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Abstract
Selective adsorption of humic acids is innovative in landfill leachate treatment, since it can both address the UV quenching substance (UVQS) problems and recover humic acids as liquid fertilizers applied in agriculture and forestry. However, due to lacking available adsorbents, it remains a great challenge. Herein, we evaluated the application of graphitic carbon nitride (g-CN) for selective adsorption of humic acids from landfill leachate. First, 10 types of leachate were considered and characterized, and the leachate contained humic acids of different contents. The common method was used to prepare g-CN with similar properties to the previously reported counterparts. Then, kinetics, isotherms, and removal for adsorption of the leachate by g-CN were studied. It was found that the adsorption was fast and controlled by the surface and intraparticle diffusion. For all the leachate, the removal of UV absorbance at 254 nm (UV254) was 30~70%, much greater than that for total organic carbon. In particular, the UV254 removal was mainly contributed by the selective adsorption of humic acids with a high selectivity coefficient (>3.06). The recovery rate and purity of the adsorbed humic-like components were 100% in some cases. Finally, the mechanisms for selective adsorption were elucidated. The results revealed that, in addition to the major π-π interactions, the adsorption was affected by electrostatic interactions and hydrogen bondings, along with the newly proven conformation-variation effect. The findings will expand a promising direction for disposal of landfill leachate.
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1. Introduction
The generation of municipal solid waste (MSW) has increased significantly over the past decades due to urbanization and population growth [1]. The global generation of MSW will grow from 1.3 billion tons in 2018 to 2.2 billion tons in 2025 [2]. Among the current treatment methods, sanitary landfill is still the most prevalent to dispose of MSW because of low cost, strong stability, and low maintenance requirements [3, 4]. For instance, more than 80% of MSW is landfilled in China [5]. During the stabilization, a large amount of landfill leachate is inevitably generated due to the decomposition of MSW, rainfall, and surface drainage. A ton of MSW can generate 0.05~0.07 tons of landfill leachate [6]. High concentrations of organics, heavy metals, inorganic salts, and emerging contaminants are present in landfill leachate [7, 8]. The co-occurrence of these highly toxic substances has caused serious pollution to adjacent soil and water bodies, leading to critical health and environmental problems.
In particular, there is a special type of organics in leachate that strongly adsorb ultraviolet light due to the π→π* electron transitions, and thus these are called UV-quenching substances (UVQS), including humic acids, fulvic acids, and hydrophilic acids. Of these, humic acids possess the highest UV absorbance per unit concentration [9]. This emerging issue poses serious challenges to the current treatment techniques. Due to strong adsorption of UV, UVQS can deteriorate UV disinfection for eliminating targeted pollutants, such as antibiotic resistance genes [10]. This prohibits the discharge of landfill leachate into wastewater treatment plants (WWTPs) [5]. Since UVQS is refractory to biodegradation, large quantities of concentrates are generated in membrane processes. This has been the most challenging problem in the field of landfill leachate [11]. In addition, UVQS are the precursors of carcinogenic disinfection byproducts in chlorine disinfection [12]. Hence, addressing the UVQS problems (particularly for humic acids) is highly desired.
Still now, UVQS-targeted treatment technologies have been rarely reported. Only a few researchers tested the often used methods in landfill leachate [13-17]. As reported by Deng [13], activated carbon (AC) was used to treat biologically treated landfill leachate. The results showed a clear reduction in the UV-absorbance. However, Dastgheib [18] and Shimizu [19] reported that the dominant micropores (<2 nm) of AC were not available for organics with large molecular sizes. Jung [14] and Gupta [15] studied the application of Fenton and ozonation for disposal of biologically treated landfill leachate. In these processes, however, UVQS was not fully mineralized, the products with small molecules still need treatment. More importantly, humic acids in leachate can be recovered and utilized as liquid fertilizers in agriculture and forestry [20-22]. Hence, the recovery of humic acids shows great potential since it combines resources recovery and UVQS treatment.
