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Nitrate (NO3) is a pervasive pollutant in industrial water treatment due to its widespread presence in industrial
processes. Quaternary ammonium (R4N*) groups are key for NO3 removal, but their efficiency varies with water
quality. This study developed a mixed-grafted ion exchange resin, CMIET-A, by grafting trimethylamine and

Nil;i;t(em triethylamine onto a poly(methyl methacrylate) backbone, with Ferromagnetic y-Fe3O3 nanoparticles to enhance
Z dsorption separability and recyclability. Experiments and DFT calculations showed that CMIET-A effectively removed NO3

across a broad pH range (4.0-10.0), with a maximum adsorption capacity of 82.79 mg/g. The adsorption
behavior fit the Freundlich isotherm model, and the process followed the pseudo-second-order kinetic model.
After 20 cycles, the resin maintained a NO3 removal rate over 70 %. Both experiments on the influence of
external ions and Molecular dynamics simulations indicated higher binding energy and diffusion coefficients for
CMIET-A with NOj3, enhancing performance even in the presence of Cl™. Characterization revealed that ion
exchange, pore filling, electrostatic attraction, hydrogen bonding, and metal bridging collectively drove

adsorption. Overall, this novel resin offers an efficient solution for NO3 removal in industrial settings.

1. Introduction

Nitrate, as a quintessential persistent environmental pollutant, is
characterized by its recalcitrance to degradation, high mobility [1], and
strong stability, thereby persisting in the natural environment and posing
a continuous threat to ecosystems [2]. The rapid development of indus-
trial and agricultural activities has led to the improper discharge of
substantial amounts of NO3-containing wastewater, resulting in a steady
increase in NO3 concentrations in water bodies [3,4]. This phenomenon
has far-reaching negative impacts on the safety of drinking water and the
survival environment of aquatic organisms [5]. For instance, high con-
centrations of NO3 are a key driver of eutrophication in water bodies,
which can trigger massive algal blooms, thereby disrupting the balance of
aquatic ecosystems and affecting the survival and reproduction of aquatic
organisms [4,6,7]. In view of the significant potential risks that NO3
poses to human health and the ecological environment, the World Health
Organization (WHO) has explicitly stipulated that the concentration of
NOg3 -nitrogen in drinking water should not exceed 10 mg/L [8].

Currently, various methods have been employed to remove excess
NO3 from wastewater, including chemical co-precipitation [9], reduc-
tion [10], electrodialysis [11,12], microbial processes [13,14], and
adsorption [15,16]. Among these, adsorption has gained widespread
acceptance due to its simplicity [17], low energy consumption [18], and
cost-effectiveness [19]. Common adsorbents encompass biochar [20],
gels [21], metals [16], and metal oxides [22]. For instance, Tang et al.
[15] enhanced the adsorption capacity of apple branch biochar through
mechanical ball milling (MAB), KOH pre-treatment (K-MAB), and
MgCly/AlCl3 impregnation, achieving a maximum adsorption capacity
of 43.70 mg/g for NO3. Noha Amaly [23] fabricated a composite algi-
nate aerogel by embedding montmorillonite particles containing
cationic cetylpyridinium (MT™") and further improved the NO3 adsorp-
tion capacity (795 mg/g) by grafting quaternary ammonium (QA) vinyl
monomers to form MT"@QAlg. Additionally, Pei et al. [24] and Qian
et al. [25] achieved removal efficiencies of 82.56 % and 95 %, respec-
tively, by loading nano-zero valent iron onto hydrotalcite and metal
phenolic networks (MPNs). However, these adsorbents suffer from poor
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regeneration performance [26,27], intolerance to acids and alkalis [27],
and inferior thermal stability [28], which collectively limit their appli-
cation efficiency.

In modern water treatment industrial applications, ion exchange
resins are widely used as important adsorbents. As a typical magnetic
anion exchange resin, MIEX resin can effectively remove natural organic
matter (NOM) [29-31], inorganic anions [32], and specific emerging
contaminants [33], which has been successfully applied in drinking
water treatment processes. Banu et al. [34] found that the adsorption of
NO3 by the —N(CH3)s functional group is spontaneous, thermody-
namically favorable, endothermic, and entropy-driven. However, due to
the diversity of pollutants, especially in the presence of chloride ions,
MIEX resin does not perform well in NO3 removal [35]. Therefore, the
direct use of MIEX resin to adsorb NO3 may not be a feasible technical
method. Zhou et al. [36] increased the alkyl chain length of the qua-
ternary ammonium salt sites on the resin (from methyl to ethyl) and
found that this modification enhanced the hydrophobicity of the resin
and improved its NO3 adsorption selectivity by reducing the hydration
energy. However, the introduction of ethyl groups may reduce the total
number of adsorption sites on the resin framework due to steric hin-
drance effects [37,38]. Therefore, it is feasible to design the preparation
and functionalization of resins from the perspective of monomer syn-
thesis to generate functional sites for preferential NO3 adsorption and to
optimize the types and ratios of these sites to achieve the best micro-
chemical structure of the adsorption sites, thereby realizing the efficient
removal of NO3. However, to date, no studies have reported the prep-
aration of magnetic resins containing two types of adsorption sites for
NOj3 removal from water. The preparation methods, adsorption effi-
ciencies, and mechanisms of such magnetic resins with these two types
of adsorption sites are still unclear and require further investigation.

In this study, trimethylamine (N(CHs)3) and triethylamine (N
(C2Hs)3) were employed as functional monomers to graft onto meth-
acrylic resin (CMIET), resulting in the fabrication of three types of ion
exchange resins, namely CMIET-A (grafted with trimethylamine),
CMIET-M (grafted with triethylamine), and CMIET-E (grafted with a
mixture of trimethylamine and triethylamine). Additionally, ferromag-
netic y-FepO3 nanoparticles were embedded into the resin as the core to
enable efficient recovery without the need for an external magnetic field
[36]. This improvement significantly shortens the process cycle and
enhances treatment efficiency. The rapid magnetic separation technol-
ogy reduces the need for large-scale structures such as sedimentation
tanks, facilitating compact process design, which is particularly suitable
for water treatment systems with limited space or modular configura-
tions [39]. The physicochemical properties of the resins were charac-
terized using scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS), X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), and vibrating sample magnetometry
(VSM), and their adsorption performance was evaluated through batch
adsorption experiments. Subsequently, the adsorption isotherms, ki-
netics, and thermodynamics of the CMIET resins were systematically
investigated, and the adsorption mechanisms and preferences for NO3
were elucidated using X-ray photoelectron spectroscopy (XPS) and
density functional theory (DFT) calculations. Finally, the stability and
reusability of the CMIET resins were assessed to evaluate their potential
for practical applications.

