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Abstract
The chemical structure of natural organic matter (NOM) is known to influence its removal during coagulation, yet the underlying molecular-scale mechanisms remain elusive. This has limited the rational design of advanced water treatment processes. Here, we reveal a previously overlooked mechanism, the cation-π interaction, as a key driver for the efficient removal of aromatic organic matter. Using model compounds with and without a benzene ring (benzoate/phthalate vs. acetate), we demonstrate that the benzene ring is not merely a passive scaffold but an active participant in coagulation. It acts as an initial anchor, attracting trivalent metal ions via strong cation-π interactions. This initial attraction then facilitates a more stable, secondary binding as functional groups (e.g., -COOH, -OH) on the ring chelate with the metal ions, ultimately promoting floc growth. This dual-binding mechanism, supported by spectroscopic and microscopic evidence, explains how the presence of benzene ring participates in metal ion hydrolysis and floc formation, leading to significantly improved coagulation performance. This finding highlights the critical role of aromatic structures in the coagulation process and provides a new theoretical foundation for optimizing coagulants to achieve selective and efficient removal of specific aromatic pollutants.
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Synopsis: Cation-π interactions between benzene rings and metals enhance NOM binding in coagulation, offering atomic-level insights for designing high-efficiency, low-residual coagulants in water treatment.

Introduction
Coagulation by metal-ion salts is a widely used water treatment technology that removes contaminants such as turbidity, colloidal particles, organic matter, and pathogenic microorganisms by forming large precipitates or flocs.1–3 Over the years, adsorption bridging, charge neutralization and sweep flocculation have framed much of our understanding, yet these theories are predominantly macroscopic and were developed mainly for negatively charged colloids. In practical operations, it is the hydrolysis products of metal-ion salts that interact with natural organic matter (NOM). Elucidating the coordination and binding mechanisms between specific hydrolyzed species (monomers, oligomers, and polymers) and chemically diverse NOM fractions (such as carboxyl-rich, phenolic, and protein-like components) at the molecular scale is essential: these interactions govern coagulant utilization efficiency, floc growth and strength, settleability, and residual metals, and directly impact downstream contaminant control. Accordingly, establishing a mechanistic framework centered on hydrolysis product-NOM interactions can guide targeted pretreatment strategies as well as coagulant selection and dosing, thereby enabling robust treatment performance across varying raw waters.4,5 
Previous studies have shown that high molecular weight organic matter is preferentially removed by coagulation due to their presence of functional groups such as hydroxyl and carboxyl, which can react with the hydrolysis products of the metal-ion coagulant and adhere to the flocs.5,6 Nevertheless, the removal of organic substances with a low molecular weight (typically less than 1000 Da) presents a challenge when using coagulants.1 Chen et al. reported that carboxyl groups attached to aromatic rings at low C/Fe ratios (moles of carbon associated with organic matter per mole of iron present) are preferentially adsorbed or coprecipitated.7 Yue et al. revealed that preformed Al13 aggregates achieves a superior coagulation performance for Humic acid (HA) through the combined mechanisms of physical adsorption and sweep flocculation.8 In addition, they developed a polymeric coagulant, Fe-PAA, based on ferric salts and polyacrylic acid (PAA), which synergistically removed HA through the combined action of long flexible carbon chains and the hydrolysis of iron.9 These studies were focused primarily on the overall removal of HA and provided explanations for the macroscopic mechanisms. 
[bookmark: _Hlk201238345]As an important component of natural organic matter, HA is a complex organic substance with a broad molecular weight distribution, which is a critical precursor for the formation of disinfection by-products.10,11 Consequently, significant attention has been directed toward understanding its removal efficiency. However, the intricate structure of humic acid, along with the diverse functional groups it contains and their interactions with coagulants, presents considerable challenges in fully elucidating the underlying mechanisms. In addressing this, it is necessary to select simple organic compounds with typical functional groups and analyze their interaction mechanisms with typical coagulants. Liu et al. proposed that hydroxyl (-OH) and carboxyl (-COOH) groups form Al-O-C bonds with η-OH2 and η-OH on aluminum precipitates (The active sites on aluminum flocs consist of water molecules η‑OH2 and hydroxyl groups η‑OH).4 Zhang et al. reported that low molecular weight organic matter like citric acid, gluconic acid and salicylic acid can bind to the hydrolysis products of metal ions through carboxyl groups, forming external spherical complexes to cover the surface of hydrolysis products and decrease their surface activity, thereby inhibiting coagulation1. Song et al. demonstrated that adding a carboxyl group to the ortho position of phenol to form salicylic acid can improve coagulation performance, and the addition of carboxyl groups at the ortho (2,3-DHBA) and para (3,4-DHBA) positions of catechol enhanced the removal efficiency.5 The phenolic group exhibits a strong electron-donating resonance effect. When a carboxyl group is introduced at a specific position, the phenolic group’s π-electron system can conjugate with the benzene ring, pushing electron density toward the ortho position of the carboxyl group, which increases the electron density of the carboxyl group, enhancing its overall Lewis basicity and making it more likely to coordinate with Lewis acids, such as metal ions, thereby improving the removal efficiency.12 The addition of citric acid, salicylic acid, and phthalic acid, which have multiple carboxyl groups, has been shown to diminish the surface activity of metal hydroxide through the formation of an exo-globular complex. This complex envelops the surface of metal ions bound to water, thereby impeding the coagulation performance.1,13–15 At pH 10, the surface of iron primary nanoparticles (PNPs, numerous PNPs aggregate to form flocs) has relatively few active sites, and the addition of phosphate inactivates the active sites on the surface of Fe PNPs and destroys the formed ligands, thus significantly reducing the size of the iron flocs.16–18 In a similar manner, some active sites between alum precipitates are deactivated during floc fragmentation, and the addition of HA during this process covers the active sites on the flocs, leading to a reduction in the ability of the flocs to grow by attachment to each other between nano-sized particles.2 These findings have significantly advanced the understanding of the coagulation mechanism. However, the potential role of the benzene ring, as a unique structural feature, in directly influencing the coagulation process is often overlooked, along with the possible effects of cation-π interactions on coagulation. 
