Elucidating the conformation effects within adsorption of natural organic matter on mesoporous graphitic carbon
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Abstract
The conformation effects were frequently reported to affect the adsorption of natural organic matter (NOM), but such a specific mechanism is poorly understood. To address this knowledge gap, based on the adsorption of NOM on mesoporous graphitic carbon nitride (MCN) prepared via a novel pseudo-templating method, the conformation effects were elucidated. The results showed that MCNs nano-architectures with uniform mesopores were successfully fabricated and showed prominent adsorption capacity. The maximum adsorption amounts of MCN-0.5 for fulvic acid (FA) and leonardite humic acid (HA) were 73.61 mgC g-1 and 135.57 mgC g-1, respectively. The adsorptive affinities of components for HA and Elliott soil HA (ESHA) were related to structural condensation; the components with the more coiled conformation exhibited higher affinities because of occupying less active sites and weakening the electrostatic repulsion. Such conformation effects were further established with respect to NOM types and components, as well as solution chemistry. HA and ESHA suffered from variations from the coiled to linear conformations as pH increased, but not the other four types of NOM tested, and particularly the humic-like and territorial humic-like components were critical in such conformational variations. The adsorption of HA and ESHA was affected by pH via both the conformation effects and the interaction mechanism. By contrast, the conformation of six types of NOM was not affected by the common cations (Na+, K+, Mg2+, Ca2+), and these cations impacted NOM adsorption only through the conventional interactions.
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1. Introduction
In aquatic and soil ecosystems, natural organic matter (NOM) is one of the most widely distributed organic materials, mainly consisting of humic acids (HA) and fulvic acids (FA)[1, 2]. Due to the ubiquity, NOM plays a critical role in ecological and environmental processes, such as affecting the soil structures, the photolysis of contaminants, and the ecological fate, stability, and ecotoxicity of heavy metals[3, 4]. In addition, the presence of NOM is highly detrimental to drinking water and wastewater treatment. For instance, NOM is the precursor of carcinogenic disinfection byproducts during chlorine disinfection [5, 6]. Due to the abundant chemical groups with strong binding potential, NOM could act as the carriers of organic/inorganic pollutants. Macromolecular NOM seriously hinders some typical processes of wastewater treatment, reducing the efficiency of membrane processes and ultraviolet disinfection[7]. Several processes such as coagulation, degradation, and adsorption have been employed for NOM removal from aqueous solutions, and adsorption is frequently utilized due to the easiness in design and operation[8, 9].
Some adsorbents, such as activated carbon (AC), graphene oxide (GO), carbon nanotubes (CNTs), and metal oxides, were used for NOM adsorption, while these adsorbents suffered from low efficiency, high-cost, and aggregation[10, 11]. Recently, we demonstrated that the emerging graphitic carbon nitride (g-C3N4) was an available adsorbent for NOM due to easy synthesis, abundance of precursor, low cost, fast adsorption, and nontoxicity[12]. Nevertheless, the bulk g-C3N4 has a low surface area[13], and thus the g-C3N4 nano-architectures with high surface area are highly desired. However, the current templating methods suffer from residues of polymers and utilization of toxic hydrogen fluoride[14, 15]. Inspired by an accidental finding that urea-derived g-C3N4 fully decomposes at 600 ℃ for 3 h, a novel pseudo-templating method is proposed in this study to fabricate porous g-C3N4 using melamine and urea. Upon pyrolysis, these two precursors are polymerized into g-C3N4 at initial stages, and then the urea-derived g-C3N4 (pseudo-templating) decomposes completely, leading to the formation of nano-architectures.
On the other hand, most studies reported that the adsorption of NOM was mainly mediated by the interaction mechanism, such as hydrophobic interactions, ligand exchange, and electrostatic interactions[16, 17]. For example, Kaneco et al. [18] reported that the adsorption of NOM on tobermorite was mediated by complexation and ligand exchange. Lee et al.[19] found that electrostatic attraction and π-π interactions were major mechanisms for the adsorption of HA on GO. In addition, a specific conformation effect has been often reported to affect the adsorption of NOM [20]. Li et al. [11], Dong et al.[21], and Wei et al.[22] proposed that as pH decreased or cations increased, the variations of HA could occur from a stretched to a spherical conformation, which was favorable for adsorption due to occupying less active sites. Nevertheless, such a mechanism remains mere speculation without experimental demonstration and spectroscopic evidence. For example, it was speculated that high hydrogen ions at low pH promoted HA to coagulate itself without experimental evidence [11]. In addition, the differences of NOM conformation variations induced by pH and cations have not been elucidated. Therefore, given the heterogeneity and variable properties of NOM, it needs to ascertain the conformation effects with respect to solution chemistry, the types and components of NOM during adsorption on typical materials.