2. Materials and methods
2.1. Chemicals

Ammonia (NH3-H30), Anhydrous Sodium Carbonate (NayCOg),
Ferrous Sulfate Heptahydrate (FeSO4-7H30), Hydrochloric Acid (HCI),
Glycidyl Methacrylate (GMA), Anhydrous Ethyl Alcohol (C;HsOH),
Oleic Acid (Cy8H3402), Potassium Bromide (KBr), Diethylbenzene
(DVB), Cyclohexanol (C¢H120), Dodecyl Alcohol (C12H60), Polyvinyl
Alcohol (PVA), Glycol polyoxyethylene ether (OP-10), Aza-
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Isobutyronitrile (AIBN), Polyester multichain polymer dispersants
(HY-24000), Trimethylammonium Hydrochloride (C3H;CIN), Trie-
thylamine Hydrochloride (C¢H;¢CIN), Sodium chloride (NaCl), Potas-
sium hydroxide (KOH). All reagents were analytical grade or better.

2.2. Preparation of materials

The schematic illustration of the resin synthesis in this study is shown
in Fig. 1. The preparation of the resin primarily consists of three steps:
the preparation and modification of y-Fe;Os, the fabrication of the resin
backbone, and the functionalization of the backbone. For more detailed
descriptions of the first two steps, please refer to Section S2.

Grafting of functional groups: The preparation of the strong-base
trimethylamine-type magnetic anion-exchange resin CMIET-M
involved adding 4 g of the magnetic resin backbone CMIET to a 50 mL
solution of NaCl (3.42 mol/L) and 1 % (w/w) NaOH. The mixture was
stirred at 40 °C for 30 min to ensure complete dissolution and reaction.
Subsequently, 10.4 g of trimethylamine was introduced into a solvent
mixture comprising 1 mL of ammonia, 10 mL of deionized water, and
20 mL of anhydrous ethanol. This solution was then added to the CMIET
backbone solution and allowed to react for 2 h at room temperature to
obtain CMIET-M. The final product was washed with deionized water
until neutral.

In a similar manner, the strong-base triethylamine-type magnetic
anion-exchange resin CMIET-E was synthesized by dissolving 17.2 g of
triethylamine salt in a mixture of 14 mL of deionized water, 2 mL of
ammonia, and 32 mL of ethanol. This solution was added to the CMIT
solution and stirred to form CMIET-E.

For the synthesis of the strong-base quaternary ammonium-type
magnetic anion-exchange resin CMIET-A with dual functional groups,
6 g of the magnetic resin backbone CMIET was placed in a flask, to which
40 mL of water, 10 g of sodium chloride, and 10 mL of 5 % sodium
hydroxide solution were added. The mixture was stirred and heated in a
water bath for 30 min. Trimethylamine solution (3.4 g trimethylamine
salt dissolved in 4 g of water, 0.3 mL of ammonia, and 7 mL of ethanol)
and triethylamine solution (13.6 g triethylamine salt dissolved in 10 g of
water, 1 mL of ammonia, and 20 mL of ethanol) were prepared sepa-
rately and added to the flask. The reaction was carried out in a water
bath for 3 h. After the reaction was complete, the sample was removed,
soaked and stirred in dilute brine for 10 h, and finally washed with water
to obtain CMIET-A.

2.3. Characterization of materials

In this study, a comprehensive characterization of the magnetic se-
lective acrylic anion exchange resin for NO3 removal was conducted
utilizing a variety of analytical techniques. X-Ray Diffraction (XRD) was
employed to determine the crystallographic structure and phase purity
of the synthesized y-Fe203 and the resulting magnetic resin, with pat-
terns recorded over a 20 range of 5-85° using Cu Ko radiation. The
magnetic properties, including saturation magnetisation and rema-
nence, were quantified using a Vibration Sample Magnetometer (VSM)
at room temperature, assessing the magnetic responsiveness crucial for
the resin's separation and recovery in water treatment. Fourier-
Transform Infrared Spectroscopy (FT-IR) analyzed the functional
groups and chemical modifications on the resin surface, with spectra
recorded after drying samples at 105 °C and preparing them as KBr
pellets, indicating successful amine group grafting. Scanning Electron
Microscopy (SEM) examined the morphology and surface topology of
the magnetic resin particles, with samples sputter-coated with gold to
enhance imaging, revealing a porous structure and particle size distri-
bution. Brunauer-Emmett-Teller (BET) Surface Area Analysis deter-
mined the specific surface area, pore volume, and pore size distribution
of the magnetic resin, with nitrogen gas adsorption-desorption iso-
therms measured at 77 K. Zeta Potential Measurements assessed the
surface charge characteristics of the magnetic resin in aqueous media
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CMIET

CMIET-M

Fig. 1. Preparation process of magnetic CMIET series resins.

after thorough washing and dispersion in deionized water, providing
insights into electrostatic interactions with NO3. A Laser Particle Size
Analyzer determined the size distribution and average particle diameter
of the magnetic resin, offering data on particle uniformity and reactivity
in suspension. Finally, X-Ray Photoelectron Spectroscopy (XPS)
analyzed the chemical states and elemental composition of the resin
surface before and after NO3 adsorption, confirming the proposed
adsorption mechanisms through information on binding energies and
chemical environments of the elements present.

2.4. Experimental and analysis methods

In this study, the adsorption performance of the resin was investi-
gated using batch adsorption experiments with the control variable
method. Specifically, the resin was mixed with the NOj3 solution
(500 mL, 100 mg/L) at a constant stirring speed of 400 rpm. The in-
fluence of resin dosage was examined by varying the amount of resin
added. The effect of pH on the adsorption process was studied by
adjusting the pH of the solution using 1 M HCl or NaOH. The adsorption
equilibrium and kinetics of the resin were explored by varying the initial
concentration of NO3 and the adsorption time. Finally, the adsorption
thermodynamics of the resin were investigated by varying the initial
temperature of the NO3 solution. Subsequently, samples were collected
and filtered through a 0.45-pm syringe filter to obtain the supernatant.
The residual NO3 concentration was then analyzed using a UV-Vis
spectrophotometer at a wavelength of 220 nm. The adsorption capacity
at equilibrium (Qe) was calculated using the formula

(C()*Ce) xV
m

0.=

where Cp and Cq are the initial and equilibrium concentrations of NO3, V
is the volume of the solution, and mm is the mass of the adsorbent.
The percentage removal efficiency (n) was determined using the

formula n = (1 - g—g X 100%). Each experiment was performed in

triplicate to ensure the reliability and reproducibility of the results. The
data obtained were analyzed using origin software to model the exper-
imental results against appropriate adsorption isotherms and kinetic
models, thereby extracting relevant parameters and elucidating the
mechanisms underlying NO3 adsorption onto the magnetic resins. In
addition, the fitting equations are presented in Table S1.

