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To address the technical demands for controlling low-concentration phosphorus pollution
in rivers discharging into the sea, this study employed a thermally-assisted impregnation
method to prepare lanthanum nitrate-modified clinoptilolite. The effects of heat treatment
conditions (temperature and time) during preparation on the material's microstructure and
phosphorus removal performance were systematically investigated, with a particular focus
on revealing the thermodynamic behavior of the adsorption process. Characterization via
Scanning Electron Microscopy (SEM)-Energy Dispersive Spectroscopy (EDS),
Brunauer—Emmett-Teller (BET), and X-ray Diffraction (XRD) demonstrated that heat
treatment promoted the uniform loading of lanthanum hydrate onto the zeolite surface and
constructed a hierarchical micro-mesoporous skeleton structure, effectively reducing the
internal diffusion mass transfer resistance of phosphate ions. Adsorption thermodynamics
and kinetic fitting results showed that the Langmuir model (R? = 0.9834) and the pseudo-
second-order kinetic model (R? = 0.9961) provided the best fit. The theoretical maximum
adsorption capacity reached 7.94 mg/g, representing an approximately eightfold increase
compared to natural zeolite. Temperature effect experiments indicated that the removal rate
remained stable at 85%-89% within the range of 20-40 °C. However, excessively high
temperatures (>40 °C) disrupted the lanthanum hydration structure and complex stability,
manifesting as an exothermic adsorption characteristic. Activation energy and
thermodynamic parameters (AG°, AH®, AS®) calculated based on the Arrhenius and van 't
Hoff equations further confirmed that the adsorption process is a spontaneous, exothermic,
monolayer reaction dominated by chemical coordination. Validation using actual water
from six rivers in Qinhuangdao showed that the average removal rate in static adsorption
reached 73.3%, with all effluent total phosphorus concentrations meeting the Surface
Water Class III standard (<0.2 mg/L). In dynamic fixed-bed continuous flow tests, the
removal rate remained stable above 75% under low load fluctuations. This study
demonstrates that thermally-assisted lanthanum modification, through a triple mechanism
of enhancing chemical driving force, introducing phosphate-specific recognition sites, and
optimizing pore structure, endows the material with excellent adsorption capacity, rapid
adsorption kinetics, and good temperature adaptability. This provides thermodynamic
theoretical support and engineering technical references for the treatment of low-
phosphorus pollution in rivers discharging into the sea.

1. INTRODUCTION

selectivity and capacity of natural zeolite for phosphorus
removal are relatively limited, which restricts its large-scale

Phosphorus is a key limiting factor for eutrophication in
surface water bodies, and excessive total phosphorus poses
threats to regional ecological balance and drinking water
safety [1]. In Qinhuangdao, the Shihe River, Daihe River,
Yanghe River, etc., under the combined effects of non-point
source pollution and industrial and domestic wastewater,
excessive total phosphorus has become a key challenge in
local water environment management [2].

Zeolite is regarded as an ideal adsorbent due to its abundant
reserves, low cost, and good pore structure [3]. However, the
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application [4]. In view of the strong specific affinity between
lanthanum and phosphate, enhancing the phosphorus
immobilization capacity of zeolite through lanthanum
modification has become an important direction in water
treatment research both domestically and internationally. Luo
et al. [S] used a co-precipitation-hydrothermal method to
fabricate Lanthanum-modified natural Zeolite (LZ) and
Lanthanum-modified Magnetic Zeolite (LMZ). The study
showed that the phosphorus saturation adsorption capacities of
LZ and LMZ reached 122.7 mg/g and 109.17 mg/g,
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respectively. Chen et al. [6] applied lanthanum modification
technology to the field of fly ash synthetic zeolite, creating a
new application for material resource utilization. After
lanthanum series elements were loaded onto the pore size and
surface interface of synthetic zeolite, the phosphorus removal
efficiency increased significantly from less than 30% to
94.2%, with a performance improvement of approximately
65%.

