups within the resin actively coordinate
and chelate Ni(IT) ions. These interactions not only demonstrate the efficiency of Lewatit®
MonoPlus TP 207 in removing Ni(II) from solution but also provide an insight into the
binding mechanisms, predominantly involving ion exchange and chelation facilitated by
iminodiacetate functional groups.
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The FTIR spectrum of the magnetic resin closely resembles that of Lewatit® MonoPlus
TP 207, with a few distinct differences due to the magnetic modification. Specifically, the
spectrum shows high-intensity peaks at 3440 cm~! and 1320 cm ™!, which can be attributed
to the stretching vibrations of the -CHj3 and C=C groups, respectively. Most notably, the
peak at 520 cm ™! corresponds to Fe-O stretching vibrations at tetrahedral and octahedral
sites, confirming the successful incorporation of magnetite (Fe3Oy4) into the resin structure
(Figure 4b).

Before Ni(II) adsorption, the magnetic resin exhibits typical FTIR features of both
the organic polymer matrix and the magnetic component. The peak around 3440 cm ™!
corresponds to N-H and O-H stretching vibrations, similar to the non-magnetic resin,
indicating the presence of iminodiacetate functional groups. The Fe-O stretching vibration
at 520 cm ™! is a clear signature of the magnetite nanoparticles, suggesting that they are
effectively embedded within the resin structure and are available for interaction during
the adsorption process. After Ni(II) adsorption, the FTIR spectra of the magnetic resin
show largely similar features to the pre-adsorption state, with some notable changes in the
intensity of specific bands. Key changes are observed at 520 cm~!, 709 cm 1, 1400 cm ™!,
1626 cm~1, 2922 ecm~1, and 3440 cm~1, indicating that both the organic matrix and the
magnetite component participate in the sorption process.

An increased intensity of the peak at 3440 cm ™! after Ni(II) adsorption suggests that
the N-H and O-H groups in the iminodiacetate functional moieties play an active role in
binding Ni(II) ions. Unlike in the non-magnetic resin, where the peak’s intensity decreases,
the increased intensity here may indicate the synergistic effect between the iminodiacetate
groups and the magnetite nanoparticles, enhancing the sorption capacity and providing
additional binding sites for Ni(Il). This interaction likely reduces the competition between
the resin’s functional groups and the metal ions, allowing for more efficient binding.
Additionally, the increase in intensity of the peak at 1626 cm ™!, which corresponds to C=0
stretching and N-H bending vibrations, further supports the active participation of the
carboxylate groups in Ni(II) binding. A similar change is observed for the peak at 1400 cm ™!,
associated with C-O stretching, suggesting that both amine and carboxylate functionalities
contribute to the sorption process by forming coordination complexes with Ni(II). These
increased intensities reflect a higher degree of metal-ligand interaction facilitated by the
resin’s modified structure.

The enhanced peak at 520 cm ™! after Ni(II) sorption is particularly significant as it
corresponds to Fe-O vibrations. This indicates that the magnetite phase itself is actively
involved in the sorption process. The magnetite nanoparticles provide additional binding
sites through a surface adsorption mechanism or act as a co-adsorbent, promoting a dual
mechanism of metal binding. The presence of this strong Fe-O peak not only confirms
that magnetite is retained within the resin matrix after sorption but also emphasizes its
role in enhancing the overall adsorption capacity [27,63-65]. Additionally, the appearance
and increased intensity of the band at 709 cm ™! also hint at further interactions between
Ni(II) and the resin, possibly involving metal-oxygen coordination or additional binding
facilitated by the resin’s modified surface.

In summary, the FTIR spectra after Ni(II) sorption indicate that the magnetic resin
retains the characteristics of the original polymer while actively incorporating the magnetite
phase. Both the iminodiacetate functional groups and magnetite nanoparticles contribute
to Ni(II) adsorption. The presence of magnetite enhances the resin’s performance by pro-
viding additional sorption sites and supporting both ion exchange and surface adsorption
mechanisms, thereby improving sorption efficiency and kinetics.

