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Eutrophication caused by nitrogen and phosphorus pollution has become a global
environmental concern. Traditional removal methods, such as biological treatment and
chemical precipitation, often face challenges like high costs and secondary pollution.
Clinoptilolite, a natural low-cost zeolite, has attracted attention due to its ion exchange
capacity and porous structure, but its low phosphorus adsorption and limited nitrogen
selectivity restrict wider application. This study investigates how inorganic, organic, and
composite modifiers regulate the structure and surface properties of clinoptilolite and
explores their effects on the thermodynamics of ammonium (NH4"-N) and phosphate
(PO+*"-P) adsorption. Modified zeolites—iron-modified (Fe-Z), cetyltrimethylammonium
bromide-modified (CTAB-Z), and iron—CTAB composite-modified (Fe-CTAB-Z)—were
prepared via impregnation or ion exchange. Characterization was conducted using XRD,
SEM, BET, FTIR, XPS, and zeta potential analysis. Adsorption isotherms were measured
at 298 K, 308 K, and 318 K, and thermodynamic parameters (AG°, AH°, AS®) were
calculated using Langmuir, Freundlich, and Dubinin-Radushkevich models and the Van’t
Hoff equation. Results showed significant adsorption selectivity: Fe-Z achieved a
maximum NHa*-N capacity of 20.5 mg/g (138% higher than raw zeolite), while Fe-CTAB-
Z reached 15.8 mg/g for PO+*-P (a 778% increase), highlighting the synergistic effect of
composite modification on phosphorus adsorption. All modified zeolites exhibited
spontaneous, endothermic adsorption (AG® <0, AH® > 0). Notably, Fe-CTAB-Z had a AH°
of 28.6 kJ/mol for PO+*"-P, indicating enhanced adsorption strength. D-R model analysis
revealed chemical adsorption for Fe-Z and Fe-CTAB-Z (E = 10.2-12.5 kJ/mol), while
CTAB-Z showed physical adsorption (E < 8 kJ/mol). Structural analysis confirmed that
modifiers influenced adsorption spontaneity and stability by altering pore structure,
introducing functional groups, and modifying surface charge. This study provides
thermodynamic insights for designing nitrogen/phosphorus-selective adsorbents and
advancing zeolite applications in water pollution control.

1. INTRODUCTION

water purification due to their advantages of simple operation,
controllable cost, and material recyclability [3, 4].

Excessive nitrogen and phosphorus emissions leading to
eutrophication of water bodies have become a global water
environmental crisis. According to the latest survey data, more
than 60% of freshwater lakes and 45% of reservoirs worldwide
are under varying degrees of eutrophication stress. The
frequent occurrence of cyanobacterial blooms not only causes
depletion of dissolved oxygen in water and massive mortality
of aquatic organisms, but also releases secondary pollutants
such as microcystin toxins, which directly threaten drinking
water safety and ecosystem services [1, 2]. In traditional
nitrogen and phosphorus removal technologies, biological
treatment methods are poorly adapted to low-temperature and
low-concentration water, while chemical precipitation
methods generate large amounts of sludge, leading to
secondary pollution. Adsorption methods, on the other hand,
have become a core research direction in the field of deep