Currently, lanthanum-modified zeolites are mostly prepared
by co-precipitation, hydrothermal treatment, or direct
impregnation. Co-precipitation and hydrothermal methods
may suffer from high energy consumption, uneven La
distribution, and pore blockage, whereas direct impregnation
often leads to limited La binding strength and easy La
leaching. Heat-assisted impregnation can regulate the
hydrolysis and polymerization of La and its interfacial binding
with the support through thermal treatment; however, the
relationship among heat-treatment conditions, structure, and
low-phosphorus adsorption thermodynamics remains unclear.
Existing studies have mostly focused on high-concentration
phosphorus or sediment passivation, and systematic studies on
low total phosphorus (TP < 0.5 mg/L) in rivers entering the
sea, with effluent meeting the Class III surface water standard
(£ 0.2 mg/L), are still insufficient. In particular, validation
using actual water bodies and dynamic continuous-flow
systems is lacking.

This study takes natural clinoptilolite as the substrate to
optimize the lanthanum modification preparation process.
Scanning Electron Microscopy (SEM)-Energy Dispersive
Spectroscopy (EDS), Brunauer—-Emmett-Teller (BET), X-ray
Diffraction (XRD), and other means are used to characterize
the microstructural evolution of zeolite before and after
modification. Combined with adsorption isotherms and kinetic
models, the adsorption performance is systematically
compared, the selective adsorption mechanism is revealed, the
influence of key environmental factors is explored, and the
characteristics of low-concentration phosphorus pollution
(mass concentration < 0.5 mg/L) in rivers discharging into the
sea are directionally adapted. On this basis, the modified
material is applied to the actual water bodies of typical rivers
discharging into the sea in Qinhuangdao. Static and dynamic
adsorption tests are carried out in combination with actual raw
water from rivers discharging into the sea to evaluate its in-
situ remediation prospects.

2. MATERIALS AND METHODS
2.1 Preparation of modified zeolite

The zeolite was rinsed three times with distilled water until
the wash water became clear, dried at 60—80 °C for 1 h, and
stored in a sealed container. The pretreated zeolite was
immersed in a 10 g/L lanthanum nitrate solution at pH 11,
shaken at 25 °C and 150 r/min for 10 h, and then placed in a
muffle furnace. Under an air atmosphere, the sample was
heated at a rate of 5 °C/min to 300 °C, held for 2 h, naturally
cooled to room temperature, and stored in a sealed container
[7-9].

2.2 Characterization analysis of modified zeolite

SEM was used to observe the surface morphology of zeolite
before and after modification and analyze the elemental
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composition. Before testing, the samples mounted on
conductive adhesive were gold-sprayed for conductivity
enhancement. A physical adsorption instrument was used to
measure the N> adsorption-desorption isotherms at 77.3 K to
obtain the specific surface area, pore volume, and pore size
distribution. XRD was used to analyze the phase composition
and crystallization characteristics. The test conditions were set
as Cu target, voltage 40 kV, current 40 mA, continuous
scanning at a speed of 10°/min in the range of 5°-90°, and the
sampling step width was set to 0.01719°.

2.3 Adsorption mechanism and Kinetic analysis of modified
zeolite

Langmuir and Freundlich models were used to fit the
isothermal adsorption data [10, 11]. The Langmuir model
assumes monolayer adsorption on a homogeneous surface,
where all active sites have the same energy, and the rates of
adsorption and desorption are equal at equilibrium until
adsorption saturation is reached. The Freundlich model is used
to describe adsorption on heterogeneous interfaces.

Pseudo-first-order and pseudo-second-order kinetic models
were used to fit the adsorption rate data. The pseudo-first-
order model uses concentration gradient as the driving force,
and the pseudo-second-order model involves chemical
bonding forces. Under actual working conditions, the
adsorption rate is often jointly limited by multiple mechanisms
[12-14], so it is not necessarily completely consistent with a
single reaction rate model in theory.

Ce/qe = Ce/qm + 1/(qmK1) M
logge = (1/n)logC. + logKr 2
log(qe — q) = logqe — (ke/2.303)t 3)
t/qe = 1/(ksqe’t) + t/qe 4

where, C. is the total phosphorus mass concentration at
adsorption equilibrium, mg/L; q. is the equilibrium adsorption
capacity, mg/g; Ky is the Langmuir isotherm coefficient; Kr is
the Freundlich isotherm coefficient; 1/n is the adsorption
constant.

2.4 Adsorption experiment design of modified zeolite

La-modified zeolite mainly adsorbs orthophosphate; TP
serves as an apparent indicator, while organic phosphorus and
particulate phosphorus need to be pre-converted. Static batch
experiments were used to study the phosphorus adsorption
performance of the modified zeolite and analyze its
thermodynamic and kinetic mechanisms. After adsorption
saturation, the mixture was allowed to stand for 30 min, and
the supernatant was taken and measured at 720 nm by the
ammonium molybdate spectrophotometric method according
to GB 11893 [15]. Process parameters were optimized by the
single-factor method, as shown in Table 1.