The collected Raman spectra for all samples confirm the highly amorphous structure
of the resin (Figure 5). The decrease in Raman peak intensity after Ni(II) adsorption can be
attributed to the ion exchange process, in which Ni(II) ions replace Na ions at the resin’s
active sites. This exchange alters the local chemical environment, weakening the vibrational
modes that contribute to the Raman signal. Additionally, as Ni(Il) ions form a layer on
the resin surface, they can interfere with Raman scattering, further reducing the overall
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signal intensity. Changes in chemical bonding between Ni(II) and functional groups on
the resin, such as the iminodiacetic groups in Lewatit® MonoPlus TP 207, may modify
the electron density distribution, further contributing to the observed decrease in peak
intensity (Figure 5a).
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Figure 5. Raman spectra of (a) the chelating ion exchange resin Lewatit® MonoPlus TP 207 before
and after the sorption of Ni(II); (b) the magnetic resin before and after the sorption of Ni(II).

When comparing the spectra of the magnetic resin before and after Ni(II) adsorption,
a slight shift toward higher wavenumbers suggests that Ni(II) adsorption alters bond
lengths within the resin, likely due to the formation of coordination complexes between
the ions and the functional groups. The presence of magnetite nanoparticles may also
affect the local magnetic and electronic environment, leading to changes in the vibrational
characteristics of the resin, as reflected in the peak shifts (Figure 5b). Although the highly
amorphous nature of the resin tends to obscure sharp peaks, the observed spectral shifts
and decreased intensity provide strong evidence of successful Ni(Il) sorption, indicating
significant interactions between the ions and the resin matrix.

The values for low-frequency mass susceptibilities, presented in Table 3, may be
slightly overestimated due to the non-uniform packing of the samples in the measurement
boxes. This issue, combined with the significant amount of air trapped within the samples,
likely led to an underestimation of the density values (p), which, in turn, affected the
accuracy of the mass susceptibility values. Despite these limitations, the results are in
agreement with previously reported data in the literature [66,67], providing a reasonable
basis for assessing the magnetic properties of the examined samples.

Table 3. Results of magnetic susceptibility measurements with the evaluation of density and magnetic
properties of samples.

Sample Mass p=m/V k X1t Magnetic
Description [g] [kg/m3] [10—4 SI] x10-3 [m3/kg] Status
Magnetite 6.2873 982.4 9038 0.9200 Ferromagnetic
Mieg;ilfltlc 5.4391 849.9 37 0.0044 Paramagnetic

From the data in Table 3, it is clear that magnetite exhibits ferromagnetic behavior,
as indicated by its high mass susceptibility (xIf = 0.9200 x 10~2 m3/kg) and a volume
susceptibility (k) value of 9038 x 10~* SL In contrast, the magnetic resin samples exhibit
much lower mass susceptibilities, with x1f values of 0.0044 x 103 m3/kg. These lower
susceptibilities, along with the low k values, suggest that the resins are paramagnetic.
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It is also worth noting that the magnetic properties of the magnetic resin were pre-
served despite the incorporation of magnetite nanoparticles. This observation is consistent
with the characterization data, which showed that the surface morphology of the resin
remained largely unchanged following the modification process. However, the slight
reduction in susceptibility compared to pure magnetite can be attributed to the dilution
effect caused by the resin matrix, which limits the concentration of magnetic particles.

3.2. Adsorption Performance
3.2.1. Adsorption Kinetics

To evaluate the optimum contact time for the adsorption of Ni(II) metal ions on
Lewatit® MonoPlus TP 207 and magnetic resin, metal ions adsorption capacities were deter-
mined as a function of time. The adsorption’s time course of Ni(IT) metal ions on Lewatit®
MonoPlus TP 207 and magnetic resin as q; vs. t is shown in Figure S1. Both materials
experienced efficient Ni(IT) adsorption processes, taking 6 h for Lewatit® MonoPlus TP 207
to reach a state of equilibrium (over 94.5% of the overall removal occurred within 170 min,
for initial concentration of nickel in solution (1 mg/L)). On the other hand, the adsorption
reaction of Ni(Il) for magnetic resin was faster than that of commercial resin, taking 3 h to
reach a state of equilibrium (Figure 6).
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Figure 6. Adsorption kinetic plots for the removal of Ni(Il) using (a) Lewatit® MonoPlus TP 207
resin and (b) magnetic resin, modeled with a pseudo-second-order kinetic model. The experimental
conditions for both plots include a resin dosage of 0.5 mL/L, pH 7 £ 0.2, contact time ranging from
0.5 to 24 h, agitation speed of 120 rpm, and temperature of 298 £ 2 K.