Clinoptilolite, as the most abundant natural zeolite in the
Earth's crust, has shown great potential for pollutant
adsorption due to its unique three-dimensional framework
structure, excellent ion-exchange properties, and low
acquisition cost. However, the raw material has significant
performance defects: the inherent negative charge on its
surface leads to strong electrostatic repulsion against
phosphate ions (PO+*"-P), and it lacks specific adsorption sites
for phosphorus, with a typical maximum adsorption capacity
for PO+*"-P usually less than 2 mg/g [5, 6]. Meanwhile, cations
such as Ca** and Mg?* coexisting in the pore channels compete
for exchange sites with ammonium nitrogen (NHa™-N),
resulting in insufficient selectivity for nitrogen adsorption.
Therefore, modifying the zeolite's structure and surface
properties has become the key to overcoming its performance
limitations [7]. However, most existing studies focus on the
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effect of single modifiers on the adsorption of nitrogen or
phosphorus components separately [8-10], lacking systematic
comparisons of the thermodynamic behavior of nitrogen and
phosphorus co-adsorption using inorganic, organic, and
composite modifiers. Moreover, how modification alters the
zeolite's crystal structure, pore characteristics, surface charge,
and other properties to quantitatively regulate thermodynamic
parameters such as enthalpy change (AH®) and entropy change
(AS®) remains unclear, greatly limiting the targeted design and
engineering application of efficient modified materials.
Zeolite modification technologies have formed three major
mature systems: inorganic, organic, and composite
modifications. Inorganic modification improves performance
by etching pores or introducing active sites. For example, acid
modifications such as hydrochloric acid can dissolve pore
impurities to increase surface area, enhancing NH4*-N
adsorption by 30%-50%. Metal ions such as Fe** and AI** can
be impregnated to introduce coordination sites, with Fe**-
modified zeolite achieving adsorption of PO+*-P up to 6-8
times that of the raw material [11, 12]. Organic modification,
such as using quaternary ammonium salts and chitosan,
regulates surface charge. CTAB, as a typical quaternary
ammonium salt, can be ion-exchanged onto the zeolite surface,
reversing the Zeta potential from negative to positive, thus
enhancing electrostatic adsorption of PO+ -P, although pore
blockage may reduce NHa4*-N adsorption performance [13].
Composite modifications, such as Fe**-CTAB, enhance
nitrogen and phosphorus adsorption performance through
synergistic effects of pore formation and charge modification,
outperforming single-modifier systems. However, most
related studies focus on performance characterization, with
insufficient analysis of the relationship between modification
mechanisms and thermodynamic behavior [14]. In terms of
adsorption thermodynamics, the Langmuir, Freundlich, and
Dubinin-Radushkevich models are used to fit monolayer
adsorption, heterogeneous adsorption, and distinguish
physical/chemical adsorption [15, 16]. Parameters such as
Gibbs free energy change (AG®), enthalpy change (AH°), and
entropy change (AS°) reveal the spontaneity, thermal effects,
and changes in system disorder during adsorption [17, 18].
However, current research shows significant gaps: most
studies only calculate parameters based on single-temperature
data, ignoring the potential adsorption mechanism changes
triggered by increasing temperature, which leads to deviations
in parameter interpretation. Additionally, there is a lack of
quantitative  explanations  for the thermodynamic
differentiation caused by modifier differences, such as the AH°
difference of 10-15 kJ/mol between Fe* and AlP*-modified
zeolites, and its relationship with surface functional group
types and coordination bond strength remains unclear [19, 20].
To address the above research gaps, this paper aims to
clarify the relationship mechanism between "modification
strategy - material structure - adsorption thermodynamics" and
break through the bottleneck of nitrogen and phosphorus
adsorption selectivity in clinoptilolite. FeCls-modified Fe-Z,
CTAB-modified CTAB-Z, and FeCl-CTAB composite-
modified Fe-CTAB-Z zeolites were prepared using
impregnation or ion-exchange methods. Raw zeolite (Raw-Z)
was used as a control, constructing a systematic comparison of
"single modification - composite modification - raw material."
The modification effects on material physicochemical
properties were analyzed from the perspectives of crystal
structure, morphology, pore channels, functional groups, and
charge characteristics using XRD, SEM, BET, FTIR, XPS,
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and Zeta potential testing. Adsorption experiments were
conducted at three temperatures (298K, 308K, and 318K), and
thermodynamic parameters were calculated by fitting with the
Langmuir model and using the Van’t Hoff equation,
quantifying differences in adsorption capacity, affinity, and
energy changes for NH+*-N and PO+*"-P in different modified
systems. Based on the correlation analysis of "characterization
parameters - adsorption performance - thermodynamic data,"
the intrinsic mechanisms of modifier regulation of nitrogen
and phosphorus adsorption thermodynamics were revealed.

The main innovations of this study are: first, focusing on the
selective differences in nitrogen and phosphorus adsorption,
constructing four groups of control systems with inorganic,
organic, composite modifications, and raw materials,
systematically  clarifying the relationship  between
modification type and thermodynamic characteristics, filling
the gap in the "selectivity mechanism" explanation in single-
modifier studies; second, combining post-adsorption XPS fine
spectra and Zeta potential tests to establish a quantitative
structure-activity relationship between "active site density -
surface charge intensity - thermodynamic parameters,"
breaking the limitations of purely performance-based
descriptions; third, adopting the D-R model combined with
multi-temperature  experimental methods to accurately
distinguish the contributions of physical and chemical
adsorption, providing direct support for the mechanistic
interpretation of parameters such as AH°.

The paper follows a logical structure of Methods, Results,
Discussion, and Conclusions. Chapter 2 describes the
preparation of modified zeolites, material characterization,
adsorption experiments, and data processing to ensure
reproducibility. Chapter 3 presents the characterization results,
adsorption isotherms, and thermodynamic parameters, with an
emphasis on the synergistic mechanism of Fe-induced pore
formation and CTAB-driven surface charge regulation in
nitrogen and phosphorus adsorption. Comparative analysis
with existing literature is also included. Chapter 4 summarizes
the main findings, clarifies application scenarios for Fe-Z in
high-ammonium water and Fe-CTAB-Z in high-phosphorus
water, and proposes future optimization directions. The study
offers theoretical and technical support for the targeted design
of modified zeolites and precise nitrogen/phosphorus control
in water treatment.

2. MATERIALS AND METHODS

Figure 1 shows the technical route of the adsorption
thermodynamic study of nitrogen and phosphorus by modified
clinoptilolite. This figure clearly presents the entire process of
this study: starting from the pre-treatment of natural
clinoptilolite, conducting single-factor experiments and
process optimization for inorganic FeCls, organic CTAB, and
composite Fe-CTAB modifications, followed by material
structure analysis using SEM, BET, etc. Afterward, multi-
temperature nitrogen and phosphorus adsorption isotherm
experiments and model fitting were performed to ultimately
clarify the adsorption thermodynamic mechanisms of
modified clinoptilolite for nitrogen and phosphorus.