2.5 Desorption and
experiments

performance reuse stability

The experimental design scheme for analyzing performance
and reuse stability performance is shown in Table 2, including
three parts: desorbent screening, evaluation of adsorption



performance after regeneration, and multiple-cycle stability
tests.

2.6 Actual water validation experiments

To investigate the phosphorus removal performance of the
modified zeolite in natural water bodies, six rivers discharging
into the sea in Qinhuangdao City—the Shihe River, Tanghe
River, Daihe River, Yanghe River, Yinma River, and Xinhe
River—were selected as the experimental raw water. After

sampling, the water samples were stored at low temperature
and protected from light, transported back to the laboratory
within 24 h, and allowed to settle naturally for 1-2 h to remove
large particles. The supernatant was vacuum-filtered through
a 0.45 um filter membrane. The Yanghe River and Yinma
River water samples were pre-oxidized with Na2S:0s to
eliminate organic interference. The pretreated water samples
were stored at 4 °C, and static adsorption experiments were
completed within 48 h.

Table 1. Experimental design for optimization of adsorption parameters

Research Factor

Fixed Parameters

Variation Levels

Initial solution pH

Zeolite particle size

Initial total phosphorus mass
concentration

Zeolite dosage
Reaction time

Reaction temperature

Initial mass concentration: 0.5 mg/L; particle size: 2—4 mm;
temperature: 25 °C; time: 1 h; dosage: 10 g/L
Initial mass concentration: 0.5 mg/L; dosage: 10 g/L; temperature:
25 °C; time: 1 h; pH: 9
Dosage: 10 g/L; particle size: 2—4 mm; temperature: 25 °C; time: 1 h;
pH: 9
Initial mass concentration: 0.5 mg/L; particle size: 2—4 mm;
temperature: 25 °C; time: 1 h; pH: 9
Dosage: 10 g/L; particle size: 2—4 mm; initial mass concentration: 0.5
mg/L; temperature: 25 °C; pH: 9
Dosage: 10 g/L; particle size: 2—4 mm; initial mass concentration: 0.5
mg/L; time: 1 h; pH: 9

4,6,7,8,9

1-2,2-4, 4-6, 6-8, 8-10, 10-12,
12-14, 14-16 mm

0.2-1.0 mg/L
5,10, 15,20, 25 g/L

15, 30, 60, 90, 120 min

5, 10, 15, 20, 25, 30, 40, 50,
60 °C

Table 2. Experimental design for desorption performance and reuse stability

léejleli‘g:l Experimental Method Result Comparison
Take 10 g of phosphorus-saturated lanthanum nitrate modified zeolite and place Measure the phosphate concentration
Desorbent it in 250 mL of NaOH, NaCl, and HCI solutions (concentrations: 3.0, 3.5, 4.0, in the desrz) tirz)n solution and
screening 4.5 mol/L, respectively). Stir at room temperature for 3 h. Deionized water is P .
used as the blank control. calculate the desorption rate (De).
Adsorption Filter, wash, and dry the desorbed zeolite. Conduct adsorption experiments under Measure? the removal rate aft@r
performance L o . regeneration and the regeneration
. the same conditions (initial total phosphorus mass concentration 0.5 mg/L, . _ .
evaluation after o . efficiency (7 = Rr / raw material
. dosage 10 g/L, 25 °C, 150 r/min, 3 h)
regeneration ’ ’ ’ ' removal rate X 100%).

Multiple-cycle
stability test

Using 4 mol/L NaOH as the regeneration solution, repeat the operation of
"adsorption — desorption — washing — drying — re-adsorption".

Measure the removal rate of each
cycle until the removal rate drops
below 20%.

1 1

1

Figure 1. Schematic diagram of the dynamic adsorption

experimental setup
Note: 1. Water tank 2. Peristaltic pump 3. Valve 4. Valve 5. Water sampling
port 6, 8-13 Valves 7. Flowmeter 14. Modified zeolite 15. Fixed adsorption
column 16. Support layer 17. Exhaust port 18. Pipe connection.