Therefore, the focus of this study was to fabricate mesoporous g-C3N4 (MCN) with the newly proposed pseudo-templating method, and further elucidate the conformation effects in NOM adsorption onto MCNs. The first objective was to synthesize MCNs and evaluate their adsorption performance for NOM. The second objective was to ascertain the conformation of NOM with respect to components, types, and solution chemistry. The third objective was to elucidate the conformation effects in NOM adsorption on MCNs. To be best of our knowledge, this was the first study to elucidate the conformational variations of NOM and its effects on NOM adsorption, and propose a novel, simple, and efficient pseudo-templating method for fabricating mesoporous g-C3N4.
2. Experimental section
2.1 Chemicals and materials
The chemicals including melamine, urea, sodium chloride, sodium nitrate, potassium chloride, calcium chloride, and magnesium chloride were of analytical grade and supplied by Sinopharm Co., Ltd, China. NOM materials, including soil FA and leonardite HA, were supplied by Macklin Co., Ltd, Shanghai, China. The standard NOM [Suwannee river HA (SRHA), Elliott soil HA (ESHA), Suwannee river FA (SRFA), and Elliott soil FA (ESFA)] was supplied by the International Humic Substance Society (IHSS). The basic properties of NOM can be found in the previous reports[12].
2.2 Synthesis and characterizations of MCNs
As stated above, we proposed a novel pseudo-templating method to synthesize MCNs via the pyrolysis of melamine and urea mixtures. Typically, 10 g of the precursors’ mixtures were ground well for 40 min and heated at 600 ℃ for 3.0 h in a Muffle Furnace (SX-4-10, Bangxi, China). Given the productivity, four types of MCNs were prepared with various mixing ratios of melamine and urea (5.0:5.0, 2.5:7.5, 1.0:9.0, and 0.5:9.5), denoted as MCN-X (X is the mass of melamine). The bulk g-C3N4, denoted as bulk CN, was prepared using melamine as a single precursor under the same pyrolysis conditions, and as envisioned, there were no g-C3N4 products obtained using urea as a precursor. The morphology was observed with a ZEISS Merlin scanning electron microscope (SEM) with an accelerating voltage of 30 kV. Brunauer-Emmett-Teller (BET) surface area and pore size distribution were determined by N2 adsorption-desorption isotherms with a Quantachrome ASAP2460 analyzer. The crystal structures were measured by powder X-ray diffraction (XRD) on a Rigaku D/Max 2500H diffractometer at 40 kV and 150 mA with Cu Kα radiation. Fourier transform infrared (FT-IR) spectroscopy was recorded on a Nicolet iS5 spectrometer (Thermo Scientific, USA). The chemical states were characterized by X-ray photoelectron spectroscopy (XPS) on a PerkinElmer ESCALAB 250Xi spectrometer with an Al Kα anode source (1487 eV). The zeta potential was measured using a zeta-potential instrument (Delsa Nano C, Beckman Coulter). MCN-0.5 after HA adsorption was characterized by using XPS and zeta potential to ascertain the adsorption mechanism (see the experimental procedures in Table S1).
2.3 Adsorption Experiments
Adsorption experiments were conducted using the batch equilibrium techniques (80 rpm, 298 K) in the dark by dispersing the adsorbents (0.03 g) in 100 mL NOM solution with NaNO3 (0.01 M) as background electrolyte. The solution pH was adjusted by adding 0.1 M NaOH or 0.1 M HCl. The samples were collected within adsorption and filtered through a prewashed 0.45 μm polyethersulfone (PES) filter (Pall Corporation, USA). The initial and residual concentrations after adsorption were determined as UV absorbance at 254 nm (UV-1800, Shimadzu, Japan) and total organic carbon (TOC) (V type, Shimadzu, Japan) to calculate the adsorption amounts. At least duplicate samples were included in all adsorption experiments. Blank experiments without the adsorbents revealed no obvious changes in NOM solution. The full procedures are provided in detail in Table S1.
Kinetics data were fitted with the pseudo-second-order model, as shown in the equation: , where  (g mgC-1 min-1 or cm g L-1 min-1) is the rate constant of pseudo-second-order model. Isotherm data were simulated with the Freundlich model, as shown in the equation: , where  (mgC g-1 or L cm-1 g-1) is the equilibrium adsorption amounts,  [(mgC g-1) (L mgC-1)1/n or (L cm-1 g-1) (cm)1/n] is the adsorptive affinity coefficient,  (mgC L-1 or cm-1) is the equilibrium concentrations, and  is the nonlinearity index. The maximum adsorption amounts [ (mgC g-1 or L cm-1 g-1)] were determined with the Langmuir model, as shown in the equation: , where  (L mgC-1 or cm) is the constant of Langmuir model.