2.1 Experimental materials

The natural clinoptilolite used in this study was collected
from the zeolite mining area in Lingshou County, Hebei



Province. To ensure the reproducibility and stability of the
adsorption experiments, the raw material was standardized for
pre-treatment. First, it was initially crushed using a jaw
crusher, then screened to obtain particles of 200 mesh using a
standard sieve. The particles were then repeatedly washed with
distilled water until the filtrate pH stabilized and the
conductivity was below 5 pS/cm, removing soluble impurities
and fine dust attached to the surface. Afterward, the material
was dried in a 105°C hot air oven for 4 hours, followed by
drying in a 60°C vacuum oven for 24 hours to completely
remove any residual moisture from the pore channels, and then
sealed and stored for later use. The main elemental analysis of
the pre-treated clinoptilolite was performed using an X-ray
fluorescence spectrometer. The results showed that its main
chemical composition was: SiO2 68.24%, Al>Os 12.56%, CaO
3.82%, MgO 2.15%, Fe203 1.98%, K20 2.74%, Na.O 1.32%,
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with the remaining trace elements accounting for less than 5%.
This composition conforms to the typical silico-aluminate
framework characteristics of clinoptilolite. The modifiers and
reagents used in the experiment, including Ferric chloride
hexahydrate FeCl:;:6H.O and Cetyltrimethylammonium
bromide CTAB, were of analytical grade and purchased from
Sinopharm Chemical Reagent Co., Ltd. Ammonium chloride
NH4Cl and Potassium dihydrogen phosphate KH:PO+ were of
extra pure grade, while Hydrochloric acid HCI and Sodium
hydroxide NaOH were of analytical grade, all purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. All
reagents were not further purified before use. The
experimental water was ultrapure water prepared using a
Milli-Q ultrapure water system with a constant resistivity of
18.2 MQ-cm to avoid interference from impurity ions during
the adsorption process.
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Figure 1. Technical route of adsorption thermodynamic study of nitrogen and phosphorus by modified clinoptilolite

2.2 Preparation of modified zeolites

In this study, three types of modified clinoptilolite were
prepared using differentiated methods to achieve targeted
control over material structure and surface properties. The
inorganic modified zeolite Fe-Z was prepared by the
impregnation-calcination method: 10.0 g of pretreated
clinoptilolite was accurately weighed, and 50 mL of 0.3 mol/L
FeCls solution, optimized in a preliminary experiment, was
added. The pH of the system was adjusted to 3.0 using 0.1
mol/L HCI or NaOH, and the mixture was then placed in a
30°C constant temperature water bath shaker at 150 rpm for 24
hours to ensure sufficient diffusion of Fe** onto the zeolite
surface and into the pores. After the reaction, the mixture was
filtered using a Biichner funnel and washed with distilled
water until no Cl™ ions were detected in the filtrate. It was then
dried at 105°C for 8 hours and calcined at 500°C for 2 hours
in a muffle furnace to enhance the chemical bonding of Fe**
with the zeolite framework. After cooling, the product was
ground and passed through a 100-mesh sieve for later use.

The organic modified zeolite CTAB-Z was prepared by ion-
exchange method to regulate the surface charge characteristics
of the material: 10.0 g of pretreated clinoptilolite was weighed,
and 50 mL of 0.1 mol/L CTAB solution, optimized for this
purpose, was added. The mixture was placed in a 40°C
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constant temperature water bath shaker at 120 rpm for 12
hours, allowing CTAB molecules to be ion-exchanged and
loaded onto the zeolite surface and in the pores. After
filtration, the zeolite was washed with distilled water until no
residual surfactant was detected in the filtrate, then dried in a
60°C vacuum drying oven for 12 hours. This temperature was
chosen to prevent thermal decomposition of CTAB, resulting
in the positively charged CTAB-Z. The Zeta potential of
CTAB-Z shifted from negative to positive compared to the raw
zeolite, which significantly enhanced its electrostatic
adsorption capacity for PO+*~-P.

The composite modified zeolite Fe-CTAB-Z was prepared
using a two-step method to integrate the synergistic
advantages of inorganic and organic modifications: Fe-Z was
first prepared according to the inorganic modification process
described above. Then, 5.0 g of Fe-Z was taken as the carrier,
and 25 mL of 0.1 mol/L CTAB solution was added. The
mixture was placed in a 35°C constant temperature water bath
shaker at 150 rpm for 18 hours, allowing CTAB to be further
loaded onto the Fe-Z surface via ion-exchange. The
subsequent processing steps were identical to those for organic
modification, i.e., filtration, washing to remove residual
surfactants, and drying at 60°C in a vacuum for 12 hours. This
process introduces Fe** coordination sites first, followed by
surface modification with positively charged CTAB. This



maintains the chemical adsorption ability of Fe-Z for PO4*-P
while enhancing the adsorption force through CTAB's charge
regulation. The porous structure of Fe-Z also alleviates the
pore-blocking effect of CTAB, resulting in synergistic
enhancement of nitrogen and phosphorus adsorption
performance.

