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ABSTRACT: Glyphosate is one of the most extensively used organophosphorus herbicides; however, its
excessive application and environmental residues have severely threatened aquatic ecosystems and human
health. In this study, a highly efficient lanthanum-modified zeolite (LMZ) adsorbent was synthesized via a
hydrothermal method, and its adsorption behaviors and underlying mechanisms for glyphosate removal
were systematically investigated. LMZ exhibited exceptional adsorption performance over a broad pH
range of 3.0-7.0, achieving a maximum adsorption capacity of 217.39 mg/g. The adsorption process was
well described by the Langmuir isotherm and pseudo-second-order kinetic models, indicating a monolayer
chemisorption process. Notably, LMZ demonstrated remarkable adsorption selectivity and excellent
regenerability, maintaining a high adsorption capacity even after five consecutive adsorption-desorption
cycles. In practical application assessments with simulated wastewater, glyphosate removal efficiency
exceeded 90% at an adsorbent dosage of 7.5 g/L. Furthermore, dynamic column experiments confirmed
that LMZ could maintain effective continuous adsorption, highlighting its substantial application potential
for treating glyphosate-contaminated wastewater. X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopic characterizations revealed that this outstanding adsorption capability is primarily driven by
inner-sphere complexation induced by ligand exchange at the La-OH active sites.
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1. Introduction

N-(phosphonomethyl)glycine (glyphosate) is a broad-spectrum, low-residue, non-selective, and highly
effective organophosphorus herbicide [1]. Due to these advantages, it is used extensively worldwide.
According to relevant statistics, global annual use of glyphosate has surged from 67 million kg in 1995 to
826 million kg in 2014. Between 2005 and 2014, a staggering 6.1 billion kilograms of glyphosate were
used worldwide, and it is projected to reach 7.4 to 9.2 million tons by 2025 [2,3]. The extensive use of
glyphosate results in residues remaining in plants, entering the soil system, and being washed into water
systems through precipitation. Glyphosate exhibits persistence, stability, and high toxicity in the
environment [4]. It can persist in plants for decades or even longer [5] and easily leaches from plant roots
into the soil [6]. The half-life of glyphosate and its metabolites in soil can reach up to 958 days [7].
Moreover, glyphosate can cause endocrine disruption and even DNA damage [8,9]. Compared to other
aquatic pollutants, glyphosate poses unique challenges due to its massive global consumption and distinct
organophosphorus  characteristics [10,11]. Therefore, the treatment of high-concentration
organophosphorus pollutants is of significant environmental importance.

Currently, the main methods for treating glyphosate-containing wastewater include biological
treatment, adsorption, and advanced oxidation processes [12—14]. However, advanced oxidation and
biological treatment methods may produce AMPA, a byproduct that is even more toxic than glyphosate
itself, during the treatment process [ 15]. In comparison to these two methods, adsorption has the advantages
of simple design, non-toxicity, low cost, and high removal efficiency, making it widely used in practical
applications. To date, a variety of adsorbents have been developed for glyphosate removal. Among the
numerous metal-based phosphate adsorbents, lanthanum-based adsorbents have been extensively studied
due to the strong affinity of lanthanum, good metal stability, and strong anti-interference ability [16].
Compared with conventional, cheaper transition metals such as iron or aluminum, lanthanum, acting as a
hard Lewis acid, exhibits a significantly higher specific affinity for phosphate groups (hard Lewis bases).
This specific inner-sphere complexation enables lanthanum-based materials to maintain superior adsorption
capacities and high selectivity even in the presence of complex competing anions and over a broader pH
range. For example, Wu et al. used a hydrothermal method to load lanthanum oxide onto diatomaceous
earth, creating a highly efficient phosphate adsorbent. Through electrostatic interactions, ligand exchange,
and Lewis acid-base interactions, the maximum phosphate adsorption capacity reached 58.7 mg P/g [17].
Similarly, Wei et al. prepared lanthanum-doped ordered mesoporous hollow silica spheres, achieving a
maximum phosphate adsorption capacity of 47.89 mg P/g [18]. Jin et al. utilized lanthanum-modified
copper tailings, thereby increasing their phosphate adsorption capacity from 0.73 mg/g to 7.07 mg/g [19].
Jia et al. developed a lanthanum-modified biochar adsorbent, which achieved a phosphate adsorption
capacity of 124.61 mg P/g at 25 °C [20].