2.4 Analytical methods
Fluorescence excitation−emission matrix (EEM) spectra were measured using a F-7000 Hitachi spectrophotometer. Excitation (Ex) wavelength was set from 200 to 450 nm with 5 nm intervals and emission (Em) wavelength stepped from 280 to 550 nm with 5 nm increments. Parallel factor (PARAFAC) analysis was performed with the DOMFluor toolbox after eliminating Raman and Rayleigh scattering. The EEM data for PARAFAC modeling were obtained based on 340 data points of NOM samples (Section S1). The identified fluorescent components were validated by split-half analysis and residual error diagnostics. The relative concentrations of fluorescent components were represented by the maximum fluorescence intensities (F, r. u.). The removal of fluorescent components was calculated by the equation: , where  and  are the maximum fluorescence intensities of fluorescent components for initial and residual NOM after adsorption, respectively. The effect of solution chemistry (i. e. pH, Na+, K+, NO3-, Mg2+, and Ca2+) on the concentration of fluorescent components was evaluated by the equation: , where  and  are the maximum fluorescence intensities of fluorescent components at the initial and elevated values of solution chemistry, respectively.
UV-vis absorbance spectra (UV-1800, Shimadzu, Japan) were used to test the effect of pH and the cations on NOM. Dynamic light scattering (DLS) was used to study the conformation of HSs with respect to pH and the cations based on particle size. DLS was recorded on a Nanoparticle Size Analyzer (Delsa Nano C, BeckmanCoulter, USA) with an operational range of 0.3 nm~10 μm. The detector position was set at an angle of 173° to take advantages of the backscattering mode.
3. Results and Discussion
3.1 The Characterization of MCNs and the bulk CN
[bookmark: _GoBack]The SEM images, as shown in Fig. 1a and Fig. S1, indicated that, in contrast to the stacked structure of the bulk CN, MCNs showed clearly granular nano-architectures, which were caused by the bubbling effect of gaseous products derived from the decomposition of urea during pyrolysis process[23, 24]. The porous structures of MCNs and the bulk CN were further measured by N2 adsorption-desorption isotherms (Fig. 1b and Fig. S2). As shown in Fig. 1b, all N2 isotherms of MCNs showed the IV patterns, suggesting the presence of abundant mesopores[25]. With the decreasing of melamine dosage, the surface area of MCNs increased, and MCN-0.5 (110.2 m2 g-1) showed a much greater surface area than that of bulk CN (26.08 m2 g-1). Moreover, the pore size distribution (Fig. 1c and Fig. S3) revealed that MCN-0.5 had the uniform mesopores at about 3 nm, which was clearly different from that of the other MCNs and the bulk CN. In particular, MCNs had entirely different morphologies and higher surface area, in contrast to the flaky morphology of g-C3N4 derived from urea/dicyandiamide (60 m2 g-1)[23]. The possible reasons were that the reported g-C3N4 was the heterojunction derived from two precursors[26]. By contrast, MCNs were in pure form since urea-derived g-C3N4 decomposed fully (as stated earlier), inducing the formation of more porous nano-architectures.
The XRD patterns, as shown in Fig. 1d and Fig. S4, displayed two diffraction peaks at 27.7° and 12.8°, attributed to the interlayer aromatic systems and the interplanar reflection of typical g-C3N4, respectively[27]. As to MCNs, a decrease in the intensity of diffraction peaks was observed as melamine dosage decreased, implying the reduced crystallinity[28]. In the FT-IR spectra (Fig. 1e and Fig. S5), the bands at 3250-2970 cm-1 and 1680-1080 cm-1 were assigned to the stretching modes of amino groups and C-N heterocycles, respectively[29]. The band at 805 cm-1 was attributed to the breathing mode of the triazine units[26]. The XPS spectra (Fig. S6) indicated that C and N were the main elements of MCNs and the bulk CN[30]. In the N 1s region (Fig. 1f and Fig. S7), four peaks at 398.9, 400.2, 401.3, and 404.6 eV were identified as C=N-C, tertiary nitrogen N-(C)3, amino N-H, and π-excitations, respectively[28]. There were no clear differences in the relative proportions of the peaks between MCNs and the bulk CN (Table S2). As shown in Fig. 1g and Fig. S8, the peaks in the C 1s region at 285.1, 288.4, and 294.0 eV were assigned to the adventitious carbon, N=C-N, and π-excitations, respectively [31, 32]. To sum up, MCNs were successfully fabricated with the novel pseudo-templating method. In contrast with templating methods[25], this method showed clear advantages in environmental friendliness and simple synthesis. Moreover, MCNs had greater surface area than the g-C3N4 prepared with template-free methods, such as bubble-templating[23], NH4Cl exfoliation[33], supramolecular precursors[27], and isotype heterojunction[26].
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Fig. 1 The SEM images (a), the N2 adsorption-desorption isotherms (b), pore size distribution (c), XRD patterns (d), FT-IR spectra (e), N 1s core-region (f), and C 1s core region (g) of MCNs.