2.3 Material characterization methods

XRD analysis was performed using a Bruker D8Advance
diffractometer with CuKa radiation, wavelength A =0.154 nm,
tube voltage 40 kV, and current 40 mA. The scanning range
was set to 20 = 5°-80°, with a step size of 0.02° and a scanning
speed of 5°/min. The diffraction patterns were obtained to
analyze the impact of modification on the crystal structure of
clinoptilolite. The intensity changes of the characteristic
diffraction peaks of clinoptilolite at 26 = 9.8°, 11.3°, and 22.5°
were particularly focused on. The crystallite size was
calculated using the Scherrer equation, and the changes in
interplanar spacing were examined to determine whether the
modifier disrupted the integrity of the zeolite framework.

SEM observations were performed using a Zeiss Sigma 300
field emission scanning electron microscope at an accelerating
voltage of 15 kV and working distance of 8 mm. The samples
were coated with gold before observation in secondary
electron mode. Images were taken at magnifications of 500x,
2000%, and 5000% to analyze surface roughness, pore
distribution, and modifier loading states: the compactness of
the raw zeolite surface, the attachment of Fe oxide particles on
the Fe-Z surface, the thickness of the organic coating layer on
the CTAB-Z surface, and the synergistic attachment of Fe
oxide and CTAB in Fe-CTAB-Z. The morphological
differences were linked to the impact of pore structure changes
on adsorption mass transfer.

Surface area and pore size analysis were conducted using a
Micromeritics ASAP2460 physical adsorption analyzer, with
liquid nitrogen at 77K as the adsorbate and nitrogen gas as the
adsorbent. Before testing, the samples were degassed at 300°C
under vacuum for 6 hours to remove surface-adsorbed
moisture and impurities. The Brunauer-Emmett-Teller (BET)
model was used to calculate the specific surface area (Szzr),
and the Barrett-Joyner-Halenda (BJH) model was used to
analyze the total pore volume (Vi) and average pore
diameter (Dav). Adsorption-desorption isotherm types and
hysteresis loop patterns were recorded to assess the impact of
modification on zeolite pore structure, providing an
explanation for differences in adsorption capacity at the pore
structure level.

FTIR spectroscopy analysis was carried out using a
ThermoFisher NicoletiS50 spectrometer, with samples
prepared using the KBr pellet method. The scanning range was
set to 400—4000 cm ™ with a resolution of 4 cm™ and 32 scans.
The background-subtracted spectra were analyzed to identify
the evolution of surface functional groups. Key absorption
peaks were identified, including the -OH stretching vibration
at 3430 cm', the Si-O-Al stretching vibration at 1030 cm™,
the Fe-O characteristic peak at 580 cm™ in Fe-Z, and the C-H
stretching at 2920 cm™ and C-N stretching at 1480 cm™ in
CTAB-Z. The peak intensity and shifts were used to quantify
the changes in functional groups introduced by the modifiers.

XPS analysis was performed using a ThermoFisher K-
Alpha XPS system with A/Ko as the excitation source,
operating at a power of 150 W. The vacuum pressure in the
analysis chamber was below 1x107° Pa. Monochromatic X-
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rays were used to acquire full spectrum and high-resolution
narrow spectrum scans, with Cls as the internal standard for
charge calibration. The full spectrum analysis was used to
confirm the successful loading of modification elements such
as Fe and N, and the presence of P elements after adsorption.
The narrow spectrum focused on Fe2p, Nls, and P2p, and
peak fitting of the characteristic peaks was performed to
calculate the relative content of different oxidation states of
elements. This allowed for the establishment of a link between
surface chemical states and adsorption forces.

Zeta potential analysis was performed using a Malvern
Zetasizer NanoZS potential analyzer at a concentration of 0.01
g/mL in ultrapure water. The sample was sonicated for 10
minutes before measuring the Zeta potential at each pH level,
which was adjusted using 0.1 mol/L HCI or NaOH. Each pH
gradient was equilibrated for 5 minutes before measurement,
and the Zeta potential was measured in triplicate for each
sample. The Zeta potential-pH curves were used to analyze the
effects of modification on the zeolite surface charge, including
changes in the isoelectric point and the positive or negative
nature of the potential at different pH values. This analysis
directly correlated surface charge with the -electrostatic
adsorption capacity for PO+*"-P, providing a theoretical basis
for adsorption pH adaptability.

2.4 Data calculation

The equilibrium adsorption capacity is the fundamental
parameter for evaluating the adsorption performance of
modified zeolite. It is calculated by measuring the change in
nitrogen and phosphorus concentrations in the solution before
and after adsorption, using the following formula:

q@zw (1)

m

where, Co is the initial concentration, C, is the equilibrium
concentration, V is the volume of the solution, and m is the
mass of the adsorbent. This parameter directly reflects the
actual nitrogen and phosphorus capture capacity of the
modified zeolite per unit mass, and serves as a quantifiable
index for comparing the effectiveness of different
modification schemes.