Therefore, during the entire studied time range, the q; values were: 0.62 mg/g (94.5%),
0.52 mg/g (67.9%) and 1.12 mg/g (77.7%) (Lewatit® MonoPlus TP 207), 0.14 mg/g (89.3%),
1.23 mg/g (98.6%) and 2.5 mg/g (97.9%) (magnetic resin) for the initial nickel concentrations
of 0.005; 0.5 and 1 mg/L, respectively. The quantity of adsorbed Ni(II) onto chelating cation-
exchangers increases with time. Given how quickly equilibrium was achieved, the emphasis
is placed on the modified resin due to the reduction in the time interval during which the
adsorption equilibrium is achieved: 3 h. The adsorption capacity of Ni(II) on magnetic resin
was higher than Lewatit® MonoPlus TP 207, which was caused by the surface modification
(coating) of Lewatit® MonoPlus TP 207 with Fe;O4 nanoparticles. Some studies have
confirmed that in the presence of magnetic particles in various adsorbents, the efficiency of
metal adsorption increases [27,68].

The adsorption kinetics were evaluated using pseudo-first-order, pseudo-second-order,
and Elovich models to understand the mechanisms governing Ni(II) adsorption on both
commercial and magnetic resins (Table S1). The pseudo-first-order model assumes that the
rate of occupation of adsorption sites is proportional to the number of unoccupied sites,
typically describing physisorption processes. In contrast, the pseudo-second-order model
presumes that chemisorption is the rate-limiting step, with the adsorption rate dependent
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on the square of the number of unoccupied sites, indicating stronger interactions between
the adsorbate and adsorbent. The Elovich model is particularly useful for describing
chemisorption on heterogeneous surfaces, often applied when adsorption rates decrease
over time, suggesting multilayer adsorption or increasing activation energy as surface
saturation occurs [69].

The fitting of experimental data to these kinetic models was carried out, and the
results are included in the supplementary table (Figure S2 and Table S2). Based on the
correlation coefficients and model fitting, we found that the adsorption of Ni(II) onto both
Lewatit® MonoPlus TP 207 and the magnetic resin is best described by the pseudo-second-
order model for both resins (Figure 6). This suggests that chemisorption is the dominant
mechanism, involving valence forces through the sharing or exchange of electrons between
the resin’s functional groups and Ni(Il) ions. The pseudo-second-order model’s strong
correlation aligns with chemisorption processes, indicating specific interactions between
Ni(II) and the functional groups on the resin surfaces [70]. Furthermore, the values of
k, were 5.9426, 0.6016, 0.5625 (0.05, 0.5, and 1 mg/L) for Lewatit® MonoPlus TP 207 and
66.928, 3.612, 1.011 (0.05, 0.5, and 1 mg/L) for magnetic resin, respectively. The higher k,
values of the magnetic resin indicate a faster adsorption rate and the presence of more
active or efficient adsorption sites, facilitating quicker binding of nickel ions. This also
suggests stronger interactions between the nickel ions and the magnetic resin, consistent
with chemisorption processes, where chemical bonds or electron sharing play a significant
role in the adsorption mechanism. Overall, Ni(Il) ions can be adsorbed onto the resin
through several mechanisms, including surface complication, electrostatic interactions, and
ion exchange [71]. These interactions likely contribute to the stronger and more specific
binding of Ni(II) on the modified magnetic resin, enhancing its overall adsorption capacity
compared to that of the unmodified resin.