3.2 The adsorption behaviors of NOM on MCNs and the bulk CN
3.2.1 The comparison of MCNs for NOM adsorption
The capacities of MCNs for NOM adsorption were evaluated (Fig. 2a-b). Since NOM adsorption was highly heterogeneous [19], UV and TOC measurements were used to quantify NOM. The adsorption amounts of both FA and HA on MCNs increased as melamine dosage decreased. The adsorption amounts on MCN-0.5 were 0.85 L cm-1 g-1, 28.85 mgC g-1, and 6.09 L cm-1 g-1, 75.75 mgC g-1 for FA and HA, respectively, much higher than that on the bulk CN (Fig. S9). Since the surface composition of MCNs and the bulk CN (as revealed above) was similar, the enhanced adsorption was mainly due to the increased surface area. Moreover, the large pore size of MCN-0.5 was favorable for macromolecular NOM, since the pore filling was a major mechanism during adsorption. Libbrecht et al. [34] reported a similar trend in NOM adsorption on mesoporous carbon with various pores. Interestingly, the adsorption capacities for HA were higher than that for FA, regardless of MCNs, in line with NOM adsorption on CNTs and metal oxide[3, 16].
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Fig. 2 The adsorption capacities of MCNs for HA (a) and FA (b), adsorption kinetics of MCN-0.5 for HA (c) and FA (d), and adsorption isotherms of MCN-0.5 for HA (e) and FA (f).
3.2.2 The kinetics and isotherms of NOM adsorption
The kinetics and isotherms for NOM adsorption on MCN-0.5 were studied. Kinetics data were well fitted with the pseudo-second-order model (Fig. 2c-d and Table S3), as indicated by high correlation coefficient R2 (0.957-0.993). It was found that the adsorption of both FA and HA increased markedly in the first 20.0 min, implying the fast adsorption. Kinetics data were also simulated to the intraparticle diffusion model (Fig. S10). We found that both surface and intraparticle adsorption were involved in NOM adsorption, which was consistent with the pore filling process of NOM. Isotherm data for FA and HA adsorption were well fitted to the Freundlich model with the high correlation coefficient R2 (0.970-0.992) (Fig. 2e-f). The results indicated that HA had a higher adsorptive affinity than FA, as indicated by  values (Table S4). Similar trends were reported to be caused by hydrophobic/π-π interactions[35]. The nonlinearity index () values (<1.0) indicated a continuum from preferred occupation of high-affinity active sites to these of less affinity[36]. The maximum adsorption amounts on MCN-0.5 simulated by the Langmuir model were 73.61 mgC g-1 (FA) and 135.57 mgC g-1 (HA) (Table S5). These values were greater than previously reported CNTs, GO, AC, and some other adsorbents[37-40]. Importantly, MCNs as adsorbents showed obvious advantages in simple synthesis, physicochemical stability, biocompatibility, cheap precursors, and environmentally-friendly nature[13].
3.3 The adsorptive affinities of NOM components
Since NOM is heterogeneous in nature, it needs to elucidate the adsorptive affinities of NOM components. EEM-PARAFAC is a nondestructive, reliable, and sensitive method to decipher NOM heterogeneity[41]. We thereby used it to identify the components of NOM and further ascertain their adsorptive affinities on MCN-0.5. Five components were identified from the fluorescence data sets of FA and HA, respectively, with > 99% of the variance explained (Fig. 3a). FA components consisted of FA-C1 at Em/Ex 320/225 nm, FA-C2 at 390/275 nm, FA-C3 at 325/275 nm, FA-C4 at 445/275 nm, and FA-C5 at 310/235 nm, which were assigned to tyrosine-like, humic-like, tryptophan-like, fulvic-like, and tyrosine-like components, respectively[42, 43]. These components were frequently identified from NOM derived from natural water and sediments, related to the microbial metabolisms[44-46]. The quantitation revealed that the fluorescence of FA was dominated by FA-C2 (26.9%), FA-C3 (37.1%), and FA-C5 (23.5%) under the fixed solution conditions: pH = 7.0, I = 0.01 M NaNO3, and T = 298 K. Such a similar dominance of protein-like and humic-like components in the fluorescence of FA was reported by Z. Li et al.[44].
HA components (Fig. 3a) included HA-C1 at 430/265 nm, HA-C2 at 520/285 nm, HA-C3 at 475/270 (220) nm, HA-C4 at 520 (425, 305)/220 nm, and HA-C5 400 (310)/245 nm. HA-C1 and HA-C3 were humic-like, HA-C2 was terrestrial humic-like, and HA-C4 and HA-C5 were fulvic-like components[45, 47]. These components have been always found in terrestrial-derived NOM[48]. The humic acid-like components (HA-C1, HA-C2, and HA-C3) contributed 95% of the total fluorescence of HA under the fixed solution conditions: pH = 7.0, I = 0.01 M NaNO3, and T = 298 K. The relative contributions of these components followed the order: HA-C1 (40.7%) > HA-C2 (31.4%) > HA-C3 (22.3%). J. Hur et al. [19] reported a comparable dominance of humic-like components in ESHA. It needs to note that in our cases, some NOM components (FA-C1, FA-C3, FA-C5, HA-C4, and HA-C5), at least partially, overlapped with the fluorescent components of MCN-0.5 (Fig. S11). In this regard, these NOM components overlapped with MCN-0.5 were not included in the discussions.