As a widely used class of adsorbents, zeolites have garnered significant attention in environmental
remediation due to their well-defined porous structures, high specific surface areas, and exceptional ion-
exchange capacities. While traditional zeolites synthesized from pure chemical reagents are highly effective,
their substantial production costs often limit large-scale applications. Consequently, the synthesis of
zeolites using various low-cost natural materials and industrial solid wastes as precursors has emerged as
an economically and environmentally viable strategy. For example, Cyrille et al. synthesized zeolites using
natural kaolin, which exhibited maximum adsorption capacities of 780, 600, 1000, and 1300 mg/g for Sr**,
In**, Ni**, and Co?", respectively [21]. Sivamani synthesized mesoporous zeolite Y using rice husk ash as
the raw material, achieving a maximum adsorption capacity of 3.38 mg/g for As(V) [22]. Chang et al.
explored the optimum processing parameters for the synthesis of zeolite from coal gangue; the findings
demonstrated that, under the optimal conditions, the maximum adsorption capacities toward Cd and Pb
reached 181.3 and 419.9 mg/L, respectively [23].
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In our previous research, an efficient adsorbent of lanthanum-modified zeolite was synthesized from
fly ash using a hydrothermal method, and the material exhibited good phosphate adsorption performance
while being resistant to interference from coexisting ions, pH, and aerobic/anaerobic environmental factors
[24-26]. However, the adsorption performance and mechanism of this material with respect to organic
phosphorus have not been thoroughly studied, which is crucial for its application in phosphorus-containing
wastewater treatment.

In this study, the main objective is to explore the adsorption behaviors and mechanism of lanthanum-
modified zeolite for glyphosate, and evaluate its potential for practical application. Batch adsorption
experiments were conducted to determine the adsorption capacity and effects of pH and coexisting ions on
glyphosate adsorbed by LMZ. Further, the adsorption performance of LMZ for glyphosate removal in
simulated wastewater and under dynamic conditions was investigated. Finally, the adsorbent was
characterized by SEM, FT-IR and XPS methods, to reveal the adsorption mechanism. Because of its simple
preparation process, low cost, and large-scale utilization of coal fly ash, it is expected to become a highly
efficient glyphosate adsorbent.

2. Materials and Methods
2.1. Materials

The lanthanum-modified zeolite (LMZ) used in the experiments was prepared following a method
described by Xie et al. [25]. In brief, coal fly ash was first treated with a 2.0 M NaOH solution at 95 °C for
24 h, using a solid-to-liquid ratio of 150 g of fly ash to 900 mL of NaOH solution. After cooling the mixture
to room temperature, 900 mL of a 2 M LaCls solution was slowly added at a rate of 10 mL/min under
continuous stirring. The resulting LMZ was thoroughly rinsed with ethanol and deionized water, dried, and
sieved for use in the experiments. All chemicals, including glyphosate, sodium hydroxide, hydrochloric
acid, lanthanum chloride, sodium chloride, sodium sulfate, sodium nitrate, and sodium bicarbonate, were
of analytical grade.

2.2. Batch Adsorption Experiments

All batch adsorption experiments, including adsorption isotherm, kinetics, pH, adsorption dosage, and
co-ions, were conducted in an oscillator (250 rpm) at room temperature. The concentrations of glyphosate
were determined by the molybdenum-blue ascorbic acid method. For the adsorption isotherm experiments,
0.1 g of LMZ was dispersed into 40.00 mL glyphosate solution with initial concentrations ranging from
200 to 1000 mg/L. The adsorption kinetics experiments were performed after adding 0.1 g of LMZ to 40
mL of glyphosate with a concentration of 400 mg/L. The effects of pH on adsorption performance were
evaluated in the range of 2—11, at a concentration of 400 mg/L. The dosage experiments were proceeded
by adding 0.05-0.5 g into glyphosate solution with a concentration of 400 mg/L. It’s worth noting that, to
simulate the treatment effect of adsorbents in real wastewater, tap water was used to dispense the glyphosate
solution in this experiment. The last co-ion tests were performed using a 400 mg/L glyphosate solution
containing co-ions, including sodium sulfate, sodium nitrate, sodium chloride, and sodium bicarbonate. The
molar ratio of coexisting ions to glyphosate is 1:25. A cyclic regeneration experiment was conducted at pH
7 to evaluate the reusability of LMZ. Specifically, 0.1 g of LMZ was added to 40 mL of glyphosate solution
with an initial concentration of 400 mg/L. After reaching adsorption equilibrium, the adsorbent was
collected and subjected to desorption in a 4 M NaOH solution. This adsorption—desorption cycle was
repeated five times, and the adsorption capacity of LMZ was measured after each cycle.
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2.3. Dynamic Adsorption Experiments

The dynamic adsorption experiments were conducted in a laboratory-scale fixed-bed column with an
inner diameter of 1 cm and a height of 20 cm. Specifically, 1.0 g of LMZ was fixed in the column, and the
glyphosate solution (the initial concentration was 300 mg/L) was pumped into the column by peristaltic
pump at a fixed flow rate. Then the Breakthrough curves could be drawn by collecting samples at different
times, and the adsorption amounts of the glyphosate at time ¢ also could be calculated by the equations. To
explore the effects of flow rate on Breakthrough curves, three different velocities of flow (2.5, 5.0 and 7.5
mL/min) were set in this experiment.