Dynamic experiments were conducted in an organic glass
column (inner diameter 3 cm, packing height 60 cm, packing
amount approximately 200 g). According to the setup in
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Figure 1, the flow passed through the adsorption column at a
velocity of 4 L/h, and the effluent total phosphorus was
measured every | h until adsorption breakthrough was
reached.

3. RESULTS AND DISCUSSION

3.1 Analysis of structural evolution and performance
enhancement mechanism of modified zeolite

3.1.1 Zeolite phase composition and elemental analysis

As can be seen from the SEM morphology characterization
(Figure 2), the zeolite before modification had a flat surface
with distinct edges and corners. After lanthanum nitrate
treatment, a significant texturing trend appeared on the carrier
surface, with a large number of fine particles attached, visually
demonstrating the successful loading of lanthanum sites [16].
EDS analysis further revealed the changes in chemical
composition: compared with the distribution of Ca (13.52
wt%) and Na (1.88 wt%) before modification, lanthanum
could be qualitatively and quantitatively detected after
modification, proving the stable immobilization of the active
component on the zeolite substrate. This conclusion is



consistent with the pseudo-second-order kinetics and
Langmuir thermodynamic model. EDS analysis indicates that
La was successfully loaded.

3.1.2 Specific surface area and pore structure analysis

In Table 3, the specific surface area of the zeolite after
modification decreased from 13.4655 m?/g to 9.6880 m?/g, and
the total pore volume decreased from 0.042699 cm’/g to
0.019728 cm?/g, indicating that the loading of lanthanum
species partially occupied the original pore structure of the
zeolite [17, 18]. The t-Plot micropore area increased
significantly from 0.1248 m%g to 2.4863 m?/g, the mesoporous
cumulative pore volume (Barrett-Joyner-Halenda, BJH)
increased from 0.018776 cm?3/g to 0.036788 cm?/g, while the
external surface area decreased from 13.3406 m?/g to 7.2017

o, DetETD-SE HY 15 Gear S-6iym MAG x 5000
Q0 wpgiemm HEW 25 62pm Res 16361024 Dwel Sus —2um—

m?/g. This characteristic of "increased micropores and
mesopores, decreased external surface area" is attributed to
lanthanum preferentially depositing on the outer surface and
mesoporous channels of the zeolite, while simultaneously
inducing the formation of new microporous structures inside.
Although the specific surface area decreased after
modification, the lanthanum loading provided high-affinity
specific adsorption sites (Langmuir model) [19], significantly
improving the mass transfer efficiency of phosphate, which
corresponds to the rapid initial adsorption rate of the pseudo-
second-order kinetics (k2 = 2.35). The essential improvement
of lanthanum modification lies in: chemical affinity replacing
physical specific surface area as the dominant factor in
adsorption.

(a) Characterization via Scanning Electron Microscopy (SEM)-Energy Dispersive Spectroscopy (EDS) image of zeolite before
modification

'CZ Det ETO-SE HY 15KV Gear 5-60pm MAG % 5000 DESO0
a WD 8.08mm HFW 25 62pm Res 153611024 Dwall 58 =2pm—t

(b) Characterization via Scanning Electron Microscopy (SEM) image of zeolite after modification
Figure 2. Characterization via Scanning Electron Microscopy (SEM)—Energy Dispersive Spectroscopy (EDS) analysis results

Table 3. BET analysis results before and after modification

. t-Plot . Total Pore BJH Adsorption
SNa;nnl::!e ]fgas(l:; f?c)e Lanj;z:la::/")f ace Micropore t;});;):xlg::g?? Volume Cumulative Volume (1.7—
g g Area (m%/g) g (em®/g) 300 nm) (cm?/g)
Zeolite before 13.4655 21.4495 0.1248 0.000054 0.042699 0.036788
modification
Lanthanum
modified 9.688 14.3632 2.4863 0.00106 0.019728 0.018776
zeolite

Note: BET = Brunauer—-Emmett—Teller; Barrett-Joyner-Halenda = BJH.
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3.1.3 X-ray Diffraction results analysis

As shown in the XRD pattern (Figure 3), the zeolite before
modification exhibited diffuse broad peaks in the range of 10°
to 30° indicating that its structure was predominantly
amorphous with relatively low crystallinity. After lanthanum
nitrate modification, the sample showed distinct characteristic
diffraction peaks at positions such as 15°, 28°, 30°, and 42°.
These peak positions highly coincided with the standard cards
of La(OH)s or La.0s phases, proving that the lanthanum
components were successfully loaded on the carrier surface
and established crystalline phases [20]. Based on the literature,
La is presumed to exist in hydrated/hydroxylated forms. The
XRD characterization confirmed the functional morphology of
lanthanum active sites from the aspect of phase composition.