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Fig. 3 The fluorescent components of FA and HA (a), isotherms of fluorescent components within FA (b) and HA (c), and the removal rates of fluorescent components within FA (d) and HA (e).
Isotherm studies were performed to ascertain the adsorptive affinities of NOM components. It was clearly observed that the isotherms data of FA and HA components were well simulated with the Freundlich model (Fig. 3b-c and Table S6), in line with adsorption of ESHA fluorescent components on GO[19]. As indicated by the affinity coefficient (), the adsorptive affinities of FA and HA components followed the orders: FA-C2 > FA-C4 and HA-C2 > HA-C3 > HA-C1, respectively. Moreover, these findings were further confirmed by the studies focusing on the removal of NOM components with respect to time (Fig. 3d-e). The results indicated that NOM components showed similar orders in adsorptive affinities regardless of relative contributions. In addition, it was found that, interestingly, the adsorptive affinities of HA components were identical to the sequence of their Em wavelengths (HA-C2 > HA-C3 > HA-C1). Similar trends found in adsorption of NOM components on AC and CNT were attributed to π-π and hydrophobic interactions[16, 49].
However, we noted that complexation/ligand exchange was suggested to explain similar trends in NOM adsorption on iron oxyhydroxides[9]. In general, the higher-aromaticity (active sites for hydrophobic/π-π interactions) NOM contains less oxygen functionality (active sites of complexation/ligand exchange)[50-52]. Somewhat contradictorily, different mechanisms lead to a similar behavior. As reported[47, 53], the fluorescent peaks with large Em wavelengths were positively associated with the structural condensation. In this regard, the structural condensation of HA components was within the order: HA-C2 > HA-C3 > HA-C1, in line with the adsorptive affinities. Likewise, previous studies reported that the adsorptive affinities of NOM were clearly affected by the conformation (i. e. the conformation effects)[21, 54]. In this regard, we speculated that the differences in the adsorptive affinities of HA components were mainly attributed to the conformation effects. More specifically, HA components with the condensed conformation could be favorable for adsorption due to occupying fewer active sites and reducing the electrostatic repulsion, despite the types of interactions[55]. By contrast, in terms of FA components, the sequence of structural condensation (FA-C2 < FA-C4) was not consistent with that of adsorptive affinities. We speculated that FA-C4 was affected more strongly by electrostatic interactions due to containing more carboxyl groups than FA-C2, and thus the conformation effects were not a major mechanism.
3.4 The conformational variations of NOM components related to solution chemistry
The above findings suggested that the adsorptive affinities of HA components were probably related to the conformation effects. More solid evidence focused on the conformation of NOM is still needed to rationalize the conformation effects. As reported by Patel-Sorrentino [53] and Henderson [56], NOM conformation was closely related to the fluorescence intensity. Dong et al.[21] and Wei et al.[22] reported that protons and common cations induced the variations of NOM conformation. Therefore, although PARAFAC-EEM as a chemometric method cannot separate NOM into actual components, by introducing the external disturbances (solution chemistry), it could be used to ascertain the conformational variations of NOM components with respect to solution chemistry.
3.4.1 The pH-induced conformational variations of NOM components
Inspired by the above considerations, the effect of pH on the intensity of NOM components was investigated. As shown in Fig. 4a, the intensity of FA-C2, FA-C3, and FA-C4 increased at pH 2.0-5.0 and then stabilized. This was attributed to the increased fluorescence quantum yield induced by the deprotonation of carboxyl groups (pKa ~5.0)[34, 57]. Similar trends were reported for amino groups of quadripolar dyes[58]. In particular, the greater pH-sensitivity of FA-C4 suggested the larger amount of carboxyl groups, providing convincing evidence for the above speculation that the adsorption of FA-C4 was mainly affected by electrostatic interactions. However, the intensity of HA-C1, HA-C2, and HA-C3 increased continuously at pH 2.0-9.0 with a F*/F0 >2 (Fig. 4b), quite different from the slightly changed intensity of FA components induced by pH. As reported[53, 59], the strong intramolecular hydrogen bonding at low pH remarkably reduced the local flexibility of HA molecules via conformational variations from a linear to a coiled structure, resulting in strong fluorescence quenching. Likewise, Francioso et al.[60] found that at low pH, the fluorophores existed at the inner parts of NOM matrices due to the structural rearrangement. In this regard, the continuous increases in the intensity of HA components were due to intramolecular conformational variations, along with the less contribution of deprotonation of carboxyl groups. On the other hand, the pH-sensitivity of HA components followed the order: HA-C2 > HA-C3 > HA-C1, related to the condensation degree of conformation[46, 61]. Very surprisingly, this order was consistent with the adsorptive affinities of these HA components, supporting the above speculation that the adsorptive affinities of HA components were remarkably affected by the conformation effects.