Given the dual attributes of humic acids, it is innovative to propose approaches that not only eliminate UVQS but also recycle humic acids from landfill leachate. The selective adsorption can realize the two goals, while the major concern is lacking the available adsorbents. Our previous studies revealed that graphitic carbon nitride (g-CN) showed great affinity to the humic-like compounds in humic substances [23, 24]. The reason was that the triazine of g-CN is π-electron-deficient, endowing it with great potential to form π-π interactions [25]. Inspired by this, it is reasonable to infer that g-CN could be an efficient adsorbent for selective adsorption of humic acids from landfill leachate. Therefore, this study evaluated the performance of g-CN for selective adsorption of humic acids from 10 types of landfill leachate. To the best of our knowledge, this is the first study to report the selective adsorption of humic acids. These findings will provide valuable insights into the recovery of humic acids and the disposal of UVQS in landfill leachate.
2. Materials and methods
2.1 Sample collection and properties
Ten types of landfill leachate were collected from the facilities of leachate treatment in different cities in China, denoted as LL-XY, where X and Y refer to the treatment units of leachate (Raw samples and nanofiltration) and the city where the leachate was collected, respectively. For example, LL-RX is the raw samples and LL-NX refers to the nanofiltration concentrates, which were all collected from Xianyang, China. The detailed information of the leachate is shown in Section S1. The leachate was filtered through 0.45 μm membrane and stored at 4 ℃. The basic characteristics were determined, such as dissolved organic carbon (DOC, mg C·L-1), UV absorbance at 254 nm (UV254, cm-1), fluorescence, the specific UV absorbance (SUVA, L·mg C-1·m-1), pH, and conductivity (μs·cm-1). For comparison, two standard humic acids from Elliott soil and Suwannee river were purchased from the International Humic Substance Society.
2.2 Adsorbent synthesis and characterization
To make our results more convincing, g-CN was prepared via the common pyrolysis method using a representative precursor [26]. Typically, 10 g of urea (Sinopharm, 99%) was heated to 550 ℃ for 3 h and the products were well ground after cooling naturally. Morphology was visualized with Scanning electron microscope (SEM, ZEISS Merlin). X-ray diffraction (XRD) was obtained on a Rigaku D/Max 2500 H diffractometer. Fourier transform infrared (FT-IR) was recorded using a Thermo Scientific Nicolet iS5. X-ray photoelectron spectroscopy (XPS) was recorded on a PerkinElmer ESCALAB 250Xi. N2 adsorption-desorption isotherms were measured on a Quantachrome ASAP2460.
2.3 Analysis techniques
Because of the high heterogeneity, the leachate was analyzed using multiple techniques, including DOC, UV254, and fluorescence excitation-emission matrix (EEM) [27, 28]. DOC was measured on a total organic carbon (TOC) analyzer (V type, Shimadzu, Japan). UV254 was recorded on a UV-1800 UV/Vis spectrophotometer (Shimadzu, Japan). SUVA was determined according to the equation (1): . EEM was recorded on a F-7000 spectrophotometer (Hitachi, Japan) with excitation (Ex) of 200~450 nm and emission (Em) of 280~550 nm in 5 nm increments. EEM (172 data points) was interpreted using Parallel factor analysis (PARAFAC) for Raman correction, Rayleigh correction, and identifying chemical components. The modelling was validated with the split-half analysis and Tucker’s congruence coefficient (TCC). Fluorescence index (FI) and biological index (BIX) were determined as a ratio of Em intensities at 450 nm to 500 nm at Ex 370 nm and Em intensities at 380 nm to 430 nm at Ex 310 nm, respectively [29].
2.4 Adsorption procedures
The adsorption experiments were investigated by using batch techniques. In a typical adsorption experiment, 100 mL of solution with the leachate samples and g-CN was stirred at 100 rpm. Within/after adsorption, the appropriate leachate samples were withdrew, centrifuged under 15000 rpm for 3 min, filtered through 0.45 μm membrane, and stored in a refrigerator at 4 ℃ for further measurements. Duplicate samples were included at least. The adsorption amounts (, mg C·g-1 or L·cm-1·g-1) measured as TOC and UV254 were calculated according to the equation (2):