2.4. Characterization

To further analyze the adsorption mechanism of LMZ, a combination of characterization techniques
was employed in this study. The surface morphology and elemental distribution were observed using a
scanning electron microscope (SEM, Hitachi S4800, Tokyo, Japan). Fourier-transform infrared
spectroscopy (FT-IR, Thermo Fisher, Waltham, MA, USA) was used to analyze changes in surface
functional groups before and after adsorption. The Zeta potential was measured using a Zeta Sizer Nano-
ZS90 (Malvern Instruments, Malvern, UK). In addition, X-ray photoelectron spectroscopy (XPS, Thermo
Fisher, Waltham, MA, USA) was employed to characterize the changes in the surface chemical states of
the material before and after adsorption.

3. Results and Discussion
3.1. Effect of Initial Concentration

As demonstrated in Figure la, the effect of glyphosate initial concentration on the adsorption
performance of LMZ is illustrated, with the results indicating that as the initial glyphosate concentration
increases, the adsorption capacity of LMZ rapidly increases until equilibrium is reached. With further
increases in glyphosate concentration, the adsorption capacity stabilises, ultimately reaching approximately
200 mg/g. In comparison, studies by Zhao et al. [24]. and Xie et al. [25] showed that unmodified zeolites
exhibited a maximum phosphate adsorption capacity of only 10 mg/g, while Siamak Zavareh reported a
glyphosate adsorption capacity of only 30 mg/g using 4A zeolite [27]. Therefore, the excellent adsorption
performance of LMZ for glyphosate may be attributed to the presence of abundant La active sites on the
adsorbent surface. A similar phenomenon was observed by Jin et al., who, in developing La(OH)3-modified
copper tailings, found that the introduction of lanthanum resulted in a phosphorus adsorption capacity
approximately 10 times higher than that of the original copper tailings [19]. Additionally, we have also
plotted the corresponding thermodynamic curves. As depicted in Figure S1, the adsorption capacity of LMZ
for glyphosate increases markedly with increasing temperature. This positive temperature dependence
clearly indicates the endothermic nature of the interfacial adsorption process. In addition, we have surveyed
the relevant literature and compared the adsorption performance of our material with other adsorbents. As
shown in Table S4, LMZ possesses a superior adsorption capacity for glyphosate.
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Figure 1. (a) Adsorption isotherms of glyphosate on LMZ, (b) Adsorption kinetics of glyphosate on LMZ.

In an attempt to further understand adsorption behavior, three adsorption isotherm models were used
to fit the experimental data. The specific formulas and parameters of the three models are shown as follows:
Langmuir Model

qmCe

- " ° 1
9=1/pb+c, M

Freundlich Model

_ 1/n
qe = KrCe Q)
Temkin Model
RT RT

qe = ElnAT + b—TlnCe = BilnAs + BInC, 3)

In the equation, g. is the equilibrium adsorption capacity (mg/g), gm 1s the maximum adsorption
capacity (mg/g), and Ce is the equilibrium concentration of solute (mg/L). b represents the adsorption
equilibrium constant (L/mg); Ky is the Freundlich affinity coefficient ((mg/g)/(mg/L)""), and n is the
Freundlich affinity coefficient. B = R7/br, br is the Temkin constant related to the heat of adsorption
(J-mol ™), A7 is the Temkin isotherm equilibrium binding constant (L-g™!), R is the gas constant (8.3145
J-mol 'K ™), and T 'is the absolute temperature at 298.15 K.

The fitting parameters of the three models are shown in Table S1. The R? values for the three models
are 0.9997, 0.9703, and 0.9834, respectively, and their corresponding reduced chi-square (y*) values are
1.54, 219.79, and 72.21, respectively. The Langmuir model fitted the data best compared with the
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Freundlich and Temkin models. This indicated that the adsorption process of LMZ on glyphosate was in
accordance with the assumptions of Langmuir theory, i.e., the surface of LMZ provided a finite number of
active adsorption sites, and the adsorption process was a monomolecular layer adsorption. The Langmuir
model was able to predict a maximum adsorption amount of 217.39 mg/g, which was in good agreement
with the experimental data. Furthermore, the Freundlich model fitting results indicated that the 1/n value
was less than 1, suggesting that the adsorption of glyphosate was spontaneous and implying favourable
glyphosate adsorption on LMZ [28,29]. The Temkin model also demonstrated a high degree of goodness
of fit, suggesting that the adsorption process involved physical adsorption, with a heat of adsorption of
62.44 J/mol.