The cation-π interaction is defined as a strong non-covalent force that occurs between a positively charged cation and a negatively charged electron cloud on the surface of an aromatic ring.19–23 The interaction is essentially electrostatic in nature, whereby the positively charged cation is attracted to the negatively charged electron cloud of the π-system. The bonding energy of cation-π interactions can be the same as or stronger than that of hydrogen bonding, depending on the specific types of cations and π-systems involved. Common cations involved in the formation of cation-π interactions include simple inorganic metal cations,22,23 organic cations,24 and positively charged atoms in molecules. Cation-π interactions have been mentioned in a variety of research areas, including catalysis and organic synthesis,22,25 materials,26–30 and biology,31–33 but often overlooked in coagulation.34
[bookmark: _Hlk209385086][bookmark: _Hlk209385185]This work focuses on the influence of cation-π interactions in coagulation and explores the mechanism of interaction between benzene rings and different metal coagulants. We selected organic compounds with typical units and functional groups to study their specific interactions with hydrolysis products of coagulants and the influence of pH in these processes. A Photometric Dispersion Analyzer (PDA) was used to monitor floc size changes in real-time throughout the coagulation process. The Flocculation index (FI) was determined to evaluate the impact of organic matters on floc growth, relative to coagulation time, coagulation rate, and the maximum/plateau value of floc size.35,36 Additionally, Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), Atomic Force Microscopy (AFM) and other advanced analytical techniques were employed to provide more fundamental information concerning the interactions between organic matter and surface functional groups in the hydrolysis products of monomeric aluminum-based and iron-based coagulants. This study reveals the impact of cation-π interactions in the coagulation process, the role of functional groups on coagulation mechanisms, and provides news insights regarding the factors that determine the performance and behavior of coagulation in practice.
2. Materials and methods
2.1 Materials
[bookmark: _Hlk201260485]Chemicals used in this study are summarized in the Supporting Information (SI, Text S1). Aluminum chloride and ferric chloride were used as coagulants in all experiments, unless otherwise specified, their dosage were kept constant at 0.1 mM, which formed the flocs with a zeta potential around 0 mV and was conducive to particle collision and adhesion.4 Raw water used for practical water treatment was collected from a lake in Olympic Park (OT) and from the Jingmi River (JM) in Beijing, China. The physical and chemical properties of natural water are presented in the Supporting Information (SI, Table S1). 
2.2 Coagulation test
[bookmark: _Hlk206406863][bookmark: _Hlk209382866][bookmark: _Hlk209385103][bookmark: _Hlk206406917]The coagulation tests were carried out using a two-stage coagulation stirring device (MY3000-2N, Wuhan, China), Kaolin stock solution was diluted in deionized (DI) water (1000 mL) with 5 mM NaHCO3 to give a clay concentration of 5 mg/L, and various concentrations of organic compounds were added (SI, Text S2). While dosing the coagulants, a photometric dispersion analyzer (PDA-3000, Rank Brothers, UK) (flocculation index monitor) was used to record the change of light transmittance of the flocs solution to characterize the growth, breakage and regeneration of flocs. The PDA instrument follows the growth of flocs in water by detecting the fluctuation and change of particles in solution by a continuous sample circulation. The ratio of the root mean square of collected AC voltage fluctuation (VRMS) to the average DC voltage () is defined as the Flocculation index (FI), which represents the real-time change in the floc properties (size) during the coagulation/flocculation experiment. Specific program control and detailed principles of this technique are described in the Supporting Information (SI, Text S3 and Text S4), which mainly followed that reported previously.36–38 
2.3 Hydroxide titration tests
The experiment was carried out in 250 mL conical flasks under an atmosphere of ultra-pure nitrogen (N2). 0.1 mol/L aluminum chloride (as Al3+) or ferric chloride (as Fe3+) was added to 100 mL DI water and magnetically stirred at 200 rpm. The pH of the solution was then adjusted to the desired range of 6-8 with 0.1 M NaOH or HCl added. At each target pH, an appropriate amount of benzoate solution, which had previously been adjusted to the same pH as the suspension, was added. To maintain the target pH, small aliquots of 0.1 M HCl or NaOH were added dropwise to neutralize OH- released during interactions between benzoate and coagulant hydroxide flocs. The variation in pH was recorded using a high precision pH meter (Thermo, USA). When the further addition of 0.1mM benzoate did not change the pH value, the titration process was regarded as having reached completion.