2.5. Theoretical simulation

In this study, the two quaternary ammonium functional groups and
the adsorption system of NO3 with the CMIET series resins was con-
structed using Materials Studio 2020 software. The geometric optimi-
zation of trimethylamine and triethylamine was performed using DMol3
with the GGA/PBE functional and Grimme's dispersion correction (DFT-
D method). The calculations were carried out with unrestricted spin and
a specified basis set. The resin structure was simplified to a poly(styrene-
co-glycidyl methacrylate) chain containing 50 quaternary ammonium
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groups. The simplified resin, 6 NO3 ions, 6 Cl” ions, and 500 water
molecules were placed into a simulation cell using the amorphous cell
module and the build layers function, and The initial periodic simulation
box measures approximately 30 x 30 x 86 A. In the forcite module, the
COMPASS II force field was employed to simulate the polymer system,
generating a stable molecular structure and performing ultra-fine ge-
ometry optimization. A dynamic equilibrium simulation of 10,000 steps
was carried out under NPT integration conditions (pressure
P = 0.0001 GPa, temperature T = 298 K, Timestep = 1.00 fs) to obtain a
stable system density. Subsequently, the interaction energy (AE, in kJ/
mol) was calculated based on the equation, and the diffusion behavior of
NO3 in the adsorption system was evaluated using the mean square
displacement (MSD).

AE= ETnlal - ENO} - Eresin

where Enps (kJ/mol) represents the total energy of the NO3 molecular
structure, E.in, (kJ/mol) denotes the total energy of the resin structure,
and Eryq (kJ/mol) signifies the total energy of the adsorption system.

3. Results and discussion
3.1. Characterization of porous magnetic anion exchange resins

Scanning electron microscopy (SEM) images (Fig. 2) reveal that, in
contrast to the smooth surface of the CMIET skeleton (Fig. S1), the resin
surface is significantly uneven with an intricate pore structure. This
complex surface morphology is attributed to the incorporation of a large
number of hydrophilic quaternary ammonium groups, which lead to the
formation of dense cavities and channels, thereby constructing a com-
plex hierarchical structure. Furthermore, the elemental distribution
maps Fig. 2(g)-(1) of CMIET reveal a uniform distribution of iron (Fe)
and nitrogen (N) throughout the material, indicating a high degree of
homogeneity and consistency in the synthesis process. BET surface area
analysis (as detailed in Table S2 and Fig. S2) indicated that all three
resins possess a mesoporous structure. It is noteworthy that the specific
surface area, pore volume, and pore diameter of the CMIET-A resin are
20.331 m%/g, 0.0927 cm®/g, and 18.24 nm, respectively, which are
intermediate between those of CMIET-E and CMIET-M. These differ-
ences in properties are attributed to the presence of distinct functional
groups in the resins. Specifically, the CMIET-M resin features a short-
chain methyl group (-CH3) as its activation group, in contrast to the
CMIET-E resins, which contain a more extended ethyl group (-CH,CH3).
The shorter alkyl chain in CMIET-M is to contribute to its enhanced
surface area and reduced pore size, thereby augmenting the resin's
overall porosity and specific surface area. Furthermore, the results of
BET analysis indicate that the mixed-grafted material CMIET-A has a
larger specific surface area and average pore size, second only to the
long-chain uniformly grafted trimethylamine-functionalized material
CMIET-M. The more and longer triethylamine functional groups loaded
on CMIET-A cause significant steric hindrance due to the dense
arrangement of alkyl chains during the adsorption process, which in-
hibits the entry of multivalent ions. This, in turn, reduces the steric
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Fig. 2. SEM of porous magnetic resin: (a-b) CMIET-M, (c-d) CMIET-E, (e-f) CMIET-A; (g)-(1) EDS mapping scan image of CMIET-A.

hindrance for nitrate ions and increases the adsorption efficiency for
nitrate ions.

The Fourier-transform infrared spectroscopy (FTIR) spectra of the
magnetic resin skeletons CMIET, CMIET-M, CMIET-E, and CMIET-A
were depicted in Fig. 3. A broad absorption band centered at
3447 cm™! was observed and was assignable to the O-H stretching vi-
brations, indicative of the presence of hydroxyl groups within the resin
matrix skeletons. This phenomenon may arise from the saponification
reaction of some ester groups (O-C=0) in glycidyl methacrylate (GMA)

induced by sodium hydroxide during the synthesis of quaternary
ammonium functional groups. The weak bands at 2927 cm™!, corre-
sponding to the C-H stretching vibrations of methyl groups (-CHs), and
at 1731 cm™, attributed to the C=O stretching vibrations of ester
(-C=0-) groups, confirmd the integrity of the basic structural compo-
nents of the synthesized resins. A comparative analysis of the FTIR
spectra reveals that no new absorption peaks were introduced in CMIET-
M, CMIET-E, and CMIET-A relative to the pristine CMIET. However, a
notable reduction in the intensity of the peaks associated with epoxy

Transmittance(a.u.)

%

 CMIET-A

CMIET-E —— CMIET-M —— CMIET

2 1000-500

4000 3500 3000 2500

2000 1500 1000 500

Wavenumber (cm™)

Fig. 3. FT-IR of magnetic anion resin CMIET.
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groups (-O-CH2-CH3) was observed. This reduction suggested that the
amine group (-NH2) had undergone a nucleophilic ring-opening reac-
tion with the epoxy group (-O-CHy-CH3) on the resin skeleton, leading to
the formation of a covalent bond. This observation provided compelling
evidence for the successful activation and functionalization of the resin
skeletons with the respective amine-containing moieties.

The resin was characterized by thermogravimetric analysis (TGA), as
shown in Fig. 4(a)-(c), revealing that y-Fe;O3 constitutes approximately
18.5 % of the magnetic material. The hysteresis curves (Fig. 4(d)-(f)) of
CMIET-A, CMIET-M and CMIET-E showed that the hysteresis curves of
the three resins do not exceed the zero point, and the saturation mag-
netisation strengths are 8.12 emu/g, 8.71 emu/g and 8.58 emu/g,
respectively, and the residual magnetisation strengths are 2.06 emu/g,
2.213 emu/g and 2.19 emu/g, which showed that it is easy to enrich and
separate, and because the ferromagnetic material used in this material is
v-Fe203, the resin particles themselves are self-aggregating, so they can
be separated and recovered from the aqueous solution quickly under the
environment of no magnetic field. Although the self-aggregation of the
resin may reduce the accessible surface area and thus potentially
negatively impact adsorption performance, this self-aggregation pri-
marily occurs during the separation stage after adsorption is completed.
During the adsorption process, moderate stirring (e.g., 400 rpm as used
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in the experiments) is sufficient to disrupt magnetic interactions,
allowing the resin particles to disperse fully and ensuring effective
contact with pollutants. Therefore, self-aggregation is a controlled,
reversible behavior, and its negative impacts can be mitigated by
adjusting operational conditions. Moreover, compared to the time-
consuming gravitational sedimentation of traditional resins (which
may lead to resin loss and extended operational cycles), the rapid and
thorough separation induced by magnetism brings significant im-
provements in process efficiency, resin recovery rates, and operational
reliability, which far outweigh the minor potential impacts on adsorp-
tion rates.