3.2. Effect of Contact Time

As demonstrated in Figure 1b, the adsorption kinetics of LMZ on glyphosate were investigated by
varying the contact time, and the adsorption process was evident to be categorised into two distinct phases.
The initial 240 min constituted the rapid adsorption process, following which the adsorption rate underwent
a gradual decline until achieving adsorption equilibrium. The rapid initial adsorption is primarily ascribed
to the uniform dispersion of La on the surface of the fly ash-derived zeolite, which facilitates the availability
of numerous active sites for glyphosate binding [30,31]. The rapid adsorption of glyphosate by LMZ
indicates its considerable potential in practical wastewater treatment.

In order to further clarify the adsorption process, three kinetic models were used to fit the experimental
data. The equations are shown below, where g. is the equilibrium adsorption capacity (mg/g), ki1 is the rate
constant of the first-order kinetic equation, 4 is the rate constant of the second-order kinetic equation, 4y is
the intraparticle diffusion rate constant, and C is a constant.

Pseudo-first-order model

G = q[1 — 1] @)
Pseudo-second-order model
t 1 t
E - k.qé " E ©
Intra particle diffusion model
qe = kpt®> +C (6)

As demonstrated in Table S2, the three models were found to have distinct specific fitting parameters.
The pseudo-second-order kinetic model demonstrated the highest R? value of 0.949 and the lowest ¥* value
of 53.59, indicating that chemisorption is the predominant mode in the adsorption process. The gmax value
obtained from this model was 110 mg/g, which was in close agreement with the 112 mg/g value obtained
from the actual experiment. In the intraparticle diffusion model (Figure 1b), the adsorption of glyphosate
onto LMZ exhibited a two-stage linear profile, indicating that the process involves both film diffusion and
intraparticle diffusion mechanisms [32]. The intercept (C) was not equal to zero, suggesting that
intraparticle diffusion was not the sole rate-limiting step; instead, both film diffusion and intraparticle
diffusion jointly controlled the adsorption process [33,34]. The rate constants kp1 and kp2 were 2.09 and
0.51, respectively. The significantly higher kp1 value implies that the initial rapid adsorption was governed
by film diffusion, whereas the subsequent decrease in adsorption rate was mainly limited by intraparticle
diffusion [35]. Specifically, during the early stage, glyphosate was rapidly adsorbed onto the external
surface of LMZ via film diffusion. Once the surface active sites became saturated, glyphosate molecules
gradually penetrated into the interior of the particles and were adsorbed onto internal sites. As the internal
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concentration of glyphosate increased, diffusion resistance also increased, leading to a further reduction in
the intraparticle diffusion rate [36]. These data provide valuable guidance for determining the hydraulic
retention time (HRT) in practical engineering applications. Since the length of the HRT directly determines
the utilization efficiency of the adsorbent, it is essential to optimize the HRT to adequately accommodate
the intra-particle diffusion stage.

3.3. pH Effect on Glyphosate Adsorption

As demonstrated in Figure 2a, the pH of the solution has a direct impact on the adsorption of glyphosate
by LMZ. This clearly demonstrates that the adsorption of glyphosate by LMZ is closely related to the pH
of the system. At a pH range of 3—7, glyphosate adsorption exhibited minimal variation. However, under
alkaline conditions, the amount adsorbed decreased dramatically, and a similar phenomenon was observed
in the studies by Wang et al. [37] and Yang et al. [38]. The extremely low adsorption of glyphosate at a pH
of 2 was due to the dissolution of La in LMZ, as proved in preliminary LMZ leaching experiments [25].
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Figure 2. (a) pH effect on glyphosate adsorption, (b) The change in pH of the system before and after adsorption, (¢) The zeta
potential of LMZ before and after glyphosate adsorption, (d) The distribution of glyphosate species at different pH levels.