3.2.2. Adsorption Isotherms

The Langmuir and Freundlich isotherm models were used to evaluate the equilib-
rium characteristics of Ni(Il) adsorption onto iminodiacetate chelating resin and modified
magnetic resin at the optimum pH and 25 °C, as depicted in Figure 7. The isotherm pa-
rameters are summarized in Table 4. The equations of these models are provided in the
Supplementary Materials (Table S1).
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Figure 7. Isotherm plots of Ni(II) adsorption on Lewatit® MonoPlus TP 207 and magnetic resin, fitted
with the (a) Langmuir isotherm model and (b) Freundlich isotherm model. The initial concentration of
Ni(II) ranged from 0.05 to 20 mg/L, with a resin dosage of 0.5 mL/L. Experiments were conducted at
pH 7 + 0.2, with contact times between 0.5 and 24 h, an agitation speed of 120 rpm, and a temperature
of 298 + 2 K.
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Table 4. Parameters of Langmuir and Freundlich, isotherms for ion exchange of Ni(II) on the on
Lewatit® MonoPlus TP 207 and magnetic resin.

Langmuir Isotherm Freundlich Isotherm
KL 2 KF 2
R R R
(mg/g) (L/mg) L n (mg/g)/(mg/L)"
Lewatit®
MonoPlus TP 207 4.74 0.9801 0.79-0.012 0.216 2.305 0.8059
Magnetic resin 26.26 0.8720 0.42-0.002 5.825 0.188 0.7892

The Langmuir isotherm model assumes monolayer adsorption on a homogeneous
surface, where all binding sites are identical and energetically equivalent. This model
implies that once a site is occupied by a molecule, no further adsorption can take place
at that site, leading to the formation of a monolayer. The Langmuir model provides an
insight into the maximum adsorption capacity and the affinity between the adsorbate
and adsorbent. In contrast, the Freundlich isotherm model is empirical and describes
adsorption on heterogeneous surfaces, allowing for multilayer adsorption. This model
suggests that the adsorption energy decreases logarithmically as the coverage increases,
making it suitable for systems with varying adsorption site energies. The Freundlich
isotherm model, in contrast, describes adsorption on heterogeneous surfaces, allowing for
multilayer adsorption. The model suggests that adsorption sites have varying energies, and
stronger binding sites are occupied first, followed by weaker binding sites. The Freundlich
constant n provides an indication of adsorption intensity, where n > 1 suggests favorable
adsorption. This model is particularly suitable for systems with a heterogeneous surface or
where the adsorption heat decreases as coverage increases [72].

Based on the modeling data, the correlation coefficients (R?) reveal that the adsorption
process fits the Langmuir model better (R? = 0.8720-0.9801) compared to the Freundlich
model (0.7892-0.8059), especially for the modified magnetic resin. This indicates that
adsorption predominantly occurs as a monolayer on a homogeneous surface, which aligns
with the uniform distribution of Fe3O4 on the resin and the properties of the chelating resin.

The magnetic resin demonstrated a significantly higher adsorption capacity (qmax =
229.4 mg/g) compared to Lewatit® MonoPlus TP 207 (gmax = 18.13 mg/g). This drastic
difference highlights the effect of magnetite nanoparticle modification, which greatly
enhances the resin’s capacity for nickel ion removal. The increased surface area and
additional active sites provided by the magnetic particles enhance nickel ion removal.
The Langmuir constant (Kp ), representing the affinity between Ni(Il) and the resin, was
notably higher for the magnetic resin (26.26 L/mg) compared to Lewatit® MonoPlus TP
207 (4.74 L/mg). This suggests that the magnetic resin has a much stronger interaction
with Ni(Il) ions, further reinforcing its suitability for heavy metal removal from water.

The separation factor (Rp) values, which describe the favorability of the adsorption pro-
cess, fall between 0 and 1 for both resins, indicating favorable adsorption conditions [73-75].
The R;, values for Lewatit® MonoPlus TP 207 range from 0.79 to 0.012, while for the mag-
netic resin, they range from 0.42 to 0.002. These values confirm that Ni(II) adsorption
is more favorable at lower initial concentrations for both resins, with the magnetic resin
showing enhanced performance even at higher concentrations. The initial concentration
of Ni(II) in this experiment ranged from 0.05 to 20 mg/L, allowing us to evaluate the
adsorption behavior of both resins across a broad range of concentrations, from low to high.