2.4 Analytical Methods
Once the floc growth reached a stable stage, representative flocs were extracted carefully from the beaker using a straight glass tube with an inner diameter of 5 mm and open ends on both sides. The flocs were subsequently transferred to a clean silicon wafer, where they were dried, coated with a thin layer of gold and examined using SEM (JSM7401F, JEDL, Japan). In-situ imaging of samples using AFM (5500AFM, Agilent, USA) provides morphological information close to their native state. Following the completion of the coagulation process under a range of experimental conditions, the flocs were filtered onto a 0.22 μm aqueous microporous filter membrane, washed with DI water two to three times, and then freeze-dried to yield a solid powder. The dried powders were then thoroughly mixed with infrared-grade dried KBr in an agate mortar at a mass ratio of 1:100 (floc powder: KBr). The mixture was pressed under a pressure of 12 tons for 2 min to form pressed discs. The FTIR spectra of the discs were collected in absorbance mode, with KBr used as the background. The functional group variations of the flocs were analyzed via FTIR spectroscopy (TENSOR 27, BRUKER, Germany). In addition, the hydrophilicity of the floc was measured in terms of contact angle using a contact angle goniometer (water contact angle (WCA), OCA15EC, DataPhysics, Germany). Dissolved organic carbon (DOC) was determined using a total organic carbon analyzer (TOC-Vwp, Shimadzu, Japan). A three-dimension excitation emission matrix (EEM) spectrofluorometer (F-4600FL, HITACHI, Japan) equipped with a 150 W xenon lamp was used to capture the fluorescent properties of water samples with emissions ranging from 250-550 nm after excitation by absorbing the light in the range of 200–450 nm wavelength. The data processing is detailed in the Supporting Information (SI, Text S5).
3. Results and discussion
3.1. The effect of benzene ring on floc formation during coagulation
[bookmark: _Hlk206405424][bookmark: _Hlk201392764]In order to investigate the influence of the benzene ring on floc formation during coagulation, experiments were conducted to quantify the kinetics of floc formation by organic matter at varying concentrations and pH values within the range of 6-8. The ionization properties of the three organic compounds are shown in Table S2. These compounds were selected in order to compare a simple aliphatic and aromatic compound that have a carboxyl group (acetate and benzoate, respectively), and aromatic compounds with different numbers of carboxyl groups (benzoate and phthalate: benzoate has a carboxyl group and phthalate has two carboxyl groups located adjacent to each other on the benzene ring), in terms of their coagulation performance (lag time, coagulation rate and plateau FI value). Figure 1 shows the effects of benzoate concentration on the growth of the flocs from appearance to maximum size, as well as their breakage and regeneration. The corresponding results for phthalate and acetate are given in the Supporting Information (SI), Figures S1 and S2, respectively. This section focuses on the impact of benzene rings on floc formation during coagulation, to reduce interference, the feedwater for coagulation were Lab-prepared with the addition of organic matter, and factors such as floc aging and crystallization are not included.39–41
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[bookmark: _Hlk209447084]Figure 1. Effect of benzoate concentrations on AlCl3 coagulation and regeneration process at pH 6 (a), 7 (b), 8 (c). Effect of benzoate concentrations on FeCl3 coagulation and regeneration process at pH 6 (d), 7 (e), 8 (f). Effect of benzoate addition at different periods on the maximum FI values of the two coagulants: before AlCl3 coagulation (g), before FeCl3 coagulation (h), during the breakage stage: AlCl3 (i), FeCl3 (j). Significance codes in g and h indicate pairwise post-hoc differences among concentrations within the same pH. Significance code: * p < 0.05; ** p < 0.01; *** p < 0.001.
The growth curves and plateau (steady-state maximum) FI values showed that, for FeCl3, the size of the flocs increased as the pH rose from 6 to 8 (Figure 1). This trend is consistent with the increasing degree of hydrolysis of Fe3+ with pH (SI, Figure S3), whereby as the pH value changes from 6 to 8, the total soluble iron content reduced to its lowest point, indicating that larger iron polymer hydrolysates continue to form as the B value (OH/ iron) increased.42 However, for AlCl3 the size of floc was in the order of pH 6 > 8 >7 in the absence of organic matter, which was consistent with our previous research results.1 At pH 7, the main hydrolysis product of aluminum is the unstable, semi-soluble aluminum hydroxide, which has poor coagulation properties due to its low charge density. 