To further elucidate the adsorption mechanism, the point of zero charge (pHpz) of LMZ was measured
before and after glyphosate adsorption, and the equilibrium pH of the solution was recorded. In addition,
the speciation of glyphosate at different pH levels was calculated. As shown in Figure 2¢, the pHpzc of LMZ
decreased from 8.24 before adsorption to 6.32 after adsorption, consistent with findings reported by Kovéacs
et al. [39] and Waiman et al. [40]. Figure 2d illustrates the distribution of the five dominant protonation
states of glyphosate over a range of pH values. When the solution pH is below the pHpzc, the surface of
LMZ becomes positively charged due to protonation, forming La-OH2" species [30], while glyphosate
mainly exists as C3H7NOsP~ and C3H¢NOsP?". These anionic species can be effectively adsorbed via
electrostatic attraction and ligand exchange. The observed increase in solution pH after adsorption (Figure
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2b) further confirms that glyphosate interacts with protonated La-OH?* groups, thereby releasing hydroxide
ions via ligand exchange. In contrast, when the pH exceeds the pHpz, the surface of LMZ becomes
negatively charged, resulting in electrostatic repulsion that hinders glyphosate adsorption. Additionally,
excess hydroxide ions in alkaline conditions compete with glyphosate for active sites, suppressing ligand
exchange. This interpretation is supported by the relatively stable pH observed under alkaline conditions.
At very low pH (e.g., pH 2), lanthanum hydroxide species may dissolve, but the porous structure and
capillary channels of the zeolite matrix still enable a limited amount of glyphosate to be retained via
physical adsorption [41]. Overall, the primary mechanisms governing glyphosate removal by LMZ are
ligand exchange and electrostatic interaction, while physical adsorption plays a secondary role.

3.4. Effect of Dosage on Glyphosate Removal

The effects of sorbent dosage on glyphosate removal were shown in Figure 3a. At dosages of 1.25, 2.5,
5,7.5,10, and 12.5 g/L, the removal efficiency of glyphosate increased from 35% to 53%, 84%, 95%, 96%,
and 97%, respectively. In the initial stage, the amount of adsorbent was insufficient to capture all the
phosphorus, but as the dosage increased, the removal efficiency gradually improved. This can be attributed
to the increased availability of surface area and active center sites, which enhanced glyphosate adsorption.
However, an excessive dosage may lead to material wastage. From the perspective of cost control and
removal efficiency, the optimal adsorbent dosage was 7.5 g/L for treating 400 mg/L glyphosate wastewater.

3.5. Effect of Co-lons on Glyphosate Adsorption and the Reusability of LMZ

In real wastewater, a variety of coexisting anions and cations—such as C1~, NO3~, SO4*~ and HCO3 —
may influence glyphosate adsorption by competing for active sites on the adsorbent surface. As shown in
Figure 3b, C1~ and NO3~ exerted negligible effects on the adsorption performance of LMZ, whereas SO4>~
reduced the adsorption capacity by approximately 10%. This effect is likely attributed to the divalent nature
of SO4>~, which enhances Coulombic repulsion and interferes with the interaction between glyphosate and
active adsorption sites [42]. Notably, the sulfate concentration used in this test was 6620 mg/L—25 times
higher than that of glyphosate—whereas actual sulfate levels in wastewater are generally much lower,
suggesting that such interference would be minimal under practical conditions. In contrast, the presence of
HCOs™ had a pronounced inhibitory effect, reducing the adsorption capacity to approximately 20 mg/g.
This suppression can be attributed to two primary factors: first, the addition of HCO3™ increased the solution
pH to ~8.0, a condition under which the adsorption of glyphosate had already declined to 31 mg/g (as shown
in Figure 2a); and second, the formation of CO3?" in the solution may compete with glyphosate for La
binding sites, potentially forming La2(COs)3 [43], thereby occupying active sites and inhibiting the
complexation between La and glyphosate. These observations further support the conclusion that inner-
sphere complexation is the dominant mechanism of glyphosate adsorption onto LMZ, which also explains
its relatively high tolerance to the presence of most common anions. The reusability of LMZ was evaluated
over five consecutive adsorption—desorption cycles. As shown in Figure 3c, the adsorption capacity
decreased from 83.58 mg/g to 67.76 mg/g. This reduction could be attributed to minor material loss during
handling, as well as the incomplete desorption of glyphosate, which may have resulted in the occupation of
active sites in subsequent cycles. As shown in Figure 3d, the desorption efficiency gradually declined from
97% to 85% with increasing cycle number, indicating that a portion of glyphosate was strongly bound to
LMZ and was difficult to desorb. Nevertheless, these results demonstrate that LMZ exhibits excellent
regeneration performance and holds strong potential for practical application in the treatment of glyphosate-
contaminated wastewater.
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Figure 3. (a) Effect of adsorbent dosage on removal efficiency, (b) Influence of coexisting ions on glyphosate adsorption, (c)
Adsorption capacity of LMZ in five adsorption—desorption cycles, (d) Desorption performance of LMZ in five adsorption—
desorption cycles.