3.2. Analysis of the adsorption performance of magnetic resins

3.2.1. Effect of dosage

As illustrated in Fig. 5(a), the capacity for NO3 removal by the
magnetic resins CMIET-M, CMIET-E, and CMIET-A is augmented with
increasing dosage, a phenomenon attributed to the concomitant
enlargement of the resins' total surface area and the concomitant pro-
liferation of adsorptive sites, which in turn escalates the likelihood of
interaction with NO3 [40]. The optimal dosage of 1.2 g/L was identified
as a pivotal threshold for these resins, affording NO3 removal efficacies
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of approximately 73.4 %, 61.2 %, and 72.6 % for CMIET-M, CMIET-E,
and CMIET-A, respectively. This dosage was selected for its efficacy in
achieving a balance between cost-minimization and the attainment of
adequate pollutant sequestration, thereby informing the protocol for
subsequent experimental analyses. Additionally, similar experiments
were conducted on the wet basis material, with the results shown in
Fig. S3. It was found that the adsorption capacity of the wet basis ma-
terial was comparable to that of the dry basis material. This may be
attributed to the poly(methyl methacrylate) backbone we prepared,
which has better hydrophilicity than the traditional polystyrene back-
bone, thereby maintaining a more open internal structure. Moreover,
the embedded y-Fe;O3 nanoparticles likely served as structural supports
within the polymer network, preventing the complete collapse of pores
in the dry state. These structural characteristics ensured that the qua-
ternary ammonium functional groups within the resin were highly
accessible in both dry and wet states.

3.2.2. Effect of pH

Fig. 5(b) elucidates the impact of pH on the adsorption of NO3 by
resins. Observations indicate that the adsorption rates of NO3 by the
three resins exhibit an increasing trend followed by a decrease as the pH
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value rises, reaching peak values at pH 5 or 6, with adsorption capacities
of 73.24 mg/g, 78 mg/g, and 79.16 mg/g, respectively. Further analysis,
as depicted in Fig. 5(c), shows that at pH = 7, the Zeta potentials of the
three resins are 15.14 mV, 3.33 mV, and 1.13 mV, respectively, with
their isoelectric points (IEP) all greater than 7. Consequently, at lower
pH values, the resin surface becomes positively charged due to proton-
ation, thereby facilitating adsorption of nitrate ions (NO3) through the
synergistic effects of electrostatic attraction and ion exchange. [2]. As
the pH value increases from 4 to 5, the concentration of competitive
chloride ions (Cl) introduced by the HCl used for pH adjustment
gradually decreases, which in turn enhances the adsorption rate [41].
When the pH value ranges from 6 to 10, the concentration of OH- in
water gradually increases, occupying active sites on the resin surface
and competing with NO3 for adsorption sites [2,34]. Additionally, the
Zeta potential measurements indicate that the resin surface gradually
becomes negatively charged, transforming the electrostatic attraction
between the resin and NO3 into electrostatic repulsion [42]. It is note-
worthy that, although CMIET-M exhibits the most outstanding adsorp-
tion performance at pH 6 and 7, CMIET-A also shows excellent
adsorption performance over a broader pH range and is less affected by
pH changes. It is due to the quaternary ammonium is permanently
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charged and not protonation-dependent. CMIET-E demonstrates a
similar trend, with its adsorption performance being less influenced by
pH. This phenomenon can be mainly attributed to the effect of the
triethylamine functional groups. Compared with trimethylamine func-
tional groups, triethylamine is less prone to excessive protonation under
acidic conditions and less likely to undergo rapid deprotonation under
alkaline conditions. Therefore, its adsorption performance is relatively
less affected by pH changes and remains more stable.

Further corroborated by DFT calculations. The chemical interactions
and active sites of the two quaternary ammonium functional groups
were predicted through molecular electrostatic potential (MEP) analysis
[43]. As shown in Fig. 6, the blue and red regions represent negative and
positive electrostatic potentials, respectively. The nitrogen atoms in the
quaternary ammonium groups (blue) exhibit the most negative

Trimethylamine
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electrostatic potential, while the positive charges are primarily localized
on the hydrogen atoms, indicating their strong electrophilic nature. The
nitrogen atoms in the triethylamine functional groups have higher
electronegativity than those in the trimethylamine functional groups,
implying that the hydrogen atoms in triethylamine have a stronger
electrostatic attraction to nitrate ions (NO3). Additionally, the chemical
reactivity of different molecules was assessed using frontier molecular
orbital (FMO) theory. The lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO) typically represent
the electron-accepting and electron-donating characteristics of a mole-
cule, respectively [44]. As clearly seen in Fig. 6, the LUMO is predom-
inantly localized on the C-H bonds, indicating that the alkyl groups play
a crucial role in providing electrons to NO3. Moreover, Fig. 6 show that
trimethylamine has a lower LUMO energy (1.71 eV) than triethylamine

Triethylamine

HOMO

-4.57 eV

1.71 eV

Fig. 6. Maps of molecular electrostatic potential (MEP), HOMO and LUMO for Trimethylamine and Triethylamine.

1.91eV
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(1.91 eV), suggesting that trimethylamine is more prone to accepting
electrons from protons, thereby facilitating protonation. This is one of
the reasons why trimethylamine resin is more susceptible to pH varia-
tions in adsorption performance compared to triethylamine resin.

Since CMIET-A is a mixed-grafted resin, this structure enables it to
have a more balanced adsorption performance under different pH con-
ditions. Under acidic conditions, the trimethylamine part can contribute
to the adsorption process, while the triethylamine part can also partic-
ipate in the adsorption, providing additional adsorption sites or
engaging in synergistic interactions with the adsorbate. Under alkaline
conditions, the stable adsorption capacity of triethylamine can
compensate for the reduced adsorption ability of trimethylamine. The
experimental results show that, although the adsorption capacity of
CMIET-A resin varies under different pH conditions, its overall adsorp-
tion ability remains strong, indicating that the resin has excellent acid
and alkali resistance and is a highly promising material. Moreover,
considering that the pH value of NO3z-containing wastewater in actual
industrial water bodies typically fluctuates around neutrality (6-9), the
solution pH was adjusted to 7 in the subsequent experiments to better
simulate real-world conditions.