The calculation of adsorption thermodynamic parameters is
the core analytical method of this study. These parameters can
reveal the spontaneity, energy change, and entropy change
characteristics of the adsorption process:

The Gibbs free energy change AG° is calculated by the
following equation:

AG’ =—RTInK, 2)
where, K; is the Langmuir adsorption constant, R is the gas
constant, and 7 is the absolute temperature. A negative value
of AG° indicates that the adsorption process is spontaneous,
and the larger the absolute value, the stronger the driving
force. In this study, AG° is used to compare the spontaneity of
nitrogen and phosphorus adsorption on different modified
zeolites, with a particular focus on how temperature affects
AG°, revealing how the introduction of modifiers alters the
thermodynamic driving force of adsorption.

The enthalpy change AH° and entropy change AS°® are
calculated using the Van't Hoff equation:



AH®  AS°
- +
RT R

Ink, €)

By plotting /nK; against 1/T, the slope and intercept of the
fitted line can be obtained. The sign of AH® distinguishes
between endothermic and exothermic processes, while AS°
reflects the change in the degree of disorder at the interface.
These parameters are used to analyze how modification
changes the thermal effects of adsorption and the entropy
change at the interface, providing thermodynamic support for
understanding the adsorption mechanism.

The calculation of these thermodynamic parameters not
only quantifies the differences in nitrogen and phosphorus
adsorption capacities of modified zeolites but also reveals the
essential characteristics of the adsorption process, providing
theoretical support for subsequent adsorption mechanism

analysis.
2.5 Model fitting

To gain a deeper understanding of the adsorption
mechanisms of modified zeolites for nitrogen and phosphorus,
this study uses three classic adsorption models to fit the
adsorption isotherms at different temperatures. Figure 2
presents a schematic diagram of the adsorption models for
modified clinoptilolite on nitrogen and phosphorus. This
diagram visually illustrates the adsorption mechanisms of
Langmuir monolayer adsorption, Freundlich heterogeneous
surface adsorption, and D-R physical/chemical adsorption,
along with the adsorption behavior of nitrogen and phosphorus
ions on the surface and in the pores of modified zeolite based
on the micropore structure characteristics of clinoptilolite.

(a) Langmuir monolayer adsorption model
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Electrostatic
attraction / Ton
exchange

After
adsorption

(b) Freundlich heterogeneous surface adsorption model
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Figure 2. Schematic diagram of adsorption models for modified clinoptilolite on nitrogen and phosphorus

The Langmuir model assumes that the adsorbent surface is
homogeneous and forms a monolayer adsorption, suitable for
evaluating the maximum adsorption capacity and adsorption
affinity of modified zeolite. The maximum adsorption
capacity g, obtained from the fitting can directly compare the
differences in adsorption capacity between different
modification schemes, and K; reflects the interaction intensity
between the adsorbent and the adsorbate. The specific model
expression is:

C

e

qe - quL qm

1

C

e

“)

The Freundlich model is suitable for multilayer adsorption
on heterogeneous surfaces. Its parameters Kr and 1/n reflect
the adsorption capacity and adsorption strength, respectively.
When this model fits better than the Langmuir model, it
suggests that the modification may have resulted in the
formation of energy-uneven adsorption sites on the zeolite
surface, which is crucial for understanding the complex
nitrogen and phosphorus adsorption process. The specific
model expression is:

Ing, =InK, +~InC, )
n

The D-R model distinguishes physical adsorption from
chemical adsorption by calculating the average adsorption
energy E=1/(28)'?, which is a key tool for revealing the
modification mechanism. By analyzing the variation of E, it is
possible to clarify how different modification schemes alter
the nature of the adsorption force, providing direct evidence
for explaining the intrinsic relationship between
"modification-structure change-adsorption mechanism." The
specific model expression is:

Ing, =Ing, - f&’ (6)
where, e=RTIn(1+1/C.) is the Polanyi potential, and f is the
activity coefficient. The average adsorption energy E=1/(28)"?
can be used to determine the adsorption type: E<8kJ/mol
indicates physical adsorption, and 8kJ/mol<E<16kJ/mol
indicates chemical adsorption. This model is especially useful
for distinguishing the nature of adsorption forces of modified
zeolites on nitrogen and phosphorus.

The model selection is based on R, ¥, and residual analysis,
and is judged in conjunction with the physical and chemical
significance. This study particularly focuses on how the model
fitting results reflect the modification effects on the surface
properties of zeolite and how these changes influence the
adsorption behavior of nitrogen and phosphorus.
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3. RESULTS AND DISCUSSION

To clarify the adsorption rate characteristics and "rate-
energy" coupling mechanism of different modified zeolites for
nitrogen and phosphorus, adsorption kinetics experiments
were conducted, and thermodynamic parameters were
correlated. As shown in Table 1, the coefficient of
determination for the pseudo-second-order kinetic model of all
modified zeolites (0.968—0.995) was significantly higher than
that for the pseudo-first-order model, indicating that the
adsorption process is primarily chemical adsorption. This
result aligns with the conclusion from the D-R model, which
suggested "chemical adsorption of PO+ -P on Fe-based
modified zeolites." The pseudo-second-order rate constant of
Fe-CTAB-Z (0.0062 g/(mg-min)) was significantly higher
than that of other samples, while its AH® (28.6 kJ/mol) and AS°

(85.2 J/(mol-K)) were the highest, reflecting the "high energy
driving high adsorption rate" coupling relationship. The
introduction of Fe** coordination sites and positively charged
surfaces in the composite modification accelerated the
adsorption process. Furthermore, the rate control step for Fe-
Z involved pore diffusion, matching the structural feature of
"increased pore volume" observed in its BET characterization,
whereas CTAB-Z predominantly involved surface adsorption,
corresponding to its "micropore blockage" in the pore
structure. These results confirm that the modification strategy
adjusts the adsorption rate by regulating the adsorbent's
"surface active sites-pore structure-thermodynamic energy,"
with the synergistic effect of composite modification being the
core mechanism to simultaneously enhance adsorption rate
and thermodynamic driving force.