3.6. Adsorption Mechanism
3.6.1. XRD and XRF Analysis

Figure S2 displays the X-ray diffraction (XRD) patterns of the pristine zeolite and LMZ. The
synthesized material exhibits the distinct characteristic diffraction peaks of zeolite, confirming its
successful synthesis. Notably, no prominent new peaks emerge in the pattern of LMZ, indicating that the
loaded La species exist in an amorphous state on the zeolite. Table S3 presents the XRF chemical
composition analysis of LMZ, indicating that the primary components are SiO2 and La>03, with La203
accounting for 34.7%.

3.6.2. Mapping Analysis

The SEM image of LMZ (Figure 4a) reveals uniformly distributed spherical nanoparticles on the
surface of the synthesized material, with particle sizes within the nanoscale range. The incorporation of La
also leads to the formation of numerous pores on the zeolite surface, increasing the material’s specific
surface area and exposing more active adsorption sites, thereby enhancing its capacity to adsorb target
pollutants. Following glyphosate adsorption, the SEM image of LMZ (Figure 4b) shows that the spherical
particles on the surface are larger and more densely packed than in the unadsorbed sample. This
morphological change is attributed to the successful adsorption of glyphosate onto LMZ. A similar
phenomenon was also observed in the study conducted by Sufia et al. [44]. This morphological change on
the surface of LMZ indicates its capability to separate glyphosate from aqueous solutions.

Figure 4c shows the elemental distribution maps after glyphosate adsorption by LMZ. It can be seen
that the distribution of Si, Al, O, and Na are relatively similar, because that the synthesized zeolite is a kind
of silico-aluminate mineral. In addition, the element of La is evenly distributed on the surface of zeolite,
indicating that La introduced in the synthesis process is well loaded on the surface of zeolite. And the
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distribution of P almost overlapped with that of La after adsorption, which indicates that lanthanum oxide
on the surface of zeolite is the main adsorption site for glyphosate.

3.6.3. FTIR Analysis

Figure 4b presents the FTIR spectra of LMZ before and after glyphosate adsorption. For the original
LMZ, a prominent peak is observed at approximately 3209 cm™!, which corresponds to the O-H stretching
vibration on the surface of LMZ. After glyphosate adsorption, the intensity of this peak decreases, which
may be attributed to the exchange of O—H with glyphosate and the formation of inner-sphere complexes
[45]. Additionally, the broadening of this peak after adsorption suggests the introduction of N-H groups
from glyphosate. The peak at 984 cm™! shows no significant change before and after adsorption, likely due
to the inherent Si—O structure of the material. A new peak appears at 1079 cm™! in the LMZ spectrum after
adsorption, which can be attributed to the vibrations of the phosphate groups in glyphosate. Moreover,
another new peak emerges at 1330 cm™!, corresponding to the carboxyl functional groups of glyphosate
[4,46], further confirming the successful adsorption of glyphosate onto LMZ.

——— Glyphosate
——— After adsorption of glyphosate
La-ZL

3500 3000 2500 2000 1500 1000
Wavennumber(cm™)

Figure 4. (a) SEM image of LMZ, (b) SEM image of LMZ after glyphosate adsorption, (c) the elemental distribution maps after
glyphosate adsorption by LMZ, (d) the FTIR spectra of LMZ before and after glyphosate adsorption.

3.6.4. XPS Analysis

Through XPS analysis, we can further understand the adsorption mechanism of LMZ for glyphosate.
The full spectrum of LMZ before and after glyphosate adsorption is shown in Figure 5a. It can be observed
that after adsorption, a distinct P 2p orbital peak appears at approximately 133.08 eV, and an N 1s peak
emerges at 400.26 eV. Both of these findings demonstrate that glyphosate was adsorbed onto LMZ through
interaction [47,48].

Figure 5b shows the spectra of La 3d5/2 before and after glyphosate adsorption. The representative
characteristic peaks of the original La 3d5/2 are centered on 834.92 eV and 838.45 eV, respectively. After
adsorption, both characteristic peaks of La shift toward higher binding energies, appearing at 835.18 eV and
838.61 eV, respectively. The phenomenon that the double characteristic peaks shift toward the direction of
high binding energy is often observed in the process of La-based hydrates (oxides) adsorbing phosphate,
which is interpreted as the result of electron transfer from the valence band of the ligand atom to the 4f orbital
of the La atom [30,35,49]. The large shifts of 0.26 eV and 0.16 eV suggest strong affinities on the metal oxide
surface, likely due to the formation of potential monodentate and bidentate inner-sphere surface complexes.