In order to further validate the above findings, the intensity of four standard NOM components was measured with respect to pH. Three components were identified in each standard NOM with > 99% of the variance explained (Fig. S12). The assignments of these components are tabulated in Table S7, and are not discussed here. As shown in Fig. 4c-f, the intensity of SRFA-C1, SRFA-C2, ESFA-C1, and SRHA-C1, SRHA-C2 increased at pH 2.0-5.0 due to the deprotonation of carboxyl groups. This suggested that SRHA, although was within the category of humic acids in the conventional view, had a similar pH-dependent fluorescence to fulvic acids. However, the intensity of ESHA-C1 and ESHA-C2 increased steadily from pH 2.0 to 9.0, in line with HA components, and these two components contributed about 100% to the total fluorescence of ESHA. This revealed that ESHA components showed conformational variations induced by pH. The reasons were that ESHA and HA components were identical in the assignments, and these two humic acids were terrestrial-derived with similar properties. Similarly, Lan et al. [62] reported that at low pH, standard HA from IHSS formed a droplet-like aggregate, minimizing contact with water.
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Fig. 4 The effect of pH on the intensity of FA (a), HA (b), SRHA (c), SRFA (d), ESHA (e), and ESFA (f) components.
3.4.2 The cation-induced conformational variations of NOM components
Some previous studies reported that the common cations can alter NOM conformation via salting-out effect and/or complexation[21, 22]. However, little attention has been paid to the conformational variations of NOM by the cations. Herein, the effects of Na+, K+, Mg2+, and Ca2+ on the conformation of NOM components were studied. As shown in Fig. 5a-d, most NOM components showed a stable intensity as the cations increased. By contrast, the intensity of FA-C1, C5 and HA-C4, C5 decreased as Na+ (NaNO3) increased. However, we cannot distinguish whether this was caused by Na+ via conformational variations or NO3- via fluorescence quenching, since NO3- had been reported to interfere with NOM fluorescence[63]. Therefore, the effect of NaCl on the intensity of NOM components was further studied (Fig. 5e). The results showed that, as NaCl increased, all NOM components showed a stable intensity, confirming that the decreased intensity of FA-C1, C5 and HA-C4, C5 was mainly attributed to NO3--induced fluorescence quenching.
As Ca2+ increased, the intensity of HA-C5 showed a slight increase, which was attributed to the reduced flexibility of molecules after intermolecular bridging binding with Ca2+[64]. Likewise, Nebbioso and Poccolo [64] found that the addition of Ca2+ increased the rigidity of HA, attributing to the intermolecular complexation using Ca2+ as bridging. Similar findings were also reported by Elkins and Nelson[65]. Given NO3--induced fluorescence quenching of tyrosine-like components (FA components) and fulvic-like components (HA components), it was difficult to identify whether the presence of background electrolyte (NaNO3) interfered with the effects of Na+, K+, Mg2+, and Ca2+ on the intensity of NOM components. Therefore, the effects of Na+, K+, Mg2+, and Ca2+ on the intensity of NOM components without background electrolyte (NaNO3) were further investigated (Fig. 5f and Fig. S13). The results revealed that no clear differences were found between the effect of these cations with and without the background electrolyte. In this regard, although some studies suggested that ionic strength would induce the conformational variations of NOM[22], our findings indicated that the conformational variations of NOM induced by Na+, K+, Mg2+, and Ca2+ were not apparent, if present, not comparable to the protons.
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Fig. 5 The effect of I (NaNO3) (a), K+ (b), Mg2+ (c), Ca2+ (d), Na+ (NaCl) (e), and Mg2+ without background electrolyte (NaNO3) (f) on the intensity of NOM components.
3.5 The conformational variations of bulk NOM related to solution chemistry
The above findings provided some valuable insights into the conformational variations of NOM from the point of fluorescent components based on EEM-PARAFAC, while the EEM signals cannot represent the whole NOM. Thus, UV-vis spectrum and DLS measurements were further utilized to elucidate the conformational variations of bulk NOM with respect to solution chemistry. The effects of pH and the cations on the UV-vis spectra of NOM were shown in Fig. 6 and Fig. S14. It was observed that among these five variables (pH, Na+, K+, Ca2+, and Mg2+), only pH induced the obvious changes of UV-vis spectra of HA; as pH increased from 2.0 to 9.0, the UV-vis spectra of HA shifted steadily to the high absorbance. Francioso et al. [60] reported that the increased pH induced the exposure of chromophore groups existing at the inner parts of HA matrices. Likewise, Colombo et al. [66] reported that the position of carboxyl and phenolic groups in HA matrices was affected by pH. In this regard, such a hyperchromic effect, in our cases, was due to the conformational variations, in good agreement with the EEM-PARAFAC results. Using DLS measurements, the particle size of bulk NOM with respect to pH was further investigated (Fig. S15). As pH increased from 2.0 to 9.0, the particle size of HA showed a clear increase, while that of FA was not affected, in line with the above findings. Pace et al. [67] and Nebbioso and Poccolo [64] reported a similar behavior in the size of HA using DLS and atom force microscopy.