Table 1. Adsorption kinetic parameters of different modified clinoptilolite on nitrogen and phosphorus

Parameter Raw-Z Fe-Z CTAB-Z Fe-CTAB-Z
Rate Constant (min™) 0.012+0.001 0.021+0.002 0.009+0.001 0.028+0.003
Pseudo-First- Fitted Equilibrium
Order Kinetic Adsorption Capacity (mg/g) 7.8+£0.3 11.5+0.4 5.9+0.2 17.2+0.5
Model Cocfficient of 0.896 0.921 0.883 0.935
Determination
Rate Constant (g/(mg-min)) 0.0021+0.0002 0.0045+0.0003 0.0018+0.0002 0.0062+0.0004
Pseudo-Second- Fitted Equilibrium
Order Kinetic Adsorption Capacity (mg/e) 8.5+0.2 20.3+0.5 6.2+0.2 18.1+0.4
Model Cocfficient of 0.972 0.993 0.968 0.995
Determination
oo . Surface Surface Adsorption
Rate Control Step Pore D;fﬁlsmn Surface Ac}sorppon Adsorption (Chemical Coordination)
Dominates + Pore Diffusion . .
Dominates Dominates
Corresponding Enthalpy Change (kJ/mol) 8.3+0.5 25.34+0.8 12.6+0.6 28.6+1.0
Thermodynamic Entropy Change
Parameters (J/(mol K)) 42.1£2.0 72.5£3.0 45.84€2.0 85.243.5
-2 e cruBz mg/g. This result highly matches the structural characteristics
2 % © s Freundlich model . . . s
g O FEZ gy A of Fe** coordination sites and the positively charged surface
£ s Fo-CTAB-Z s S introduced by the composite modification. Moreover, the
gBT e o Langmuir model fitting curve of all samples showed a
£ ~ = significantly better fit to experimental data compared to the
{ i Freundlich model, indicating that PO+*-P was adsorbed
"Rl O predominantly as a monolayer on the modified clinoptilolite
£ ' < surface. These results not only validate the hypothesis that
= ‘ s S "Fe*" coordination is the key driving force for enhancing
AR It/ PO+*~-P adsorption, and CTAB’s positive charge modification
4y y . g generates a synergistic adsorption effect with Fe'," but also
= W provide experimental support for the calculation of subsequent
0 1 1 |

0 20 80

PO

40 o0
P equilibrium concentration

Figure 3. Adsorption isotherms of different modified
clinoptilolite for PO+*-P (298 K)

To clarify the regulation effects of different modification
strategies on the adsorption performance of clinoptilolite for
PO+*-P and to reveal the isothermal characteristics of the
adsorption behavior, adsorption isotherms for PO+*-P on
modified clinoptilolite were measured at 298 K and fitted to
models. As shown in Figure 3, the equilibrium adsorption
capacity of Fe-CTAB-Z for PO+*"-P was significantly higher
than that of the other samples. When the equilibrium
concentration of PO+ -P reached 80 mg/L, its equilibrium
adsorption capacity approached 16 mg/g, followed by Fe-Z.
CTAB-Z had the lowest adsorption capacity, approximately 3
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adsorption thermodynamic parameters and the interpretation
of the modification mechanism. Additionally, they confirm
that the composite modification strategy can effectively
overcome the limitations of single organic/inorganic
modifications, achieving efficient capture of PO+*~-P.

To investigate the effect of temperature on the adsorption
behavior of different modified clinoptilolite for PO+*"-P and
provide baseline isothermal data for the calculation of
thermodynamic parameters, multi-temperature adsorption
isotherms for PO+*"-P on the raw and modified clinoptilolite
were measured at 298 K, 308 K, and 318 K. As shown in
Figure 4, the equilibrium adsorption capacity of PO+*"-P on all
samples significantly increased with temperature, confirming
the endothermic nature of the adsorption process. The
adsorption capacity ranking of the modified samples remained
consistent at all temperatures: Fe-CTAB-Z > Fe-Z > CTAB-
Z > Raw-Z. Notably, Fe-CTAB-Z exhibited the highest



equilibrium adsorption capacity at 318 K, approaching 15
mg/g, much higher than that of the raw clinoptilolite (Raw-Z),
directly reflecting the synergistic enhancement effect of Fe**
coordination sites and the positively charged surface of CTAB.
Furthermore, the adsorption capacity of Fe-CTAB-Z increased
much faster than that of other samples as the equilibrium
concentration of PO+*"-P increased, and it approached a high
adsorption capacity even at lower equilibrium concentrations,
reflecting its stronger adsorption affinity for PO+’ -P. These
results not only support the hypothesis that "composite
modification can effectively overcome the performance