3.2 Adsorption isotherm and Kinetic analysis of modified
Zeolite

Comparing the isotherm fitting data in Table 4 and Figure
4, the Langmuir model (R? = 0.9834) showed a better goodness
of fit than the Freundlich model (R?=0.9261). The theoretical
maximum adsorption capacity (qm) was 7.94 mg/g, with Ky =
0.149. The phosphorus removal capacity of natural zeolite is
generally difficult to exceed 1 mg/g, and the successful
loading of lanthanum greatly improved the material
performance. The Freundlich constant 1/n = 0.4009 (between
0.1 and 0.5), proving that the adsorption reaction has a good
spontaneous tendency and feasibility. Based on the kinetic
fitting data in Table 3 and Figure 4, the pseudo-second-order
model (R? = 0.9961) showed a significantly higher goodness
of fit than the pseudo-first-order model (R? = 0.9632). The
theoretical equilibrium adsorption capacity (q. = 0.0474 mg/g)
was close to the measured value, and its rate constant k> was
2.35 g/mg'min. The initial response rate increased

significantly [21], and equilibrium could be approached within
60 min.

N
[=]

——After modification

[+ TS T N
o o o o

Intensity/ (a-u)

[=]

n
[=]

Before modification

— (3] (") =
(= (=] (=) (=)

Intensity/ (a-u)

[=]

60 80 100

Figure 3. X-ray Diffraction (XRD) pattern analysis

Most of the lanthanum on the zeolite surface exists in the
form of hydrated oxide, capturing phosphate through ligand
exchange effect, and then forming stable inner-sphere
complexes [22, 23]. The essential improvement of lanthanum
modification lies in: (1) changing the adsorption driving force
from physical electrostatic interaction to coordination covalent
bond; (2) introducing specific recognition sites for PO+*"; (3)
changing the adsorption process from diffusion control to
chemical reaction control. The synergy of these three aspects
endows the modified material with both large adsorption
capacity and rapid adsorption kinetics.

Table 4. Adsorption isotherm and adsorption kinetic parameters

Langmuir Isotherm Adsorption Model

Freundlich Isotherm Adsorption Model

‘e . KL Adsorption o . Kr Adsorption
2 2
Fitting Equation R qm (Mmg/g) Constant Fitting Equation R 1/n Coefficient
y=0.1259x + y=0.4009x -
0.019 0.9834 7.94 0.149 0.8757 0.9261 0.4009 0.133
Pseudo-First-Order Kinetics Pseudo-Second-Order Kinetics
Fitting Equation R qe1 (mg/g) ki1 (1/min) Fitting Equation R2?  qe2(mg/g) k2 (g/mg-min)
y==—0.0156x — y=21.106x +
1 6443 0.9632 0.0227 0.0359 189 28 0.9961 0.0474 2.35
0.25
ERgE L
u
0.20 |
-1.2
0.15 |
3 ‘ % -1.3 - 5
0.10 | - g
14 |
u
0.05 o -1.5
i L]
O .OO L 1 I 1 L 1 I 1 _1 6 1 | 1 1 1 1
1.2 1.6 2.0 2.4 28 .16 -14 -1.2 1.0 -0.8 -0.6
Celq lgC