The O 1s energy spectrum before and after adsorption are shown in Figure 5¢. According to the binding
energy of different oxygen, the O 1s spectrum can be divided into three characteristic peaks corresponding
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to M—O at 530.24 eV (bonding of oxygen to metal), M—OH at 531.48 eV (bonding of hydroxyl group to
metal), and adsorbed water at 532.34 eV (H20). After glyphosate adsorption, the relative area of the La—O
peak increased from 26.44% to 46.43%, while that of the La—OH peak decreased from 62.00% to 29.06%,
which confirmed that glyphosate was adsorbed through ligand exchange with hydroxyl groups on the
surface of the material. In the pH influence experiment, it was also observed that the system’s pH increased
significantly after the reaction, indicating that the hydroxyl group was replaced and that a complex formed
between glyphosate and the lanthanum adsorption site. Figure 5d shows the high-resolution spectrum of P,
where a distinct P 2p peak is observed after adsorption, with a binding energy located at 132.66 eV. This
indicates the formation of metal phosphate compounds, confirming the complexation between La and
glyphosate [35]. Interestingly, the P 2p spectrum can be well-fitted with a single component, a similar
phenomenon observed in the study by G. Ruano et al. [47].

3.6.5. Roman Analysis

Figure 6a displays the Raman spectra of LMZ before and after glyphosate adsorption. Prior to
adsorption, pristine LMZ exhibits distinct characteristic peaks at wavenumbers of 147, 437, and 615 cm ™!,
which are assigned to the typical vibrational modes of La(OH)s. This observation is highly consistent with
the findings reported by Atsuya et al., who demonstrated that the standard Raman spectrum of La(OH)3
displays peaks at 140, 227, 283, 342, 450, and 603 cm™'. However, following glyphosate adsorption, the
intensities of these three characteristic peaks are significantly attenuated. This indicates that when
glyphosate molecules replace the surface hydroxyl groups of LMZ to form inner-sphere complexes, the
original localized lattice symmetry of the La—OH bonds is disrupted, thereby leading to the broadening and
quenching of the characteristic Raman peaks. Furthermore, a new peak emerges at 990 cm™! in the spectrum
after adsorption. This new peak is attributed to the stretching vibration of the P-O—X band (where X denotes
a hydrogen or metal atom bonded to the phosphate group), which further verifies the formation of inner-
sphere complexes. Collectively, these spectroscopic phenomena provide compelling evidence that LMZ
and glyphosate form stable inner-sphere complexes primarily through a ligand exchange mechanism.

Based on the preceding analyses, the adsorption mechanism of glyphosate onto LMZ is primarily
governed by chemisorption via ligand exchange, with electrostatic attraction serving as an auxiliary
pathway. The excellent fit of the pseudo-second-order kinetic model, combined with the XPS results,
corroborates that ligand exchange and inner-sphere complexation are the predominant driving forces in the
adsorption process. Specifically, the active La(OH);3 sites on the LMZ surface undergo ligand exchange
with glyphosate molecules, subsequently releasing OH™ ions into the solution. Consequently, LMZ can
retain a substantial adsorption capacity for glyphosate even under alkaline conditions. Meanwhile, owing
to the inherent porous structure of the zeolite matrix, its surface macropores and internal capillary channels
can capture a minor fraction of glyphosate through physisorption (Figure 6b). When the solution pH is
below the point of zero charge (pHpz), the protonated hydroxyl groups on the adsorbent surface further
promote glyphosate adsorption via electrostatic attraction. Ultimately, this synergistic multiple-mechanism
pathway empowers LMZ to effectively sequester glyphosate despite pH fluctuations and the presence of
interfering anions.
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3.7. Dynamic Adsorption Experiments

The method of dynamic adsorption is usually used in actual wastewater treatment. Figure 6 shows the
dynamic adsorption properties of glyphosate by LMZ at different flow rates. It was observed that the
breakthrough curves all presented a typical “S” shape. At the initial stage, the values of C/Co were close to
zero, as the active sites were still occupied; this value increased gradually until 100% breakthrough was
reached. The time of saturation adsorption decreased with the increase of flow velocity. For example, at the
flow rate of 2.5 mL/min, the saturation time of adsorption was 360 min, and when the flow rate rose to 5
mL/min and 7.5 mL/min, the saturation time was shortened to 240 min and 120 min, respectively.