Raw-Z

limitations of single modifications and enhance the adsorption
capacity and affinity of clinoptilolite for PO+*"-P," but also
provide isothermal behavior data for the subsequent
calculation of AH®, AS°, and other thermodynamic parameters.
Moreover, they reveal the coupling effect of temperature and
modification strategy on the adsorption driving force. The
introduction of Fe-based active sites strengthens the positive
effect of temperature on adsorption, while CTAB’s charge
modification further amplifies this temperature-induced
enhancement effect.
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Figure 4. Multi-temperature adsorption isotherms of different modified clinoptilolite for PO+*"-P

Table 2. Effect of pH on the nitrogen and phosphorus adsorption performance of different modified clinoptilolite

Modified Zeolite pH NH4"-N Adsorption PO+ -P Adsorption Zeta Potential AG® (PO+#-P,
Type Group (mg/g) (mg/g) (mV) kJ/mol)
pH=3 6.1 1.2 -8.2 2.1
pH=5 7.8 1.6 -10.3 -3.5
Raw-Z pH=7 8.6 1.8 -12.5 -4.2
pH=9 7.2 1.5 -14.1 -33
pH=11 5.8 1.1 -15.7 -2.0
pH=3 18.2 9.5 +12.1 -5.6
pH=5 19.8 11.2 +10.3 -6.3
Fe-Z pH=7 20.5 12.3 +8.2 -6.8
pH=9 17.6 10.1 +5.7 -5.2
pH=11 15.3 8.2 +3.1 -4.0
pH=3 52 4.1 +8.5 -3.8
pH=5 5.8 4.8 +7.2 -4.5
CTAB-Z pH=7 6.3 52 +5.6 -4.9
pH=9 5.5 4.6 +3.9 -4.2
pH=11 4.7 3.9 +2.2 -3.5
pH=3 16.5 132 +14.8 -7.5
pH=5 17.8 14.5 +13.1 -8.2
Fe-CTAB-Z pH=7 18.2 15.8 +11.4 -8.8
pH=9 16.1 13.9 +9.2 -1.3
pH=11 14.5 12.1 +6.7 -6.1
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To clarify the regulation pattern of pH on adsorption
performance and the coupling relationship between surface
charge, adsorbate form, and thermodynamic spontaneity, this
study systematically measured key adsorption and
thermodynamic parameters at different pH levels. As shown
in Table 2, the NH4*-N/PO4+*"-P adsorption capacity and AG®
of all modified zeolites reached their peak values at pH=7. For
example, Fe-CTAB-Z had its maximum NH."-N adsorption of
18.2 mg/g, PO+*-P adsorption of 15.8 mg/g, and AG®° of -8.8
kJ/mol at pH = 7, which also corresponded to the optimal Zeta
potential at neutral pH. This matching originates from the fact
that at pH = 7, PO+*-P exists primarily as HPO+*", and its
negative charge density has the strongest electrostatic
interaction with the positive surface of Fe-CTAB-Z. At the
same time, the coordination bond between Fe** and HPO4?~ has
the highest bond energy, which together enhances the
thermodynamic spontaneity of the adsorption process. When
the pH deviates from 7, the adsorption behavior shows
noticeable changes: at pH=3, PO+ -P primarily exists as
H2PO4, and even though the Zeta potential of Fe-CTAB-Z is
higher, its PO+*-P adsorption of 13.2 mg/g and AG® of -7.5
kJ/mol are still significantly lower than at pH=7. At pH=11,
PO#~-P exists as PO+*, but the Zeta potential of the modified
zeolite decreases substantially, weakening electrostatic
matching, leading to a simultanecous decrease in adsorption
capacity and spontaneity. These results further reveal that pH
indirectly affects the thermodynamic driving strength of the
adsorption process by regulating the "surface charge-adsorbate
form" charge matching. The Fe-CTAB composite
modification strategy enhances the compatibility of surface
positive charge density and Fe** coordination sites under
neutral pH conditions, maximizing the adsorption efficiency
driven by thermodynamics.