3.2.3. Effect of external ions and organic molecules

Fig. 5(d) illustrates the impact of co-existing anions and organic
molecules on the NO3 adsorption capacity of three types of resins,
resulting in a varying degree of reduction. This phenomenon can be
attributed to the competitive adsorption sites offered by the anions and
organic molecules on the resin surface [45]. For the external ions, the
influence of co-existing anions on the adsorption of NO3 by magnetic
resins is as follows: PO?( > SO?{ > CI™. The lower valence anion (Cl")
exerts a minimal effect on the adsorption process, indicating that the
magnetic resin CMIET-A exhibits a high selectivity for NO3 in the
presence of high concentrations of Cl". In contrast, higher valence an-
ions have a significant inhibitory effect on NO3 adsorption, which is not
only due to competition for active adsorption sites but also due to steric
hindrance effects from surface pores and functional groups, further
exacerbating the adsorption barrier of NO3 [46]. Additionally, under
the same molar concentration, higher valence anions carry more elec-
trons, and due to the repulsion of like charges, the removal efficiency of
NOs3 tends to decrease [47]. The removal efficiency of NO3 is also
related to the charge-to-radius ratio (z/r). Hu et al. [48] found that the
charge-to-radius ratio of anions directly correlates with their affinity for
adsorbents. The higher the charge-to-radius ratio, the stronger the af-
finity of the adsorbent, leading to stronger interactions [33]. The order
of PO3™ (3/2.30) > SOF~ (2/2.24) > NO3 (1/1.65) > Cl~ (1/1.81) is
consistent with their impact on NO3 removal efficiency. Similarly, to
simulate real water bodies, this study investigated the effect of different
concentrations of competing ions on nitrate adsorption in the presence
of 10 mg/L of humic acid (HA, equivalent to approximately 5 mg/L
dissolved organic carbon, DOC). As shown in Fig. 5(g)-(i), the influence
of anions on the resin's adsorption of NO3 exhibited a similar trend to
that in Fig. 5(d), with nitrate adsorption decreasing as the concentration
of competing ions increased. Additionally, as shown in Table 1, the
distribution coefficient Kd (L/g) for nitrate was highest for CMIET-A
resin, consistent with the results in Fig. 5(d)-o. To further demon-
strate the effect of different competing ions (30 mg/L) on nitrate
adsorption at low concentrations (<50 mg/L) in Fig. 5()-(1). The results
indicate that as the concentration of NO3 increased, the growth in
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adsorption capacity slowed and the removal rate began to decline due to
the limited number of adsorption sites and competition from other ions.
Nevertheless, under nitrate concentrations of less than 50 mg/L, the
CMIET resin achieved nitrate adsorption efficiencies of over 85 %, and in
some cases, complete adsorption.

It is noteworthy that, compared to CMIET-A and CMIET-E resins,
CMIET-A demonstrates both a high adsorption capacity and stronger
selectivity for NO3. This may be attributed to the fact that it contains
two quaternary ammonium functional groups at the same time. Relative
to CMIET-E, CMIET-A incorporates trimethylamine, which has a lower
molecular weight than triethylamine, facilitating more efficient activa-
tion and occupation of a greater adsorption space on the resin skeleton
[49]. In contrast to CMIET-M, the introduction of long-chain ethylene
groups in the quaternary ammonium functional groups renders
CMIET-A more hydrophobic and confers a stronger electrostatic
attraction, thereby enhancing its selectivity for NO3 adsorption [42,50].
The synergistic effects of these two types of functional groups endow
CMIET-A with a robust NO3 removal capability, even in the presence of
chloride salts.

3.2.4. Reusability, stability and compared with other adsorbents

In practical applications, the regenerative efficacy of an adsorbent is
a critical metric for assessing its practical utility. In this study, we have
selected a mixed solution of 0.1 M NaOH and 5 M NaCl as the regen-
erant. The specific regeneration procedure is as follows: 0.3 g of resin is
placed in 500 mL of the regenerant solution and agitated at 150 rpm for
120 min at room temperature. After agitation, the resin is rinsed with
deionized water until neutral and then reused for the next adsorption
cycle. Additionally, the spent regenerant is collected in a dedicated
alkali-resistant container for centralized treatment. As depicted in Fig. 5
(e), the capacity retention of the resins still keep in 90.22 %, 87.80 %,
and 87.97 % of the initial removal efficiency, respectively, after 20 re-
cycles. This decrement may be ascribed to the deactivation of some
functional groups on the resin and the partial blockage of pores due to
residual adsorbate [51]. Despite a slight decrease in adsorption effi-
ciency, the CMIET series resins still exhibit excellent adsorption per-
formance for NO3, which can be primarily attributed to the stability of
the CMIET backbone. As a result, CMIET-A demonstrates remarkable
stability and reusability in the removal of NO3. Additionally, we have
made a rough estimation of the energy consumption and chemical costs
per cubic meter of treated water. The cost associated with the core
chemicals (mainly NaCl, with NaOH being secondary) is approximately
1.71 RMB, while the electricity cost for the entire process is only about
0.13 RMB. Thus, the total direct operating cost per cubic meter of
treated water is estimated to be around 1.84 RMB.

Moreover, Fig. 7 illustrates that the CMIET resin particles aggregate
into flocs in water due to their inherent magnetism, thereby significantly
enhancing the sedimentation rate. As further demonstrated in Fig. 7 and
Video 1, the CMIET resin achieves complete sedimentation within 20 s,
with a sedimentation rate of 1.08 cm/s, facilitating rapid separation of
the resin from water. This characteristic not only enables the use of
lower resin concentrations and shorter retention times but also facili-
tates the implementation of continuous resin exchange and regeneration
processes. Additionally, this addresses the issue of equipment footprint,
reducing the spatial requirements.