To sum up, using EEM-PARAFAC, UV-vis spectra, and DLS, the conformational variations of HA induced by pH were demonstrated, particularly for humic-like and terrestrial humic-like components. The conformation of FA was not affected clearly by pH, Na+, and K+. Similarly, Na+ and K+ cannot affect the conformation of HA. By comparison, the particle size of both HA and FA was affected by Mg2+ and Ca2+ via the intermolecular bonding [64, 65]. The biggest difference between pH and the cations (Mg2+, Ca2+) affecting the conformation of HA was: the former induced the intramolecular conformation variations of HA, while the latter affected the intermolecular bonding of HA with each other via cation bridging, by forming the aggregations with larger size.
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Fig. 6 The effect of pH (a, d), Na+ (b, e), and Mg2+ (e, f) on the UV-vis spectra of HA and FA.
3.6 The conformation effects on the adsorption behaviors of NOM
Based on the above findings, the conformational variations of NOM were systematically studied with respect to solution chemistry. Nevertheless, the presence of conformation effects within the adsorption of NOM needs to be further demonstrated. For this purpose, a comparison for the pH-dependent adsorption behaviors of HA, FA, ESHA, and SRHA on MCN-0.5 was performed. The results showed that as pH increased from 2.0 to 9.0, FA and HA adsorption decreased by approximately 50% and 80%, respectively (Fig. 7a-b). Similar trends were found in the adsorption of NOM components on MCN-0.5 (Fig. 7c-d). If the conformation effects were not present, such decreases were attributed to the electrostatic repulsion (the traditional view) between the deprotonated carboxyl and phenolic hydroxyl groups (NOM) and amino groups (MCNs)[34, 54]. To ascertain the electrostatic repulsion, MCN-0.5 before and after HA adsorption was characterized by XPS analysis. It was found that after HA adsorption, an clear O 1s peak appeared in XPS spectra, and in C 1s region, a series of new peaks (C=O at 286.7 eV, C-O at 286.0 eV, aliphatic C-C at 285.0 eV, and aromatic C=C at 284.5 eV) appeared, which were attributed to the adsorbed HA (Fig. S16). However, there were no obvious changes in the N 1s region of MCN-0.5 before and after adsorption. In this regard, the zeta potential of MCN-0.5 was measured. It was found that the point of zero charge for MCN-0.5 was less than 4.0 (-0.28 mV) (Fig. S17). Moreover, the zeta potential of MCN-0.5 at pH decreased from -0.28 mV to -38.19 eV after HA adsorption. These results confirmed the presence of electrostatic repulsion between NOM and MCN-0.5 as pH increased[68].
Nevertheless, in contrast to FA, the greater pH-dependent adsorption of HA contradicted the nature of electrostatic interactions. Since HA normally had fewer carboxyl groups and higher aromaticity than FA, its adsorption was supposed to be less pH-dependent due to less electrostatic repulsion and greater π-π interactions[12]. Moreover, SRHA adsorption was less dependent on pH than HA and ESHA due to relatively stable conformation (Fig. 7e-f). These findings provided convincing evidence for the presence of the conformation effects governing the adsorption of some NOM. To further elucidate the conformation effects, we revisited the effect of pH on the adsorption of FA and HA components on MCN-0.5 (Fig. 7c-d). In terms of FA components, it was found that, as pH increased from 2.0 to 9.0, the removal of FA-C4 (from 48% to 18%) was greater than that of FA-C2 (from 59% to 33%). This was because FA-C4 had greater electrostatic repulsion than FA-C2, since the conformation of all FA components was stable. By contrast, the removal of HA components was about 0% as pH increased from 2.0 to 9.0. Similar trends were observed in the adsorption of ESHA components (Fig. S18). These findings revealed that the conformation effects were responsible for the dramatic decreases in the adsorption of HA components. Thus, it was concluded that, besides the interactions, the conformation effects (at least comparable to the interactions) were responsible for adsorption of some humic acids (HA and ESHA) with respect to pH.
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Fig. 7 The effect of pH on the adsorption of FA (a), HA (b), FA components (c), HA components (d), SRHA (e), and ESHA (f).
[image: F:\4-投稿文章\3-MCNs及构型影响（正在修改）\Submitting Materials -CEJ\大图\Fig.8.tif]
Fig. 8 The effect of I (NaNO3) on the adsorption of FA (a) and HA (b) components, the effect of K+ on the adsorption of FA (c) and HA (d) components, the effect of Mg2+ on the adsorption of FA (e) and HA (f) components, and the effect of Ca2+ on the adsorption of FA (g) and HA (h) components.