To quantitatively analyze the thermodynamic driving
mechanisms of different modification strategies for NH4"-N
and PO+~-P adsorption on clinoptilolite, the Van't Hoff
equation was used to fit the relationship between temperature
and adsorption affinity, deriving AH® and AS°. As shown in
Figures 5 and 6, the [nK; of all modified zeolites significantly
decreases with 1/T, showing a linear trend that conforms to the
thermodynamic linear characteristics of the Van't Hoff
equation, confirming that temperature regulation of the
Langmuir  adsorption constant follows the basic
thermodynamic law. For the NH4"-N system, the slope
absolute value of Fe-CTAB-Z's fitting line is significantly
smaller than that of Raw-Z, corresponding to a lower AH® of
12.6 kJ/mol compared to Raw-Z’s 18.2 kJ/mol, indicating that
the Fe-CTAB composite modification weakens the
temperature dependence of NH4"-N adsorption. In the PO+*-P
system, the absolute value of Fe-CTAB-Z’s slope is the
largest, corresponding to a AH® of 28.6 kJ/mol, much higher
than Raw-Z’s 8.3 kJ/mol, indicating that composite
modification enhances the endothermic nature of PO+* -P
adsorption. Additionally, the intercept of Fe-CTAB-Z’s fitting
line (which is the highest in both systems) indicates that the
disorder of the system during adsorption increases the most,
which is related to the "Fe®" coordination sites + CTAB’s
positive charge surface" synergistically promoting the
interfacial exchange of nitrogen and phosphorus ions with
water molecules. These results quantitatively support the core
conclusion that "modification strategies selectively regulate
the thermodynamic behavior of nitrogen and phosphorus
adsorption." Composite modification enhances the chemical
driving force for PO.*-P adsorption while reducing the

1970

temperature sensitivity of NHs"-N adsorption. They also
provide thermodynamic quantification for the interpretation of
the adsorption mechanism: the high AH® of PO+*-P on Fe-
CTAB-Z corresponds to the chemical coordination interaction
between Fe*' and phosphate groups, while the low AH® of
NH4*-N  reflects ion-exchange-based physical-chemical
coupled adsorption.
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Figure 5. Van't HofT fitting plot of PO+*"-P adsorption on
different modified clinoptilolite
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Figure 6. Van't Hoff fitting plot of NH4*-N adsorption on
different modified clinoptilolite

4. CONCLUSION

This study systematically explored the regulation effects of
inorganic modification with FeCls, organic modification with
CTAB, and composite modification (Fe-CTAB) on the
nitrogen and phosphorus adsorption performance of
clinoptilolite. Through structural characterization using XRD,
SEM, BET, FTIR, Zeta potential, XPS, and the coupling of
adsorption kinetics, multi-temperature isotherms, and pH
influence experiments, thermodynamic parameters were used
to clarify the adsorption mechanism. The study shows that the
modification strategy optimizes adsorption performance by
directing the regulation of surface active sites, pore structure,
and charge properties of clinoptilolite: the introduction of Fe**
constructs a porous structure through lattice insertion and
oxide loading, providing chemical coordination sites, while
CTAB enhances the surface positive charge density through



quaternary ammonium groups. The composite modification
forms a synergistic effect of "porous-positive charge-multiple
active sites," significantly improving the maximum adsorption
capacity of Fe-CTAB-Z for PO+*"-P compared to single
modifications and raw zeolite. For NH4™-N, due to slight
micropore blockage by CTAB, Fe-Z is slightly better than Fe-
CTAB-Z. Kinetic fitting confirmed that the adsorption is
dominated by chemical adsorption, and thermodynamic
parameters showed that all adsorption processes are
spontaneous and endothermic. Fe-CTAB-Z had the highest
AHP® (28.6 kJ/mol) and AS° (85.2 J/(mol-K)), confirming the
synergistic effect of chemical coordination and electrostatic
adsorption. pH influence experiments further clarified that the
adsorption performance of all samples was optimal at pH=7.
Fe-CTAB-Z showed a wider pH application range due to the
synergistic effect of charge compatibility and coordination.
This research not only proposes an efficient strategy of
"inorganic-organic composite modification to enhance
nitrogen and phosphorus adsorption on clinoptilolite," but
also, through "structural characterization-performance testing-
thermodynamic/kinetic coupling" systematic analysis, reveals
the structure-performance-thermodynamic driving
relationship, providing theoretical guidance and technical
support for the directed modification of low-cost mineral
adsorbents and the control of nitrogen and phosphorus
pollution in water bodies.

Although this study clarified the nitrogen and phosphorus
adsorption mechanisms and performance advantages of
modified clinoptilolite, certain limitations remain: first, the
evaluation of adsorption performance is mainly based on
simulated wastewater systems, and the interference
mechanisms of high-concentration coexisting ions in real
water bodies on adsorption selectivity have not been fully
clarified; second, although the synergistic effect of composite
modification has been confirmed, the global optimization of
modification parameters and cost control has not been deeply
explored, and the lack of data on the adsorption agent’s cyclic
regeneration performance limits its quantitative evaluation of
engineering applications; third, the explanation of the
adsorption mechanism relies on static characterization,
lacking in situ dynamic characterization to track the real-time
evolution of ion diffusion and bonding during the adsorption
process, and the accuracy of the microscopic mechanism needs
further validation. Based on this, future research could focus
on three aspects: first, expanding to actual complex water
bodies such as aquaculture wastewater and municipal tailwater
to explore the interference mechanisms of coexisting ions and
optimize the adsorption process; second, using global
optimization tools such as response surface methodology to
determine  low-cost  modification  parameters  and
systematically evaluate the cyclic regeneration performance
and long-term stability of the adsorbent; third, combining in
situ characterization technologies with molecular simulations
to deepen the "ion-active site-pore interaction" mechanism
from a dynamic perspective, providing more direct theoretical
support for the precise design and performance enhancement
of adsorbents.
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