With the addition of the organic compounds before adding the coagulant, the findings demonstrated that the benzoate and phthalate markedly influenced the coagulation performance of aluminum chloride and ferric chloride (Figure 1 and Figure S1). Conversely, acetate exhibited a negligible impact on floc formation, including growth rate and plateau FI (Figure S2). As indicated in Table S2, it is estimated that 94.6% of acetic acid is deprotonated at pH 6, so the deprotonated carboxyl group (-COO-) without benzene ring connection is difficult to interact with the aluminum or iron floc.4 For benzoate and phthalate, the coagulation rate and plateau (maximum) FI value slightly increase with the increase of concentration at pH 6-8 except the AlCl3 at pH 7, which may be attributed to the coagulant species.
[bookmark: _Hlk201221890]The benzene ring is a large π-bonded structure comprising six centers and six electrons, while the carboxyl group also forms a π-bonded system with three centers. Consequently, when carboxyl groups are attached to the benzene ring, a delocalized conjugated system is formed. Additionally, carboxylic acids exhibit a strong electron-withdrawing inductive effect, which increases the electron density on the oxygen atom of the carboxyl group, thereby promoting the formation of complexes with aluminum and iron.43–48 The carboxyl group on phthalic acid is positioned in a vicinal position, which may enhance the electron-withdrawing inductive effect and increase the electron density within the functional group, thereby facilitating the formation of bidentate complexes.49–51 Our previous experiments had confirmed the capacity of phthalate to react with the active sites present at the surface of aluminum PNPs, thus facilitating its removal.4 The use of FTIR analysis to study the complexation reaction between phthalic acid and aluminum ions demonstrated significant effects. The disappearance of the C=O stretching vibrational peak of the carboxyl group (typically around 1720 cm-1) and the emergence of a new complexation peak in the range of 1618-1638 cm-1 indicate deprotonation of the carboxyl group and coordination with the metal ion.5,34,52,53 That is, two adjacent aromatic carboxyl groups have the capacity to coordinate with metal ions, thereby forming a highly stable phthalate-like bidentate complex. A similar phenomenon occurs when an aromatic carboxyl group and an adjacent phenolic hydroxyl group coordinate with metal ions, forming a highly stable salicylate-like bidentate complex.4,52 Liu et al also found that for the same Al-based coagulant, salicylic acid and phthalic acid were better removed than gluconic acid due to the fact that functional groups attached to the benzene ring (i.e. -COOH and -OH) interacting with the metal ions form chelating structures such as six- and seven-membered rings, which were thermodynamically and kinetically more stable than the same number of monodentate ligand compounds.34 In contrast, benzoate, which contains only a single carboxyl group, struggles to form such complexes, and the rate of adsorption on metal hydroxides is lower in this substance in comparison to other substances containing multiple carboxylic acids, such as phthalate, hemimellitate, and trimellitate.54 Consequently, further evaluation of the effect of acetate and benzoate on coagulation performance was conducted to facilitate a more profound comprehension of the role of the benzene ring as a structural unit in coagulation.
[bookmark: _Hlk195099610]Under pH 8 conditions, an increase in benzoate dosage caused a moderate delay in floc formation, as the carboxyl group of the benzoate is negatively charged. According to the DLVO theory,55 the addition of benzoate will increase the surface charge repulsion between particles, so that the energy barrier required for particle agglomeration in the coagulation process is relatively great, and the aggregation chance is reduced, which is manifested by the slowing down of floc formation to a certain extent under a certain stirring rate and experimental conditions (Figure 1c, growth delay). 