Supplementary data related to this article can be found online at htt
ps://doi.org/10.1016/j.pnsc.2026.01.003

Table 1
Nitrate distribution coefficients Kd (L/g) in different concentration of coexisting anions.
Samples PO3 ™~ (mg/L) SO%~ (mg/L) Cl~ (mg/L)
100 250 500 100 250 500 100 250 500
CMIET-M 0.3970 0.1916 0.1052 0.3086 0.1626 0.1135 0.8838 0.4585 0.1880
CMIET-E 0.2067 0.1166 0.0805 0.1650 0.1248 0.0843 0.4850 0.2512 0.1216
CMIET-A 0.4829 0.2419 0.1226 0.3512 0.1909 0.1331 1.1543 0.6260 0.2577
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To evaluate the stability of the resin, this study measured the content
of iron (Fe) and nitrogen (N) in the resin under a pH range of 4-11, after
10 and 20 cycles of use, after abrasion, and after soaking in NaClO so-
lution.as shown in Fig. 5(f), Through inductively coupled plasma (ICP)
and total organic carbon (TOC) analysis, it was found that the resin
exhibits extremely high stability. Even under acidic conditions with a pH
of 4, the release of Fe and N was minimal, well below the World Health
Organization (WHO) standard of 0.3 mg/L for Fe and the Chinese Na-
tional Standard for Drinking Water (GB5749-2022) limit of 3 mg/L for
total nitrogen (TN). This excellent stability is likely due to the resin's
high chemical stability and low dosage. Additionally, the size variation
of the resin after 20 adsorption cycles was investigated. The results
showed that the resin size remained stable between 250 and 350 pm,
with a slight increase in average size compared to the initial dimensions.
This may be due to the incomplete desorption of ions and organic matter
adsorbed on the resin over long-term use, which also explains the
decreased efficiency in nitrate adsorption during cyclic use.

Furthermore, Table 2 summarizes previous studies on the removal of
nitrate by different resins. Compared with other adsorbents, the porous
magnetic resin synthesized in this study exhibits a higher adsorption

Table 2
Comparison of synthesized porous magnetic resins with reported high adsorp-
tion performance resins for nitrate removal.

Samples Temperature(K) Qe(mg/g) References
PEGDA-MTAC 293 59.83 [52]
ALR-AE 298 44.41 [53]
CS-MNB 298 6.48 [54]
Relite A490 298 37.91 [55]
PHA-300W 298 3.6 [56]
D890 298 43.81 [571
Purolite A 520E 298 142.6 [58]
L20 298 145.08 [59]
Skeleton CMIET 293 11.24 This study
CMIET-M 293 84.84 This study
CMIET-E 293 52.86 This study
CMIET-A 293 74.11 This study
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Fig. 7. (a)The settling diagram of CMIET resin in water; (b) The state of CMIET resin inwater; (c) magnetic field lines under a resin microscope.

capacity even at a temperature 5 °C lower than that typically used for
conventional resins. Although two types of resins were reported to have
higher adsorption performance than the CMIET resin, these resins lack
ferromagnetism and thus do not match the separation efficiency of the
CMIET resin. Overall, the CMIET resin not only has high adsorption
capacity but also offers the advantage of easy separation and recycling,
which strongly supports its further development and application.

3.3. Adsorption isotherm

The adsorption equilibrium experiments, as presented in Fig. 8(a)-
(c), demonstrate that the adsorption capacity of NO3 on the resin in-
creases with the enhancement of equilibrium concentration. This
increment is attributed to the reduction in mass transfer resistance be-
tween the solid and liquid phases as a consequence of increased con-
centration [28]. Moreover, the adsorption capacity escalates with the
elevation of temperature, a phenomenon attributed to the intensified
motion of NO3 at higher temperatures, which augments the probability
of interaction with the resin and consequently boosts the adsorption
capacity [60]. Additionally, the increase in temperature reduces the
viscosity of the solution, thereby facilitating the diffusion rate of NO3
through the external boundary layer into the internal structure of the
resin, culminating in an increased adsorption capacity [61].

To delve deeper into the adsorption process of NO3 on the resin, the
adsorption equilibrium data were fitted using both the Langmuir and
Freundlich isotherm models. The fitting results, as depicted in Fig. 8(a)-
(c) and Table 3, reveal that the Freundlich model exhibits higher cor-
relation coefficients than the Langmuir model for all three types of
resins. This suggests that the adsorption of NO3 on the resin is a het-
erogeneous multilayer process, characterized by non-uniform adsorp-
tion sites and the presence of multilayer stacking of NO3 on the resin
[62]. This behavior is likely ascribed to the abundance of quaternary
ammonium functional groups on the surface, which contribute to
chemical adsorption, in conjunction with the dense porosity, which fa-
cilitates physical adsorption [63,64]. Furthermore, a value of n greater
than 2 indicates that the adsorption process is facile [65,66].
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Fig. 8. The adsorption isotherms and fitting curves of NO3 on ion exchange resin at different temperatures: (a) CMIET-M,(b) CMIET-E, (c) CMIET-A; (d)Pesudo-first-
order and second-order kinetic models; (e)Intra-particle diffusion model; (f) Boyd model for nitrate adsorption on CMIET resin.

Table 3
Isotherm constants for nitrate adsorption by magnetic resins at different temperatures.
Samples Temp. (K) Langmuir Freundlich Sips
Qm(mg/g) Ky R? n Kp R? Qm(mg/g) ns Ks R?
CMIET-M 293 84.84 0.102 0.92 2.92 19.70 0.96 161.17 0.66 0.010 0.98
303 85.72 0.061 0.81 2.13 10.34 0.98 162.91 0.63 0.012 0.91
313 86.38 0.050 0.84 2.30 12.56 0.90 166.27 0.51 0.013 0.97
CMIET-E 293 59.65 0.041 0.84 2.33 10.17 0.93 87.05 0.65 0.021 0.85
303 65.29 0.060 0.87 2.88 12.53 0.97 93.89 0.64 0.023 0.95
313 80.21 0.058 0.72 2.79 10.87 0.84 106.15 0.76 0.021 0.92
CMIET-A 293 74.39 0.083 0.88 2.93 18.03 0.96 148.73 0.52 0.009 0.99
303 79.84 0.085 0.89 2.87 17.08 0.97 149.81 0.54 0.013 0.97
313 82.79 0.077 0.95 2.88 15.53 0.99 152.70 0.53 0.013 0.96

Additionally, the Sips model was employed in this study to further
analyze the adsorption process. The results indicated that the fitting
curve was closer to the Freundlich model, with the parameter ng
consistently less than 1. This finding demonstrates the heterogeneity of
the adsorbent surface, a broad distribution of adsorption site energies,
and the presence of multiple adsorption sites with varying energy levels.
Experimental findings reveal that the adsorption performance of
CMIET-A for NO3 can reach a maximum of 50 mg/L at 293K, reflecting
its superior adsorptive capacity (see Table 3).