To further understand the dynamic adsorption behaviors, the breakthrough curve data were fitted using
the Yoon-Nelson model and the Bohart-Adams model (Equations (7) and (8)). In these equations, C;
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represents the concentration of glyphosate at time ¢ (mg-L™"), Co is the initial concentration of glyphosate
(mg-L™"), and ¢ is the adsorption time (min). kyv is the Yoon-Nelson rate constant (min '), and 7 is the time
required for 50% breakthrough (min). ¥ denotes the linear velocity (cm-min '), k4 is the Bohart-Adams rate
constant (mL-mg !'min"), Z is the bed depth (cm), and No is the saturation concentration of the fixed bed
(mg-L"). The corresponding fitting parameters are presented in Table 1. The half penetration times predicted
by Yoon-Nelson model for glyphosate decreased from 139.5 min at 2.5 mL/min to 32.7 min at 7.5 mL/min.
This proves that the adsorption rate in the column is positively correlated with the flow rate [50].
Yoon-Nelson model

C: 1 )
Co 1+exp(—kyy(t—1)) (
Bohart-Adams model
Ce 1
Co kagNoZ ®)

1+ (e |- 1) x e —kapCot

The adsorption capacity of the fixed bed at varying flow rates was calculated using the following
equation (Equation (9)), with the results illustrated in Figure 7b. In this equation, g: represents the
adsorption capacity of the fixed bed at different effluent times; C: is the effluent concentration of glyphosate
at time ¢ (mg-L™"); the variable Co denotes the initial glyphosate concentration (mg-L™'); the variable v
denotes the flow rate (mL-min™!); and the variable m denotes the mass of the adsorbent loaded (g). Clearly,
the adsorption capacity decreased with increasing flow velocity. At the flow rate of 2.5 mL-min', the
adsorption capacity by La—Z was 116 mg-g !, and when the flow rate rose to 5 mL-min ' and 7.5 mL-min ™!,
the adsorption capacity dropped to 91 mg-g' and 84 mg-g!, respectively. These different adsorption
behaviors were due to the different residence times of the solution in the column, which were insufficient
at high flow rates. Thus, the glyphosate ions could not be effectively captured by LMZ, and the column
was more easily penetrated, resulting in a reduction in adsorption capacity. In summary, this material
demonstrates significant potential for practical water treatment applications. Regarding the final disposal
of the spent adsorbent, high-temperature calcination can be employed to completely destroy the adsorbed
organophosphorus structures. Subsequently, the remaining lanthanum-containing zeolite residue can be
safely solidified and utilized as construction aggregates or road base materials, thereby effectively
eliminating the risk of secondary pollution.
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Figure 7. (a) Effect of flow rate on the breakthrough curve, (b) Dynamic adsorption kinetics of glyphosate on the fixed bed column.
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_ v fot(CO - Ct)dt )
m

q:

Table 1. Dynamic model fitting parameters.

Model Bohart-Adams Model Yoon-Nelson Model
Flow Rate Kas - 2 Kyn T )
(mL-min™) mL-mg!-min! Nomg-L R min~! min R
2.5 8.4 0.031 0.981 0.026 139.5 0.979
5.0 12.3 0.017 0.969 0.040 57.3 0.968
7.5 21.6 0.011 0.977 0.068 32.7 0.976

4. Conclusions

In this paper, a highly efficient adsorbent of lanthanum modified zeolite was prepared, which
demonstrated excellent adsorption performances for glyphosate. The LMZ could effectively capture
glyphosate across a wide pH range, with a maximum adsorption capacity of 217.39 mg/g. The adsorption
process follows the Langmuir model and the pseudo-second-order kinetic model, indicating that it is a
monolayer adsorption involving a chemisorption mechanism. Indeed, the LMZ possessed excellent
recyclability and anti-interference ability, with 85% of original adsorption capacity after five cycles. In the
simulated wastewater experiment, the glyphosate removal efficiency can reach more than 90% at the dosage
of 7.5 g/L. Moreover, the LMZ could maintain the adsorption performance even under dynamic adsorption
conditions, and the adsorption rate was faster at high flow rate. The outstanding adsorption performance of
LMZ for glyphosate was attributed to the multiple mechanisms, including ligand exchange, inner-
complexation, and electrostatic attraction.

Supplementary Materials

The following supporting information can be found at: https://www.sciepublish.com/article/pii/1145,
Figure S1: Adsorption of glyphosate onto LMZ at different temperatures; Figure S2: XRD patterns of
zeolite and LMZ; Table S1: The fitting parameters of the isotherm models; Table S2: The fitting parameters
of the kinetic models; Table S3: Chemical composition of LMZ determined by XRF analysis; Table S4:
Comparison of the maximum adsorption capacities of various adsorbents for glyphosate. Table SS5:
Thermodynamic fitting parameters for glyphosate adsorption onto LMZ.
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