3.3. Proposed Mechanism of Ni(1l) Removal by Commercial Resin and Magnetic Resin

Chelating resins, such as Lewatit® MonoPlus TP 207, are ion-exchange resins with
iminodiacetic functional groups that selectively form complexes with metal ions through
chelation. The iminodiacetate group, consisting of two carboxyl groups and one nitrogen
atom, enables Ni(II) removal via ion exchange and chelation. Additionally, the nitrogen
atom functions as a Lewis base, enabling the formation of a ligand bond with the metal
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Polymer

cation (which acts as a Lewis acid). Initially, Ni(II) forms weak ionic pairs with the carboxy-
late groups, which then transition into stronger complexes as water molecules are displaced.
This is supported by changes in the FTIR spectrum (Figure 4a), particularly the reduction
in peak intensity at 3440 cm~!, indicating active involvement of the iminodiacetate groups
in Ni(II) binding through coordination or chelation. The EDS analysis further supports this
as it reveals changes in elemental composition after Ni(II) sorption (Figure 2c), confirming
that ion exchange is a significant contributor to the adsorption mechanism. Overall, the
combined evidence from FTIR and EDS suggests that Ni(IT) removal by Lewatit® MonoPlus
TP 207 is primarily driven by chelation through iminodiacetate groups and is facilitated by
ion-exchange interactions (Figure 8a).
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Figure 8. Proposed mechanism of nickel removal using (a) Lewatit® MonoPlus TP 207 resin and
(b) magnetic resin.

The sorption mechanism of Ni(II) by the newly synthesized magnetic resin involves a
combination of the chelating properties of the iminodiacetate groups in Lewatit® MonoPlus
TP 207 and interactions facilitated by the embedded Fe;O, nanoparticles (Figure 8b). In
addition to the traditional ion exchange and chelation processes observed in the commer-
cial resin, the magnetic resin benefits from mechanisms such as surface complexation,
coprecipitation, and electrostatic interactions [76]. As shown in Section 3.2.2, the Fe;O4
nanoparticles significantly enhance the resin’s capacity to remove Ni(Il) ions by providing
additional sorption sites through three key interactions:

(a) Surface Complexation: This process includes both specific and non-specific sorption.
Specific adsorption results in the formation of inner-sphere complexes, where Ni(Il) ions
bond directly to the magnetite surface via ligand exchange, leading to strong binding
with the Fe-OH groups. Non-specific adsorption, on the other hand, forms outer-sphere
complexes, where Ni(Il) ions are indirectly bound to the resin surface through water
molecules. These interactions, while weaker than inner-sphere complexes, still contribute
significantly to the overall sorption capacity.

The FTIR spectrum reveals changes after Ni(II) sorption, confirming these interactions.
A strong peak at 520 cm~! (Fe-O stretching vibrations) indicates the active role of magnetite
in Ni(II) adsorption, while increased intensities at 3440 ecm~1, 1626 cm™1, and 1400 cm ™1
suggest that both the iminodiacetate functional groups and Fe;O,4 nanoparticles enhance
the sorption capacity. Additionally, a band at 709 cm~! suggests metal-oxygen coordination
and further interactions facilitated by the modified resin surface (Figure 4b). EDS analysis
supports this mechanism, showing no significant decrease in iron or sodium content after
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Ni(Il) adsorption, which implies the existence of a combined mechanism of ion exchange
and surface complexation (Figure 2d).

(b) (Co)Precipitation: At higher pH levels, coprecipitation occurs, where Ni(II) ions
form hydroxide precipitates with Fe3O4, enhancing the sorption process. This coprecipita-
tion mechanism significantly aids in Ni(Il) removal, particularly in conditions favoring the
formation of Ni(II) hydroxides.

(c) Electrostatic interactions: In aqueous solutions, Ni(II) ions interact with oxygen
atoms in the magnetite phase. During adsorption, H* ions are displaced from the adsorbent
functional groups, allowing Ni(II) to bind to the surface through electrostatic attraction.