(a) Langmuir adsorption isotherm fitting plot
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(b) Freundlich adsorption isotherm fitting plot
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(c) Pseudo-first-order kinetics fitting trend line (d) Pseudo-second-order kinetics fitting trend line
Figure 4. Adsorption isotherm and adsorption kinetic plots
3.3 Adsorption parameter optimization and influence reaction time. The results are shown in Figure 5. The optimal
analysis adsorption conditions were: particle size 2—4 mm, dosage 1
g/L, time 60 min, room temperature, pH 7-9, suitable for raw
To further determine the phosphorus adsorption behavior of water with total phosphorus mass concentration < 0.5 mg/L,
the modified zeolite, a systematic evaluation was conducted with a removal rate of 85%-89% and adsorption capacity of
on key variables including pH, particle size distribution, initial approximately 0.041-0.043 mg/g.
phosphorus mass concentration, dosage, temperature, and
100 1 0.050 100 - Removal rate % 10.045
Adsorption capacity(mg/g)
80 | 80 | .
4 0.045 &0 10,040 5
& &
o = =
0\- S— ﬂ\a =
2 60 z o 60} =
g g E {0,035 &
E H0.040 § E S
g 40 g 2 40 g
o = = - =
v = 3 =
& 5 ~ 10.030 5
40.035 F Z
20 - Removal rate % 20+
Adsorption capacity(mg/g) 40.025
0 L L L L L L 0.030 0 I I I I I I I I
4 6 7 8 9 10 1-2 24 46 6-8 810 10-12 12-14 14-16
pH Particle size (mm)
(a) Effect of raw water pH on adsorption performance (b) Effect of different particle sizes on adsorption
performance
100 100 ¢ 10.06
Removal rate % J0.08
Adsorption capacity(mg/g)
95 -
G 80 - {0.05 %0
& &
. 90t H0.06 £ - 2
S g3 £
ko = =3
T 85t g g 60F 1004 §
= = g =
g 1004 2 £ 2
750k § =2 g‘
= . Z
7 40 F Removal rate % 40.03 &
75 L Adsorption capacity(mg/g
40.02
70 L— L L L L L 20 . L ' L . 0.02
0.2 0.3 0.4 0.5 0.8 1 0.5 1 15 2 25
Raw water mass concentration (mg/L) Zeolite dosage /g
(c) Effect of raw water mass concentration on (d) Effect of zeolite dosage on adsorption performance

adsorption performance
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(e) Effect of reaction time on adsorption performance

100 - 0.045

80 | -0.040
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Adsorption capacity (mg/g)

o
<

T

1
<
o
2
Ch
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Adsorption capacity (mg/g)

ol 10020
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Temperature/°C
(f) Effect of reaction temperature on adsorption
performance

Figure 5. Effect of optimization parameters on adsorption performance

Increasing the particle size (Figure 5(b)) from 2—4 mm to 8-
16 mm caused the removal rate to sharply drop from 86% to
52%, mainly due to insufficient effective specific surface area
and increased internal diffusion mass transfer resistance.
Increasing the dosage (Figure 5(d)) from 0.5 g to 1 g
significantly improved the removal rate, but excessive input
led to physical agglomeration between particles, reducing the
utilization rate of active sites and thus lowering the adsorption
efficiency. At initial mass concentrations (Figure 5(c)) < 0.5
mg/L, the results showed good phosphorus removal stability,
with the removal rate remaining above 84%. At excessively
high concentrations, the saturation effect of adsorption sites
reduced treatment efficiency. For adsorption time (Figure
5(e)), there was an instantaneous adsorption in the first 30 min,
and equilibrium was rapidly reached within 60 min. The pH
(Figure 5(a)) remained stable in the range of 6-10, with the
removal rate already above 85% at pH > 7. Considering
practical engineering conditions, the optimal pH range was
determined to be 7-9. The pH of natural water bodies (7.4—
8.6) falls exactly within this range. In alkaline media,
phosphate exists mainly as HPO+>", and the lanthanum hydrate
(La—OH) loaded on the zeolite surface forms stable inner-
sphere complexes (La—O—P) with it through ligand exchange,
releasing OH™ (La—OH + HPO+s# — La-O-P + OH"). At
reaction temperatures (f) in the range of 20—40 °C, the removal

30 Regeneration efficiency/%
20 |
10 - u
0 1 1
30 -

Removal rate after regeneration/%
20
10 - u
0 1 1
30 _

Desorption rate/%
20 F
ol L1l M
0 1 1

3 35 4 4.5

NaCl concentration (mg/L )
(a) Effect of NaCl concentration on regeneration
performance
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rate remained stable at 85%—-89%, indicating that room
temperature around 20 °C can meet the requirements for
efficient reaction. Excessively high temperature disturbances
would disrupt the integrity of the lanthanum hydrate structure
and the stability of the complex products. Considering the
actual temperature fluctuation range of natural water bodies
and engineering operating costs, room temperature was
selected as the operating temperature. These parameters
jointly regulate the efficiency and limits of the adsorption
process from different dimensions, including physical mass
transfer, chemical environment, and reaction kinetics [24].
The adsorption process is dominated by chemical interactions
and also exhibits rapid adsorption characteristics [25].

reuse

3.4 Desorption performance and stability

experimental analysis

To evaluate the disposal method, reuse potential, and
secondary pollution risk of the modified zeolite after
adsorption saturation, relevant experimental studies were
conducted. The desorption and regeneration tests showed in
Figure 6: NaOH had the best desorption effect, followed by
HCI, and NaCl was the worst. NaCl relied on relatively weak
ion exchange, resulting in the poorest performance.