3.4. Adsorption thermodynamics

In this study, the thermodynamic adsorption characteristics of NO3
on resins were investigated.

free energy, (KJ/mol); R is gas constant, 8.314 J/(mol-K) as see in
Table 4. The values of AG®° remain negative and decrease progressively
with the increment of temperature, signifying that the adsorption pro-
cess is a spontaneous endothermic reaction, with higher temperatures
being conducive to adsorption. The range 40 kJ > AH > 0 suggests that
the adsorption process involves both physical and chemical adsorption
mechanisms [51,67]. A positive AS° indicates an increase in the
complexity of the solid-liquid interface irregularity, with the random-
ness of the adsorption system escalating [68]. This randomness
enhancement is attributed to the displacement of water molecules
originally adsorbed on the adsorbent surface during the concurrent

Table 4
Thermodynamic parameters of CMIET-M, CMIET-E, CMIET-A.

k) — qe Samples Temp.(K) AH° (kJ-mol’l) ASY (J»mol’l-K’l) AG° (kJ<mol’l)
=22

Ce CMIET-M 293 7.765 29.52 —8.69
303 —8.95
Ink, _AS AH 313 —9.75
R RT CMIET-E 293 7.561 27.04 ~7.95
303 -8.15
AG=AH-TAS 313 —8.49
CMIET-A 293 5.725 20.73 -6.15
where the kq is thermodynamic equilibrium constant, (L/g); AS is en- g?g *2-[2‘2

tropy change, (J/mol-K); AH is enthalpy change, (KJ/mol); AG is gibbs
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Table 5
Pesudo-first-order and second-order kinetic model constants for nitrate
adsorption on porous magnetic resins at 293 K.

Samples Qe,exp Pesudo-first-order Pesudo-second-order

(mg/g)

Qe,cal 10k;  R® Qe,cal 100k, R*
(mg/g) (mg/g)
CMIET- 92.90 89.01 4.324 0.8718 91.97 1.201 0.9031
M
CMIET- 52.86 51.39 2.760 0.8613 53.98 1.011 0.9915
E
CMIET- 74.11 71.96 2.285 0.8557 75.22 0.5 0.9734
A

adsorption of NO3 [2], which is a favorable process for NO3 adsorption.
Notably, compared to CMIET-M and CMIET-E, CMIET-A exhibits smaller
absolute values for AH, AS, and AG®, yet it still demonstrates a high
adsorption capacity for NO3. This could be attributed to a higher pro-
portion of physical adsorption in the adsorption process of CMIET-A.

3.5. Adsorption kinetic

Fig. 8(d) delineates the adsorption kinetics of NO3 onto three distinct
resins. It is evident that the removal of NO3 is markedly rapid within the
initial 30 min and reaches equilibrium within 45 min. The adsorption of
NOs3 onto the resins is predicated on the electrostatic attraction between
NO3 and the grafted quaternary ammonium groups, thereby facilitating
rapid adsorption [68]. Notably, CMIET-A exhibit superior adsorptive
performance towards NOgz, which is attributed to the reduced steric
hindrance conferred by the methylamine functional groups [69]. The
adsorption kinetics fitting models and parameters (Table 5) indicate that
the process predominantly conforms to the pseudo-second-order kinetic
model (R% = 0.9031, 0.9915, 0.9734), suggesting that the adsorption is
primarily a chemisorption process, involving the sharing or exchange of
electrons between the resin and NO3 [70]. The particle diffusion model
(Fig. 8(e)) reveal that the adsorption of NO3 onto the resins occurs in
three distinct phases [71]: (1) Film diffusion: NO3 rapidly diffuse from
the solution to the active adsorption sites on the resin surface, resulting
in a swift increment in adsorption capacity; (2) Pore diffusion: As the
adsorptive active sites on the resin surface gradually diminish, the
adsorption rate decreases, and the adsorption capacity rises slowly as
NO3 adsorbs from the resin surface into the internal pores and cavities;
(3) Adsorption equilibrium: The adsorptive sites become saturated, and
the repulsive forces between NO3 molecules in the liquid and solid
phases reach a balance. Also, the analysis of the model parameters from
Table 6(a) demonstrates that CMIET-A exhibits the highest adsorption
capacity and rate, followed by CMIET-M and CMIET-E, respectively.
This is evidenced by the highest ki, 1, kip, 2, and kjp, 3 values for CMIET-A,
indicating its superior intraparticle diffusion rate. Furthermore, the
intercept C values are all greater than zero, indicating that intraparticle
diffusion is not the sole rate-determining stage in the adsorption process,
which is also controlled by film diffusion [41]. Similarly, analysis using

Table 6
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Fig. 9. The simulation adsorption systems and interaction energies of NO3 and
CMIET resin.

the Boyd model (Fig. 8(f) and Table 6(b)) indicates that the constant is
not zero, suggesting that liquid film diffusion is a limiting factor in the
adsorption process.

3.6. Theoretical simulation

To explore the adsorption performance of CMIET-A for NO3 in the
presence of NaCl, a simulated adsorption system of NO3 on CMIET resin
was designed and constructed, and the interaction energy was calcu-
lated. As shown in Fig. 9 and Table, the interaction energies between
NO3 and CMIET-A resin are all negative values, indicating that the
adsorption processes are spontaneous, which is consistent with the
conclusions in Section 3.1.3. Moreover, the order of the absolute values
of interaction energies between NO3 and CMIET-A, CMIET-M, and
CMIET-E is: CMIET-A > CMIET-M > CMIET-E, further confirming the
excellent adsorption performance of CMIET-A for NO3. Through mo-
lecular dynamics simulations, the diffusion coefficient of NO3 on CMIET
resin was revealed from a theoretical calculation perspective. As shown
in Table 6, the mean square displacement (MSD) value of CMIET-E is
0.2043 A?%/ps, higher than that of CMIET-M (0.1751 A%/ps) and CMIET-

Parameters of (a) intra-particle diffusion model and (b)Boyd model of nitrate adsorption by CMIET at 293K

(a) Samples intra-particle diffusion modelling

Kip,1 95 % CI G R? Kip,2 95 % CI Cy R® Kip,3 95 % CI C3 R?
CMIET-M 13.80 + 3.86 45.02 £ 9.45 0.855 1.53 £ 0.17 80.71 £ 0.77 0.932 0.419 + 0.21 89.21 + 1.69 0.599
CMIET-E 10.32 + 2.23 14.85 + 5.46 0.910 2.06 + 0.22 39.79 + 1.02 0.933 0.354 £ 0.003 49.37 + 0.031 0.999
CMIET-A 19.66 + 0.06 5.65 + 0.15 0.999 3.41 +£0.24 54.28 + 1.08 0.971 0.475 £ 0.05 69.33 + 0.41 0.977
(b) Samples Boyd model
K 95 % CI B R?
CMIET-M 0.046 + 0.008 1.379 + 0.17 0.803
CMIET-E 0.09 + 0.007 0.575 £ 0.16 0.946
CMIET-A 0.063 + 0.009 0.888 + 0.249 0.830
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Table 7
The interaction energy calculation results and the value of mean square displacement (MSD).
CMIET-M CMIET-E CMIET-A CMIET-A-NO3 CMIET-A-CI CMIET-A-SO%’
AE(kcol/mol) —203.016 —166.808 —226.177 —238.731 —205.272 —287.715
DMS(A%/ps) 0.1751 0.1462 0.2043 0.2461 0.1893 0.2899