3.2. Effect of organic substance on the regrowth of broken flocs
[bookmark: _Hlk201216989][bookmark: _Hlk209879221]Floc breakage refers to the disruption and redistribution of aggregated nanoparticles within aqueous systems. In contrast, regrowth denotes the subsequent re-aggregation of these dispersed particles. Fundamentally, nanoparticles following floc breakage are similar to natural ones, with the primary distinction lying in the altered chemical bonds present on their surfaces. Aluminum and iron flocs both utilize surface water molecules (η-OH2) and hydroxyl groups (η-OH) as active sites, linked by hydroxyl bridges (μ-OH), which are formed by the combination of a η-OH2 and a η-OH on two PNPs. However, during the fragmentation of the flocs, the μ-OH breaks down, forming two η-OH. As the flocs undergo fragmentation and subsequent reformation, the η-OH2 on their surfaces gradually converts to η-OH, thereby impeding the formation of connections between flocs and reducing the size of stable flocs following regeneration (SI, Figure S4).1,4,36,37 
[bookmark: _Hlk201217596][bookmark: _Hlk201218922][bookmark: _Hlk201219013][bookmark: _Hlk201178330][bookmark: _Hlk201218983]The incorporation of benzoate during the fragmentation and re-flocculation stages exerted no substantial influence on the size of the flocs (Figures 1i, j and Figure S5), which differs from the results with gluconate, citric acid and ethylenediaminetetraacetic acid disodium salt, indicating that benzoate does not directly occupy the active sites on the floc surface.1,4,37 However, it is noteworthy that the incorporation of benzoate at the end of the initial rapid mixing process significantly enhanced coagulation performance (Figures 2a, b). The benzoate was added at the conclusion of the initial rapid mixing stage, at which point the PNPs are undergoing growth and are connected by μ-OH of surface groups. At this stage, the floc surface has a substantial number of η-OH2 as active sites. Following the addition of the benzoate, there was an 14% increase in the floc plateau FI value of the AlCl3 coagulant. A similar increase was observed in the floc plateau FI value of the FeCl3 coagulant, which increased from 27.3% to 32%, representing a 19% rise. This observation indicates that the conversion of the active sites during the floc fragmentation process is pivotal in rendering benzoate ineffective. Benzoate combines with the metal hydrolysis products by forming a cation-π interaction through the electrostatic attraction between the benzene ring’s aromatic structure and the cation’s quadrupole moment, thereby forming a connection between the flocs and promoting coagulation performance. During floc fragmentation, the active site on the surface undergoes a gradual transformation from the original η-OH2 to the η-OH, which is regarded as a relatively inert site.36 Consequently, the absence of floc growth promotion by benzoates at this stage may be attributable to the shielding effect of the augmented number of η-OH active sites on the floc surface, which hinders the cation-π interaction (SI, Figure S5). 
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Figure 2. The effect of organic matter addition on coagulation performance. Effect of benzoate addition, and concentration, at the end of the initial rapid mixing process on the growth of flocs (at pH 8): Al3+ (a), Fe3+ (b). The impact of benzoate concentration and pH on the plateau FI values for both coagulants: Benzotate-Al3+ (c), and Benzotate-Fe3+ (d). Removal of organic matter by different coagulants at different pH values (e). Correlation analysis between Plateau FI and DOC removal under different experimental conditions (f). The concentrations of both acetate and benzoate were 10 μM. Data in figures c-e are presented as mean values +/- SD (n=3).
[bookmark: _Hlk201332121]The effect of benzoate added at different stages on floc growth was further investigated in SI, Figure S6. The addition of benzoate to an aqueous solution, either prior to or after the initial rapid mixing phase, when the coagulants existed in the form of simple metal ions or PNPs, resulted in a substantial promotion of floc growth. However, when floc growth reached the plateau phase, no significant effect on floc growth was observed after adding the benzoate. At the plateau stage, the flocs have reached a dynamic equilibrium in their energy-driven structure and size, which depends on the properties of the water (e.g., pH, ionic strength, and alkalinity) and the coagulant dose.37 These flocs have a relatively low charge density, which weakens their attraction to benzoate.56 As the pH increases, the initial η-OH around the metal ions gradually increase, weakening the metal ions’ positive charge through electrostatic shielding,57–59 thereby gradually weakening the cation-π interaction (SI, Text S7). During the floc breakage and re-flocculation process, the η-OH2 on the floc surface is gradually depleted due to continuous recombination and fracture of flocs, so their surfaces are mainly η-OH formed by the breaking of hydroxyl bridges, and cation-π interactions are unable to have a significant effect again. 
3.3. The effect of the benzene ring on coagulation performance at different pH and concentrations
The factors that affect coagulation performance in this aqueous system, such as pH and the concentration of the organics or coagulants, were further investigated. At specific concentrations and pH conditions within the range of 6-8, acetate appears to have a negligible impact on the coagulation performance of the two coagulants (SI, Figures S7 and S8). However, the presence of benzoate was observed to enhance coagulation performance within this pH range. The FI results demonstrated that the addition of benzoate generally increased the size of the flocs across a range of pH levels (SI, Figure S9). Under identical conditions, the addition of a high concentration (10 mM) of benzoate promoted the flocculation effect of aluminum chloride and ferric chloride coagulants by 12.3% and 18.9%, respectively. The difference in the promoting effect was not significant compared to the low concentration (Figures 2c, d), so the subsequent comparative experiments were conducted mainly with 0.01 mM benzoate dosing for comparison and characterization.
The coagulation-enhancing effect of low-concentration benzoate progressively weakened with increasing pH. This attenuation is attributed to enhanced hydrolysis of the coagulants at higher pH, which elevates the hydroxyl group density around metal ions. The resulting shielding effect reduces the partial positive charge density of cations, thereby weakening cation-π interactions (SI, Figure S10 and Text S7). Significantly, despite this pH-dependent reduction in interaction strength, benzoate addition consistently promoted floc growth across the studied pH range (Figure 1 and Figure S8). In summary, benzoate has been shown to enhance coagulation performance by forming cation-π interactions with the metal ions, with the extent depending on the pH and metal ion.