%0 Regeneration efficiency/%

N .
70 ! -

80

Removal rate after regeneration/%

I .
60 1 1

:

80 _
Desorption rate/%

70

60 ] .

50 1 1

35 4 4.5
NaOH concentration (mg/L)

(b) Effect of NaOH concentration on regeneration
performance

(9]
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(c) Effect of HCI concentration on regeneration
performance
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(d) Removal rate and attenuation trend over five
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Figure 6. Effects of different desorbents concentration on regeneration efficiency and adsorption-regeneration cycle

performance
Note: Regeneration efficiency n = removal rate after regeneration / raw material removal rate (89%) x 100%; Desorption rate De = amount of phosphorus
desorbed / amount of phosphorus adsorbed x 100%.

Mechanistically, OH™ can competitively break the La—P
inner-sphere coordination bond to achieve phosphorus
desorption, while H* can only dissociate electrostatically
adsorbed phosphorus and has difficulty decomposing stable
complexes. During the cycling test (Figure 6(d)), the
phosphorus removal rate dropped from 71% in the first cycle
to below 20% in the fifth cycle. This was mainly controlled by
factors such as irreversible occupation of active sites,
lanthanum loss caused by repeated acid—base treatment, and
physical damage to the microporous structure. The study
found that the alkali regeneration mode can reduce solid waste
pressure and achieve phosphorus recovery to some extent, and
the risk of lanthanum leaching under conventional operation is
relatively low. In contrast, if the saturated adsorbent is directly
landfilled, there is a potential environmental risk of trace
lanthanum leaching and phosphorus re-release due to long-
term leaching, but direct landfill of saturated material carries
the risk of lanthanum leaching and phosphorus re-release
caused by long-term leaching.

3.5 Total phosphorus removal application of modified
zeolite in actual rivers discharging into the sea

Six typical rivers discharging into the sea in the
Qinhuangdao area (Shihe River, Tanghe River, Daihe River,
Yanghe River, Yinma River, and Xinhe River) were selected
for practical application tests. The pH of the water samples
from each river ranged from 7.86 to 8.90, which falls within
the suitable adsorption range of the modified zeolite.

In static tests (Figure 7(a) and (b)), the average removal rate
of modified zeolite for the six river water samples was 73.3%,
and the effluent total phosphorus was reduced to 0.021-0.175
mg/L, all meeting the Surface Water Class III standard (<0.2
mg/L). Four of them met the Class II standard (<0.1 mg/L),
with a standard deviation of parallel experiments less than
1.6%. The dynamic breakthrough curve Figure 7(c) showed
that: for low-concentration rivers (Co = 0.12—0.15 mg/L), the
effluent total phosphorus was always below 0.13 mg/L, with a
removal rate >75% and a flat curve; for medium-concentration
rivers (Co = 0.28-0.29 mg/L), the removal rate was 55%—76%
in the first 5 h; for high-concentration rivers (Co = 0.37 mg/L),
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breakthrough was approached after 7 h. Both modes followed
the pattern of "high removal rate at low concentration, low
removal rate at high concentration," which is consistent with
the Langmuir model. The initial dynamic removal rate (55%—
76%) was lower than the static rate (70%—76%) because the
liquid—solid contact time was limited (approximately 2.1 min),
and some active sites within the pores had not yet reached
saturation. Compared with simulated water, competing anions
(SO+>", HCOs7, etc.) and natural organic matter in natural
water bodies competitively occupied the lanthanum active
sites, significantly shortening the breakthrough time in actual
water bodies (the high-concentration Yanghe River reached
breakthrough in only 7 h). Under low-concentration conditions
(Co < 0.2 mg/L), the modified zeolite still achieved a removal
rate >75%, and the effluent quality met the Surface Water
Class III standard, indicating that it has good phosphorus
removal performance and operational stability in micro-
polluted water bodies. Under low concentration (Co < 0.2
mg/L), the removal rate was >75%, and the effluent met the
Class III standard, indicating its potential for engineering
applications.