(d) Electrostatic interactions are particularly effective when the surface of the adsorbent
is negatively charged at the operating pH, promoting the attraction of the positively charged
Ni(II) ions to the surface.

The combination of ion exchange, chelation, and the incorporation of magnetite
nanoparticles significantly enhances the sorption efficiency for Ni(II) removal. The mag-
netite phase introduces additional binding sites, which contribute to both ion exchange
and surface adsorption processes. This synergy between the magnetite and resin phases
optimizes the adsorption capacity, resulting in a highly efficient and effective magnetic
resin for Ni(Il) removal.

3.4. DSD Model Evaluation and Process Optimization

In order to examine the influence of various process parameters, including pH, contact
time, resin dosage, nickel, calcium and magnesium concentration on nickel removal effi-
ciency, DSD statistical analysis was applied. Since the number of experiments N for DSD is
2k + 1, a total number of experimental runs was 28, including 13 experiments performed
in replication with two additional central points [56]. The six-variable DSD matrix and
nickel removal efficiency (%) values obtained in the experiment with Lewatit® MonoPlus
TP 207 and magnetic resin are presented in Table S3. The higher range of nickel removal
efficiency was established using Lewatit® MonoPlus TP 207 (33.0-99.8%). The maximum
nickel removal efficiency was found to be 99.8% and 99.42% with Lewatit® MonoPlus TP
207 and magnetic resin, respectively.

DSD analysis was performed by JMP’s stepwise regression control tool, resulting in a
large number of regression models. A few candidate models were selected, but the most
efficient regression model, which would provide the best fit for the experimental data, was
selected based on the standard descriptive factors (coefficient of determination, adjusted
coefficient of determination), as well as by calculation of corrected Akaike Information
Criterion (AIC), Bayesian Information Criterion (BIC) and Root Means Square Error (RMSE).
Based on the summary of fit (Table S4), the adopted regression models explain 87-95% of
variance in the observed nickel removal values for all investigated resins, implying a good
approximation of the experimental data with the selected models, while the rest of 5-13%
of the total variance is not covered by the model. The percentage of fluctuation in the
response is reflected through the R-square values, while a small RMSE value in comparison
to the mean of response indicates a good fit and accuracy of model prediction [77,78].
The quality of an individual model, relying on good approximation and simplicity, is
evaluated by the AIC parameter. Inadequate data fitting has been avoided by observing
BIC values parameter. The best ability to predict the regression model is achieved based
on the selection of lower AIC and BIC values, respecting the simplicity of the model as an
additional criterion [78].

Furthermore, the significance and the validity of the regression model was confirmed
based on the ANOVA test result (Table S5), as shown in the rightmost column (F ratio).
The demonstrated model F-ratios of 10.15 and 23.04 for Lewatit® MonoPlus TP 207 and
magnetic resin, respectively, and the low p-value (<0.0001) indicate that the model is highly
significant for the nickel removal efficiency, at a 95% of confidence level.

Estimated regression coefficients sorted by ascending order of p-values are presented
in Table S6. For nickel removal efficiency, contact time exhibits statistical significance within
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the usage of both resins, which reflects in the magnitude of its estimate. The pronounced
influence of contact time is also shown in the optimization diagram presented in the
following text. Furthermore, in the experiment with Lewatit® MonoPlus TP 207, nickel
concentration is shown to be one of the main significant parameters. This is corroborated
by the optimization plot, which reveals that optimum nickel removal efficiency is obtained
when nickel concentration lies between the center and high level, i.e., 110-120 ug/L. The
sign before the linear term of nickel concentration is positive, which suggests that the
increase in nickel concentration contributes to its removal efficiency up to a certain point,
after which further increase has an adverse effect on the removal process. Moving in both
directions away from this optimal point has a pronounced effect on process efficiency,
causing its reduction.
Although not statistically significant as main parameter within the Lewatit® MonoPlus
TP 207 experiment, pH is involved in two significant interactions: with nickel concentration

(Figure 9a) and magnesium concentration (Figure 9b).
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Figure 9. Surface response plots illustrating two significant interactions in the regression model:
(a) pH x nickel concentration; (b) pH x magnesium concentration.