The coagulation experiments were also evaluated in terms of the comparative removal effect of the two coagulants on acetate and benzoate at varying pH and compound concentrations. Acetate removal via coagulation ranged from 2% to 3% under all pH conditions, exhibiting no discernible change with coagulant concentrations. In contrast, the removal rate of benzoate exhibited a generally increasing trend with increasing concentration (Figure 2e). The negligible removal efficiency of benzoate added during the floc breakage and re-flocculation stage (SI, Figure S11), indicated by the jar test results, is attributed to its inability to form cation-π interactions with flocs. Notably, this restrictive mechanism differs markedly to the behavior observed when benzoate is dosed prior to coagulation or introduced during the initial growth stage. The crux of this dosing point difference lies in the dynamic balance between η-OH and η-OH2: during the early stage, the predominance of η-OH2 ensures sufficient positive charge accessibility, whereas in the breakage and re-flocculation stage, the overwhelming number of η-OH disrupts the essential coupling between positive charges and π-electrons. Consequently, the varying benzoate removal efficiencies at different coagulation stages are closely tied to the dynamic evolution of active surface sites on the flocs. As the flocs grow larger, benzoate is gradually removed. This may be because benzoate acts as a bridging agent during the coagulation process, attracting and connecting metal PNP, promoting floc growth while itself being removed (Figure 2f and Figure S12).
3.4. Interactions between organic matter and precipitate active sites
[bookmark: Figure4]The interaction between metal-ion precipitates and different functional groups or structures of organic compounds was further investigated using titration experiments. Changes in pH caused by the interactions were converted into the liberation of either OH- or H+, with the results for benzoate shown in Figure 3. The addition of acetate had no effect on pH, irrespective of the concentration (SI, Figure S13). At pH 6, more than 94% of acetate was deprotonated (SI, Table S1), indicating that deprotonated carboxylic groups (-COO-) have limited capacity to interact with aluminum or ferric precipitates flocs. Under the same conditions, a minimal amount (< 50 μM) of benzoate added at pH 6 resulted in a shift in solution pH (Figures 3a, b). Combined with the acetate-related experiments (Figure S2 and Figure 2e), the observed pH change is better explained by a sequence of processes initiated by cation-π interaction, rather than by direct carboxylate occupation of active sites on the metal precipitates flocs.
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Figure 3. Titration curves of aluminum or iron precipitates with the addition of benzoate: Al (a), Fe (b). Changes in pH caused by the interactions were converted into the liberation of OH- release. Schematic representation of the interaction of the two PNPs with benzoates, exemplified by Al: More H2O sites on the surface of the PNPs (c) and more OH sites on the surface of the PNPs (d). 
At pH 6, there are a large number of H2O active sites on the surface of aluminum PNPs, and part of the carboxyl group of the introduced benzoate is still in the dissociated state, as depicted in Figure 3c. The benzoate is first attracted to the Al PNPs through the cation-π interaction, and then the carboxyl group interacts with the active sites on the surface of the Al PNPs, thus releasing a H2O molecule (process I). At a greater initial pH, the active sites η-OH2 on the surface of Al PNPs transform into η-OH, which weakens the cation-π interaction by shielding the effective charge of the aluminum ion, and the total amount of OH- released was thus reduced (Figure 3a). When the majority of the active sites on the surface of PNPs are η-OH, Al-π interactions are difficult to be formed (Figure 3d and Text S7), and then benzoate has almost no effect on coagulation, which corresponds to the case when benzoate was added at the stage of floc breakage and regeneration (SI, Figure S6).
[bookmark: _Hlk206184837]The high positive charge density of the metal cations results in the polarization of the liganded water molecules and the weakening of the O-H covalent bonds of the water molecules.60 In the two coagulants selected for the experiment, the strong attraction of Al3+ and Fe3+ makes the hydrogen atoms on their coordinating water molecules highly electrophilic and highly susceptible to attack by lone pairs of electrons from the other molecule (benzoate), which leads to O-H bond cleavage and the release of OH-. Consequently, the ionized benzoate ion initially attracts the surrounding Al or Fe PNPs via cation-π interactions (anchoring), followed by the breakage of the η-OH2 on the surface of the PNPs, which combines with -COO- and releases OH- (process II); thereafter, the carboxy group interacts with the active sites on the surface of the PNPs and releases a H2O molecule (process I). This series of reactions has been observed to be more pronounced in FeCl3 coagulants. This is because iron, as a transition metal, has a ligand water molecule that generates an OH- ligand that can grant its electron-filled p-orbitals to the d-orbitals of Fe3+ in the form of π-bonds, a process that has been described as a “Ligand-to-Metal Charge Transfer”, and this stabilization effect endows Fe3+ a stronger tendency to react and facilitating OH- formation.61 It is therefore concluded that at pH 6, the iron solution system releases OH- at a higher rate than the aluminum solution system, and that when the same concentration of benzoate is added, the iron solution system ultimately releases a greater total amount of OH- (Figures 3a, b).