(a) Total phosphorus concentration of influent and effluent in
static adsorption
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Figure 7. Phosphate removal performance of lanthanum-modified zeolite for actual water samples from the main rivers in
Qinhuangdao

3.6 Economic analysis

Based on the optimized process parameters from laboratory
experiments, a preliminary calculation of the preparation cost

of lanthanum nitrate modified zeolite and the water treatment
cost was conducted (main raw material prices were estimated
at market average prices, excluding labor and equipment
depreciation). The results are shown in Table 5.

Table 5. Cost estimation for preparation of modified zeolite and water treatment

Cost Item Consumption Unit Price (yuan) Subtotal (yuan)
Natural zeolite 1.0t 700/t 700
Lanthanum nitrate 0.10t 8,500/t 850
Water and electricity — — 180
Total (per ton of modified zeolite) ~1,730
10 kg/t water 1.73 Yuan/kg ~17.3 Yuan/t water

Water treatment chemical cost (dosage 10 g/L)
NaOH regeneration cost (averaged over 5 cycles)

~0.2 Yuan/t water

Note: Lanthanum nitrate is calculated based on an impregnation concentration of 10 g/L and a solid-liquid ratio of 1:10. In actual production, the impregnation
solution can be recycled, further reducing the cost.

Under the optimal adsorption conditions (dosage 10 g/L,

treating raw water with total phosphorus < 0.5 mg-L™,
removal rate 85%—-89%), the material cost for treating 1 ton of
water is approximately 17.3 yuan. After 5 cycles of
regeneration, the regeneration chemical cost is approximately
3.46 yuan/t water, and the unit treatment cost further decreases
with increasing cycle number. Compared with commercial
lanthanum-based phosphorus-locking agents (approximately
20,000-30,000 yuan/ton), this material has a significant raw
material cost advantage. Compared with conventional
coagulation methods, although this material requires a
relatively larger initial dosage, it has advantages such as
recyclability and regeneration, no secondary pollution, and
phosphorus resource recovery potential. The preparation cost
of lanthanum nitrate modified zeolite is approximately 1,730
yuan/ton, corresponding to a unit water treatment chemical
cost of approximately 1.73 yuan/ton water. Combined with its
good regeneration performance, it has good economic
feasibility for low-concentration phosphorus pollution
treatment in rivers discharging into the sea. It should be noted
that the risks of La leaching and phosphorus re-release during
long-term use still need to be further evaluated.

4. CONCLUSIONS

(1) XRD, SEM-EDS, and BET indicate that La was
successfully loaded and that the pore structure was altered.

XRD supports the presence of La(OH)s/La.Os crystalline
phases, suggesting that La exists in hydrated/hydroxylated
forms. Ligand exchange is considered the main mechanism. A
micro-mesoporous hierarchical structure was formed, and this
hierarchical pore system effectively reduces mass transfer
resistance, which is consistent with the fast adsorption
kinetics.

(2) In terms of fitting of thermodynamic and kinetic models,
the Langmuir model and pseudo-second-order kinetics
showed high adaptability, confirming that the adsorption is
monolayer  chemical adsorption. After lanthanum
modification, the physicochemical properties of the zeolite
were well optimized, with a theoretical maximum adsorption
capacity of 7.94 mg/g. The adsorption mechanism changed
from physical diffusion to chemical reaction rate control.

(3) The optimal phosphorus removal conditions for
lanthanum nitrate modified zeolite are: particle size 2—4 mm,
dosage 1 g/L, time 60 min, room temperature, pH 7-9. It is
suitable for raw water with TP < 0.5 mg/L, with a removal rate
of 85%-89%. The driving force changed from physical

electrostatic interaction to coordination bond dominated by
ligand exchange, overcoming the limitation of natural
materials' adsorption failure in near-neutral water bodies.

(4) Field validation on six rivers discharging into the sea in
Qinhuangdao showed that the static phosphorus removal rate
of the modified zeolite remained stable at an average of 73.3%,
and the effluent total phosphorus met the Surface Water Class
IIT standard. In dynamic continuous flow tests, the interception
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rate remained above 75% under low phosphorus load, with a
smooth breakthrough curve, showing robust phosphorus
removal resistance under complex background. Lanthanum
modification  significantly —improved the adsorption
performance and water quality compatibility of zeolite through
driving force enhancement, specific site anchoring, and pore
structure optimization, providing a key technical path for the
standard-reaching treatment of low-concentration phosphorus
pollution (<0.5 mg/L) in rivers discharging into the sea.
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