The effect of the common cations on the adsorption of NOM and NOM components with MCN-0.5 was studied. As shown in Fig. S19, NOM adsorption was enhanced significantly by the cations, consistent with NOM adsorption on chitosan and clay minerals[69, 70]. Given that the conformation of NOM was not clearly affected by the cations (as stated above), the effect of cations on NOM adsorption was mainly attributed to electrostatic interactions. As reported previously[52, 69], Na+, K+, and Mg2+ resulted in the increased double layer compression and Ca2+ as cation bridging connected with the negatively charged moieties of both NOM and MCNs, reducing the electrostatic repulsion. In agreement with NOM adsorption, the removal of NOM components showed evident increases as Na+, K+, Mg2+, and Ca2+ increased (Fig. 8). In terms of FA components, FA-C4 showed a more sensitive response to the increasing of the cations than FA-C2. This further suggested that FA-C4 adsorption was affected by electrostatic interactions more strongly than FA-C2, since it had more carboxyl groups. Thus, the reduction of electrostatic repulsion induced by the cations for FA-C4 was greater than for FA-C2. In addition, the removal of HA components showed obvious increases to a similar extent as Na+, K+, Mg2+, and Ca2+ increased, although HA components were different in structural condensation. The results indicated that NOM adsorption was affected by the cations through the interaction mechanism, not the conformation effects.
3.7 Environmental significance
This study reported a novel pseudo-templating method to prepare MCNs for NOM adsorption and particularly signified the importance of and elucidated the conformation effects, a specific adsorption mechanism. The as-prepared MCNs had high surface area and uniform mesopores. In contrast to the templating methods, the pseudo-templating method was simple, effective, and environmental friendly. In particular, MCN-0.5 exhibited great performance for NOM adsorption, and the maximum adsorption amounts of MCN-0.5 for FA and HA were 73.61 mgC g-1 and 135.57 mgC g-1, respectively. Moreover, the regeneration of MCN-0.5 using NaOH solution was tested, and the results showed that MCN-0.5 can be used repeatedly with high adsorption performance (Section S2 and Fig. S20). As compared with the previous adsorbents, such as CNTs, GO, and other adsorbents[37-40], MCNs showed advantages in cost-efficiency, biocompatibility, and environmentally friendly nature. On the other hand, the importance of conformation effects on the adsorptive affinities of NOM components was highlighted. The conformation was more coiled, the adsorptive affinities were greater, since such a conformation occupied less surface area and reduced electrostatic repulsion (Fig. 9). Among 6 types of NOM tested, HA and ESHA suffered from the variations from coiled to linear conformation induced by pH, with humic-like and terrestrial humic-like components as the critical components. NOM adsorption was affected by pH via both the conformation effects and the interactions, but by the cations only via the interactions. The findings not only promoted the application of MCNs as an efficient adsorbent, but also provided innovative and mechanistic information for elucidating the conformation effects.
[image: F:\4-投稿文章\3-MCNs及构型影响（正在修改）\Submitting Materials -WR\大图\Fig.9.tif]
Fig. 9 The schematic of conformation effects on the adsorption of NOM and its components, along with the interactions involved in NOM adsorption on MCNs.
4. Conclusions
Herein, we evaluated the adsorption of NOM on MCNs synthesized with a newly proposed pseudo-templating method, and systematically elucidated the conformation effects, an unsolved adsorption mechanism. The major conclusions drawn from the results of this study are shown as follows:
· The proposed pseudo-templating method was feasible and MCNs with uniform mesopores were successfully fabricated. As melamine dosage decreased, the surface area of MCNs increased, and that of MCN-0.5 was 110.2 m2 g-1. The obvious differences were not found in surface composition and functional groups of MCNs.
· The adsorption capacities of MCNs increased significantly with the decreasing of melamine dosage. NOM adsorption involved surface and intraparticle diffusion. The isotherms were well fitted with the Freundlich model, and the maximum adsorption amounts of MCN-0.5 were 73.61 mgC g-1 (FA) and 135.57 mgC g-1 (HA).
· NOM was heterogeneous in chemical compositions. The fluorescence of FA was dominated by humic-like, tryptophan-like, and tyrosine-like components, and that of HA was dominated by humic-like components. The adsorptive affinities of HA components were consistent with the structural condensation.
· HA and ESHA suffered from the variations from a coiled to a linear conformation as pH increased, but not SRHA, FA, ESFA, and SRFA; humic-like and terrestrial humic-like components were critical components. The adsorption of these NOM was affected by pH via the conformation effects and the interaction mechanism.
· The conformation of NOM tested, including HA, FA, SRHA, SRFA, ESFA, and ESHA, was not affected by the common cations (Na+, K+, Mg2+, and Ca2+). The adsorption of these NOM was affected by the cations only via the interaction mechanism, particularly for electrostatic interactions.
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