It is noteworthy that at the initial stage of titration of Fe PNPs, the rate of OH- release at pH 6 was marginally greater than that at pH 7 (Figure 3b). This is because the increase in pH weakens the cation-π interaction to a certain extent. However, some of the carboxylic groups of the benzoates are not deprotonated at pH 6, after being attracted near the PNPs through Fe-π interaction, the carboxyl group on the benzene ring can directly bind to the hydroxyl group on the surface of the PNPs and release water molecules (process I). Consequently, the total amount of OH- released at pH 6 was less than at pH 7 for an equivalent amount of benzoate added. As the pH increased (pH 8-pH 10), the active sites on the surface of the Fe PNPs were gradually converted to η-OH, which serve to shield the effective charge of the metal ions and increase the effective distance between them and the benzene ring π electrons. Consequently, the cation-π interaction was weakened, and the rate and total amount of OH- release were significantly reduced.
3.5. Floc characterization in the presence of benzoate
[bookmark: _Hlk206406505][bookmark: _Hlk206406561]In order to illustrate the effect of benzoate on the PNPs produced by the coagulants, SEM imaging was utilized and AFM images were used as a supplement (SI, Figures S14-S16). For both types of coagulants, the PNPs produced by the addition of benzoate were comparatively large and loosely structured in relation to the control groups (blank). The diameters of 300 nanoparticles were measured using ImageJ software and their size distributions were analyzed in order to estimate their approximate ranges. The results showed that the average particle size of aluminum PNPs increased from 23.82 ± 2.22 nm to 27.07 ± 2.89 nm and that of iron PNPs from 22.36 ± 2.24 nm to 28.36 ± 3.31 nm with the pre-addition of benzoate, with the particle sizes exhibiting an approximate normal-type distribution (Figures 4b, c), which is in excellent agreement with the AFM-based measurements (SI, Figures S16). The enhanced particle size growth of Fe PNPs in the presence of the same concentration of benzoate can be ascribed to the more pronounced capacity of Fe-π interactions to attract surrounding Fe PNPs, compared to the Al-π interactions with Al PNPs.
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[bookmark: _Hlk190874279]Figure 4. SEM images of aluminum and ferric hydroxide nanoparticles formed with and without 10 μM benzoate addition (a). Size distributions of 300 nanoparticles obtained from the analysis of the SEM images: Al (b), Fe (c), overlaid curves are Gaussian fits and the peak position is indicated in each panel. Fit parameters and goodness-of-fit metrics for each panel are summarized in Table S3. The overall comparison as box and whisker plots (d).
[bookmark: _Hlk206403165]The Al PNPs established hydrogen bonds with water molecules through the hydroxyl groups on their surface, corresponding to a contact angle value of 52.5°, thereby indicating their hydrophilicity (Figure 5a).62,63 Conversely, Fe PNPs exhibited a propensity to form a compact hydroxyl-bridged structure due to their diminutive initial particle size and elevated hydrolysis properties (Figure 4a), which decreased the exposure of surface-active hydroxyl sites. The slowing down of droplet spreading on the flocs surface indicated that the hydrophilicity of Fe flocs was weaker than that of the Al flocs.
[bookmark: _Hlk201173023]In the aqueous system containing benzoate, benzoate can attract and bind to the surrounding metal PNPs through the cation-π interaction, and the carboxyl group on the benzoate can then interact with, and attach to the active sites on the PNPs surface, increasing the average particle size (Figure 4d). The observed change in contact angle is the result of a combination of surface chemistry and physical surface morphology. Under the same pelletizing conditions, the particle size distribution of the flocs may affect the pore structure of the final discs, which increases the inter-particle space to a certain extent and thus increases the wetting speed of the DI water on the flocs surface. Different flocculent structures may lead to differences in the microscopic roughness of the sample surface after pelletizing, and the reduced contact angle of samples containing benzoates may be partly attributed to the Wenzel effect. Besides, when hydroxyl and carboxyl groups exist on the surface of PNP, they can not only form hydrogen bonds with water molecules individually, but also act together through the change of the overall chemical environment (e.g., the formation of a complex multi-level hydrogen bonding network), which attracts water molecules more efficiently than the presence of a single group, accelerates water penetration, and ultimately demonstrates the enhancement of the overall hydrophilicity of the floc (Figure 5a). 64,65 FTIR spectra showed a pronounced adsorption peak of the sample compared with the control groups at 860 cm-1, which was assigned to the aromatic C-H out-plane bending. Besides, shifts at 1610 cm-1 (carboxylate asymmetric stretch), 66–681280 cm-1 (deprotonated carboxylate stretch νOC-OH),69,70 and1000 cm-1 (Al O-H bending vibration) both indicating benzoate bind to the flocs (Figure 5b, c).71
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[bookmark: _Hlk206080245][bookmark: _Hlk206079817][bookmark: _Hlk206080194][bookmark: _Hlk206080440]Figure 5. Analysis of floc properties for coagulants without, and with 10 μM benzoate addition: dynamic water contact angle (a); FTIR spectra of aluminum flocs without and with 10 μM benzoate addition (b), and enlarged views of the relevant spectral band regions (c). Validation of water treatment using surface water: Effect of pre-oxidation with varying concentrations of H2O2 on coagulation performance of JM water (d); Plateau FI for coagulation and pre-oxidation-coagulation (Pre-Ox-C, with 2mg/L H2O2) treatments for nature water (e); Comparison chart of EEM with different processing methods (Raw water, coagulation, oxidation and Pre-Ox-C) (f); Integrated absolute fluorescence intensities of five EEM regions, normalized to the raw OT water (regions I-V; OT water = 100) (g); FTIR spectra of flocs after coagulation using different processing methods (h). Data in Figure e are presented as mean values +/- SD (n=3). 