The surface response plot implies that at both low and high pH values, the nickel
removal efficiency by ion exchange increases with the increase in its initial concentration, up
to a certain upper limit of 110 pug/L, which is also established in the optimization diagram
(Figure 10a). A further increase in the initial nickel concentration led to a decrease in terms
of its removal. In addition, it was observed that at lower pH values, due to the significant
two-way interaction, a higher nickel removal degree by ion exchange is achieved. This can
be explained by the fact that at pH values lower than 7.41, nickel predominantly appears in
the form of Ni?*, favoring the ion exchange of H* and Ni*. In contrast, at higher pH values
(above pH = 8) nickel is predominantly present in the form of hydrated ions Ni(OH)*! and
Ni(OH),", implying that the ion exchange process itself is unfavorable [59].

Both pH and magnesium concentration are statistically significant main parameters
for the nickel removal process with magnetic resin, which, at the same time, achieve a
significant two-way interaction. pH maintained at a low level has the most pronounced
effect on the influence of magnesium concentration on nickel removal. The surface response
plot (Figure 10b) indicates that maximum nickel removal efficiency is achieved when the
magnesium concentration is reduced from 100 to 20 mg/L, while the pH is kept at low level.
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Figure 10. Optimization diagrams for nickel removal with: (a) Lewatit® MonoPlus TP 207; (b) mag-
netic resin at 270 min; (c) magnetic resin at 120 min.

For instance, Ni?* and Mg?* both have positive charges but differ in size and charge
density. Nickel ions generally have a higher charge density compared to magnesium
ions. This means that Ni** might have a stronger affinity for the ion exchange sites on
the resin. But in acidic conditions, the concentration of hydroxide ions (OH™) decreases,
and magnesium remains in its ionic form as Mg?* because there are not enough OH ™ ions
to precipitate it as magnesium hydroxide. Therefore, at low pH, magnesium is typically
found as Mg?* ions in solution, and competition between nickel and magnesium ions
can lead to decreased efficiency in removing Ni?* [77-79]. In summary, this means that
both pH and magnesium concentration are important for optimizing nickel removal, and
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their combined effect must be considered. The interaction between these parameters can
significantly alter the process’s efficiency, with pH playing a key role in how magnesium
concentration impacts nickel removal.

Since the capability and adaptability of JMP 13 software provide significant advances
in process optimization, the main goal of this study’s experimental design is based on
maximizing the efficiency of nickel removal process in relation to process conditions,
detailed in Table S3. The optimization diagrams for ion exchange process are shown in
Figure 10, where the effect of main factors, marked by a vertical red dashed line, can be
most easily observed. The six cells on the graph illustrate how the nickel removal efficiency
changes as a function of one variable, while all other variables remain constant.

The highest efficiency within Lewatit® MonoPlus TP 207 of 98.46% was proposed
under the following optimal conditions: pH of 7, contact time of 313 min, resin dosage
of 2.75 mL/L, nickel concentration of 110 ug/L, calcium concentration of 275 mg/L and
magnesium concentration of 52.5 mg/L (Figure 10a). Furthermore, 99.21% of nickel removal
efficiency (Figure 10b) was obtained by application of magnetic resin under the same
process conditions, with a significant difference in reduced contact time (270 min) and resin
dosage (0.5 mL/L). A look at the optimization profiles reveals that the obtained results
are correlated with established main parameters and two-way interactions, implying that
contact time contributes the most to the removal efficiency process. Since longer contact
time (270-313 min) is unfavorable from the technoeconomic aspect, the suitability of JMP
13 software enables the variation in optimal values, giving an insight into the change
in process efficiency in order to improve the operational conditions of the process itself.
Therefore, by reducing the contact time from 270 to 120 min (Figure 10c), the efficiency of
the process might be slightly reduced (up to 7%), but from the aspect of real application,
the results are certainly promising. The results obtained indicate that the usage of magnetic
resin within the lowest dosage (0.5 mL/L) could provide a cost-effective and highly efficient
process with a nickel removal efficiency of 92%.