A (0.1462 ;\2/ps). This may be attributed to the fact that the structure of
CMIET-A effectively reduces the spatial steric hindrance effect, enhances
its interaction with NO3, and thus reduces the resistance in the diffusion
process. Furthermore, taking CMIET-A resin as an example, the influ-
ence of competing ions on nitrate adsorption was verified, as shown in
Table 7. Among the competing ions, sulfate ions exhibit higher binding
energy and diffusion coefficients than nitrate ions, whereas chloride ions

have lower binding energy and diffusion coefficients than nitrate ions.
This explains why sulfate ions have the greatest impact on adsorption,
while chloride ions have the least impact in the competitive adsorption
experiments. In summary, CMIET-A demonstrates outstanding adsorp-
tion performance for NO3 in the presence of NaCl. Its structural char-
acteristics provide significant advantages in the adsorption process,
offering theoretical support for practical adsorption applications.
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Fig. 10. Before and after nitrate adsorption: (a) FT-IR image; (b) full XPS image; (c),(d) O 1s XPS spectrum; (e),(f) C 1s XPS spectrum; (g),(h) N 1s XPS spectrum; (i),

(j) Fe 2s XPS spectrum.
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3.7. Mechanism of adsorption

Fourier-transform infrared (FT-IR, Fig. 10(a)) spectroscopy analysis
before and after adsorption revealed that the stretching vibrations of
NO3 led to a significant enhancement of the absorption peak at
1383 cm ™}, which further confirms the adsorption of NO3 on CMIET-M.
Similarly, XPS wide-scan spectra (Fig. 10(b)) showed that, compared
with pre-adsorption CMIET-A, the binding energy peaks of O and N on
post-adsorption CMIET-A were significantly enhanced, which also
proves the adsorption of NO3 on CMIET-A.

The adsorption thermodynamics and kinetics studies elucidated in
the preceding text indicate that the adsorption of NO3 on CMIET-A is a
composite process involving both physical and chemical adsorption,
characterized by multilayer adsorption. The monolayer adsorption on
the surface is predominantly chemical in nature, while the multilayer
adsorption is primarily physical. Post-adsorption BET data (Table S2)
reveal a reduction in the specific surface area, pore volume, and pore
size of CMIET-E after adsorption, which substantiates the resin's NO3
adsorption via a pore-filling mechanism [72].

To further elucidate the chemical adsorption mechanism of NOgs, the
XPS narrow spectra of CMIET-A were measured before and after
adsorption. The O1s spectra (Fig. 9(c, d)) revealed that the relative area
of the C=0 peak decreased from 46.52 % to 39.66 %. Meanwhile, the
C1s spectra (Fig. 10(e) and (f)) showed that the area of the O-C=0 peak
decreased from 11.22 % to 8.76 %, and the binding energy shifted from
289.04 eV to 288.99 eV. These changes indicate a significant alteration
in the chemical environment surrounding the C=0 group, thereby
confirming the presence of hydrogen bonding interactions between C=0
and NOg3. Additionally, Fig. 10(a) shows that the -OH peak (3428 cm’l)
and O=C-O peak (1724 cm™!) were attenuated to a certain extent after
adsorption, further demonstrating the hydrogen bonding interactions
between the functional groups of the resin and NOs. The post-
adsorption Cls spectra (Fig. 10(e) and (f)) also revealed that the pro-
portion of the C-N peak increased from 19.58 % to 28.66 %, and the
binding energy shifted from 285.42 eV to 285.58 eV. This phenomenon
can be attributed to the attraction between the electron clouds of the
carbon atoms adsorbed on the quaternary ammonium functional groups
and the nitrogen atoms in NO3. The enhanced interaction between them
increases the electron density around the carbon atoms, thereby
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enhancing the signal intensity of the C-N peak. The N 1s spectra (Fig. 10
(g) and (h)) more clearly show the enhancement of the N 1s character-
istic peak after adsorption, further confirming the adsorption of NO3 by
CMIET-A. The pre- and post-adsorption N 1s narrow-scan spectra show
that the peak corresponding to protonated amine [7] (-N*, 402.36 eV)
shifted by 0.17 eV, and a typical NO3 peak (406.34 eV) appeared after
adsorption. These results indicate that the quaternary ammonium
groups on the resin surface adsorbed NO3 through electrostatic attrac-
tion and ion exchange. Furthermore, Fig. 10(i), (j) shows that a slight
decrease in the Fe 2p peak area and a shift in the binding energies of Fe
2p1/2 and Fe 2p3/2 from 724.1 eV to 710.8 eV-723.8 eV and 710.4 eV,
respectively, suggest that NO3 may be adsorbed onto the resin through
metal bond bridging involving the iron core [73].

The adsorption mechanism is depicted in Fig. 11. In summary, the
adsorption process involves NOs contacting the material surface,
diffusing through pores into the abundant internal channels, undergoing
ion exchange with chloride ions, electrostatic interactions with quater-
nary ammonium groups on the resin surface, surface metal bond
bridging with trivalent iron, and hydrogen bonding with oxygen-
containing functional groups (-COOH, -OH). Collectively, these in-
teractions accomplish the adsorptive removal of NO3.

4. Conclusion

This study has successfully developed a novel mixed-grafted ion
exchange resin, CMIET-A, for efficient NO3 removal from water.
Comprehensive experimental results demonstrated that CMIET-A
exhibited superior adsorption performance for NO3 over a wide pH
range (4.0-11.0), achieving a maximum adsorption capacity of
approximately 82.79 mg/g. The adsorption process was well described
by the Freundlich isotherm model and the pseudo-second-order kinetic
model. Characterization results indicated that the adsorption mecha-
nism is a heterogeneous multilayer process, dominated by ion exchange
and involving electrostatic attraction, hydrogen bonding, and metal
bridging. The resin maintained a NO3 removal rate of over 70 % after 10
adsorption-desorption cycles, highlighting its stability and reusability.
Molecular dynamics simulations further revealed that the higher bind-
ing energy and molecular diffusion coefficient between CMIET-A and
NOs3 contributed to its excellent adsorption performance, even in the

1. Surface adsorption
and internal diffusion

3. Ion exchange

4. Hydrogen bond

Fig. 11. Mechanism of nitrate removal by porous magnetic resin.

164



Y. Zong et al.

presence of competing chloride ions. Overall, this study introduces a
promising adsorbent for NO3 removal, offering a potential solution to
address NO3 pollution in industrial and environmental contexts. Future
work should focus on scaling up the resin synthesis and conducting pilot-
scale studies to evaluate its long-term performance and economic
feasibility in real-world applications.
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