3.6 Natural water treatment 
[bookmark: _Hlk206405842]Jingmi (JM) and Olympic Park (OT) waters were used as representative raw waters (physicochemical properties of the raw waters are provided in the SI, Table S1), direct coagulation performance differed between waters (Figure 5d and Figure S18). 3D‑EEM indicates that the higher fluorescent signals in the raw waters are found in regions III and V, typically assigned to fulvic acid-like and humic acid-like substances that contain more aromatic ring structures (Figure 5f and Figures S19-S20). We pre-oxidized the raw waters with H2O2, concentrations and treatment conditions are provided in SI, Text S8. Under the conditions used, stable aromatic rings were not cleaved, but side chains and groups attached to the aromatic rings (e.g., alkenes, aldehydes) were primarily oxidized, thereby increasing the hydroxyl/carboxyl content on the benzene rings.72,73 FTIR spectra of the flocs from Pre-Ox-C showed increased intensity of the carboxylate asymmetric stretch (1610 cm-1) and enhanced Al O-H bending vibration near 1000 cm-1 (Figure 5h and Figure S21), indicating more carboxyl and hydroxyl groups are formed after pre-oxidation. Although SUVA showed little change after pre-oxidation (SI, Table S4), the benzene rings can utilize the oxidation‑enriched hydroxyl/carboxyl groups to form more stable chelate structures with metal PNPs, thereby improving coagulation performance. OT water, having a higher initial SUVA than JM water, exhibited a greater coagulation improvement after pre‑oxidation (Figure 5e). Compared with direct coagulation, pre‑oxidation followed by coagulation (Pre-Ox-C) caused a marked decrease in fluorescence in regions III and V, with region V (of higher aromaticity) showing a larger decline (Figure 5g). In summary, pre‑oxidation selectively modified active substituents on aromatic rings, enabling formation of stable chelate structures with metal PNPs during coagulation and ultimately achieving improved removal (organic compounds with a benzene ring are substantially more susceptible to remove than their aliphatic counterparts).
4. Environmental implications
[bookmark: _Hlk201178460][bookmark: _Hlk206407417][bookmark: _Hlk206405969]This study has utilized three model organic compounds (acetate, benzoate and phthalate) to elucidate the role of the benzene ring in coagulation. The underlying mechanism is directly verified by titrating the metal-ion precipitates with an organic substance, which converts the binding of the metal PNPs to the organic functional group into a pH fluctuation. The results have demonstrated that the cation-π interaction draws the aromatic molecule towards the metal hydrolysis product, enabling functional groups on the ring (e.g., -COOH, -OH) to form highly stable, chelated structures with the active sites on the surface of the PNPs, which are thermodynamically and kinetically favored over simple monodentate binding. As the number of carboxyl and hydroxyl groups on the benzene ring increases, these moieties enhance PNPs aggregation via chelation and other interactions, a trend validated by our experiments on natural waters. 
[bookmark: _Hlk201237882][bookmark: _Hlk206405925][bookmark: _Hlk206408444]This study offers significant insights into the mechanism of the benzene ring’s action as a structural unit of organic substances in the coagulation process, broadening the understanding of the microscopic coagulation mechanism and the performance of practical water treatment processes. Based on these insights, modified metal coagulants or polymer flocculants with stronger cation-π affinity for aromatic pollutants can be developed to achieve selective and efficient removal of specific aromatic pollutants such as tetracyclines in high-strength pharmaceutical wastewater. Concurrently, for raw water rich in these specific aromatic structures, pretreatment via methods like pre-oxidation to modify side chains and substituents on aromatic rings can significantly boost the subsequent coagulation performance and removal efficiency. Future work can continue to analyze differences in coagulation behavior among source waters from a functional group perspective, aiming to enhance removal efficiency by strategically altering surface functional groups. 
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