Furthermore, experimental verification of the predicted optimal response was per-
formed in order to verify the nickel removal efficiency optimized by the adopted regression
model. For that purpose, eight additional experiments at the theoretical point of optimum
were conducted. Based on the results obtained (Table S7), a 95% confidence interval was
calculated (Figure S3). The nickel removal efficiency values of 98% and 92%, optimized by
the adopted regression model (Figure 10a,c), obviously fit the confirmatory run confidence
interval, meaning that that the regression model adopted describes well the nickel removal
process with cation exchange resin, and that the model was successful.

4. Conclusions

We developed a magnetic resin by coating Lewatit® MonoPlus TP 207 ion-exchange
resin beads with hexagonal magnetite crystals, confirmed by XRD, FTIR, and magnetic
susceptibility measurements. The magnetic resin demonstrated high adsorption capacity
for nickel ions, with easy separation using a magnetic field, outperforming other magnetic
adsorbents reported in the literature. The use of DSD statistical analysis revealed optimal
conditions for nickel removal, achieving a 99.21% efficiency with the magnetic resin at a
lower dosage (0.5 mL/L) and reduced contact time (270 min) compared to the unmodified
resin. Although reducing the contact time to 120 min slightly decreased efficiency (~7%), the
results remain promising for practical applications, offering an efficient and cost-effective
solution for nickel removal.

Future work should focus on optimizing the process for large-scale applications,
specifically by reducing contact times while maintaining high efficiency. Additionally,
assessing the selectivity of the magnetic resin for Ni(II) ions in the presence of other metal
ions is crucial for practical water treatment scenarios, as it will provide an insight into
its performance in complex water matrices. To bridge the gap between laboratory-scale
findings and real-world applications, performance tests under continuous-flow conditions
are necessary to better reflect industrial settings. Furthermore, testing the resin with
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real water samples containing natural metal concentrations will provide a more accurate
assessment of its performance in diverse scenarios.

For sustainable and practical implementation, evaluating the recyclability and long-
term stability of the magnetic resin is essential, along with scaling up synthesis. Moreover,
designing and constructing effective magnetic separation systems will be critical for ef-
ficient deployment in large-scale operations. The development of pilot and full-scale
magnetic separation systems is necessary to demonstrate the feasibility of magnetic resins
in industrial water treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com /article/10.3390/pr12102287/s1, Figure S1: Adsorption of Ni(II) onto Lewatit®
MonoPlus TP 207 and magnetic resin as a function of contact time under varying initial concentrations:
(a) 0.05mg/L, (b) 0.5 mg/L, and (c) 1 mg/L. Experimental conditions: resin dosage = 0.5 mL/L, solu-
tion volume = 500 mL (synthetic water matrix containing Ni(II)), pH = 7.0 & 0.2, contact time = 30 min
to 24 h, agitation speed = 120 rpm, temperature = 298 + 2 K; Figure S2: Kinetic plots for Ni(II) adsorp-
tion onto Lewatit® MonoPlus TP 207 and magnetic resins under various kinetic models. (a) Pseudo-
first-order model for Lewatit® MonoPlus TP 207 resin; (b) Elovich model for Lewatit® MonoPlus
TP 207 resin; (c) pseudo-first-order model for magnetic resin; (d) Elovich model for magnetic resin.
Experimental conditions: resin dosage = 0.5 ml/l mg, solution volume = 500 mL (synthetic water
matrix containing Ni(II)), pH = 7.0 & 0.2, contact time = 30 min to 24 h, agitation speed = 120 rpm,
temperature = 298 + 2 K); Figure S3: Verification diagram for: (a) Lewatit® MonoPlus TP 207;
(b) magnetic resin. Table S1: Mathematical models used for modelling data obtained in kinetic
and isotherm adsorption experiments; Table S2: Kinetic parameters for the sorption of Ni(II) onto
Lewatit® MonoPlus TP 207 and magnetic resin; Table S3: DSD experimental design layout and nickel
removal efficiency; Table S4: Summary of fit; Table S5: Analysis of variance and “lack of fit” test;
Table S6: Estimated regression coefficients of the significant main and interaction effects; Table S7:
Experimental verification of optimized ion exchange processes.
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