where  (mg C·L-1 or cm-1) is the initial concentration,  (mg C·L-1 or cm-1) is the residual concentration,  (g) is the adsorbent mass, and  (L) is the solution volume.
The kinetic experiments were performed under the conditions: =20 mg C·L-1, pH=3.0, and =0.08 g. Kinetics data were simulated by using the pseudo first order (PFO) model and the pseudo second order (PSO) model, as shown in the equation (3) and (4), respectively:


where, (min-1) and  (g·mg C-1·min-1 or cm·g·L-1·min-1) is the rate constant of the PFO model and the PSO model, respectively.  and  (mg C·g-1 or L·cm-1·g-1) are the experimental and predicted adsorption amounts at equilibrium, respectively. The initial rate (, mg C·g-1·min-1 or L·cm-1·g-1·min-1) was calculated according to the equation (5):

The kinetics data were also simulated with the Weber-Morris model to ascertain the intraparticle diffusion mechanisms, according to the equation (6):

where  (mg C·g-1·min-1/2 or L·cm-1·g-1·min-1/2) is the diffusion rate constant and C (mg C·g-1 or L·cm-1·g-1) is the boundary thickness constant.
The isotherm experiments were performed under the conditions: =40 mg C·L-1, pH=3.0, =0.02~0.16 g, and =60 min (the equilibrium time determined by the adsorption kinetics). The isotherms data were simulated with the frequently used Freundlich model, as presented in the equation (7):

where  (mg C·L-1 or cm-1) is the concentration at equilibrium,  and  are the Freundlich constants to represent the adsorptive affinity and the adsorption site heterogeneity, respectively.
The removal rates measured as TOC and UV254, the changes of SUVA values, and the adsorption of fluorescent components were studied under the conditions: =20 mg C·L-1, pH=3.0, and =0.08 g. Regarding the adsorption of fluorescent components, the maximum intensity of component represented its abundance. The effect of pH on the adsorption [including the bulk parameters (TOC and UV254) and the fluorescent components] was investigated under the conditions: =20 mg C·L-1, pH=3.0, and =0.08 g. The adsorption selectivity, purity, and recovery rates of humic acids from the leachate was evaluated according to the equation (8), (9), and (10), respectively:



where  is the selectivity coefficient,  is the recovery rate,  is the purity,  (a. u.) and  (a. u.) are the intensity of component  before and after adsorption,  (a. u.) and  (a. u.) are the intensity of total fluorescent organics before and after adsorption, respectively. Note that, due to rapid detection and high sensitivity, EEM-PARAFAC was utilized to quantify humic acids in the leachate samples [30].
3. Results and discussion
3.1 Properties of various landfill leachate
The basic properties of leachate samples are summarized in Table 1. The concentration of the leachate depended on the sources, closely related to waste composition, landfill age, and seasonal variation [3]. The conductivity (>7160.8 μs·cm-1) suggested the high concentration of potassium and sodium [31]. The pH (>7.0) revealed that the leachate had little volatile fatty acids due to landfill age (>10 years). The SUVA of most leachate was greater than 1.0 L·mg C-1·m-1, while that of LL-RC was the lowest (0.30 L·mg C-1·m-1). This was because that LL-RC derived from landfill and incineration (Section S1). The SUVA values of LL-Ns (LL-NX and LL-NS) were greater than that of other leachate. In general, SUVA is used as a measure of aromaticity [9]. Thus, we speculated that the aromatic moieties in the leachate were derived from humic and fulvic acids. This was partially evidenced by the brown color of the leachate (Fig. S1). The elevated aromaticity of LL-Ns was because that humic and fulvic acids in the leachate were repulsive to the nanofiltration membrane.
Table 1 The basic properties of the leachate samples used in this study
	Leachates
	TOC (mg C·L-1)
	UV254 (cm-1)
	pH
	Conductivity (μs·cm-1)
	SUVA (L·mg C-1·m-1)

	LL-RX
	460.2
	13.46
	8.70
	22969.6
	2.92

	LL-RG
	1132.8
	15.06
	8.31
	13016.8
	1.33

	LL-RW
	950.2
	20.18
	8.85
	26495.5
	2.12

	LL-RT
	5402.0
	46.08
	8.43
	33573.5
	0.85

	LL-RB
	8579.0
	50.36
	8.44
	93664.1
	0.59

	LL-RC
	3738.0
	11.30
	8.29
	24905.1
	0.30

	LL-RN
	318.9
	3.85
	8.22
	26097.3
	1.21

	LL-NC
	309.9
	8.08
	7.68
	7160.8
	2.61

	LL-NS
	2413.9
	66.70
	7.78
	16139.3
	2.79

	LL-NX
	912.6
	32.96
	7.10
	28046.8
	3.61
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Fig. 1 The EEM spectra (a) of the leachate and the fluorescent components identified from the EEM data (b) of the leachate.
Because of nondestructive, reliable, and sensitive features, EEM with FARAFAC has been successfully applied to decipher the components of humic substances with respect to the spectral features [32, 33]. Hence, we used EEM-PARAFAC to investigate the specific components in the leachate. As shown in Fig. 1a, the EEM of most LL-Rs (excepting LL-RC) was similar and located in the region (Em/Ex=300~500 nm/200~350 nm). The different EEM of LL-RC was because it was partially derived from incineration. By contrast, the EEM of LL-Ns located in a more narrow region (Em/Ex=350~500 nm/220~350 nm). As reported by Westerhoff [34], the division of typical EEM into five regions has been widely accepted. Based on this, most of the leachate contained aromatic proteins, microbial by-products, humic-like, and fulvic-like compounds, while LL-RC consisted mainly of aromatic proteins. The relative proportion of the compounds in the leachate was different, and the humic-like compounds were rich in LL-Ns. Besides, we recorded the EEM of two standard humic acids (Fig. S2). Noticeably, the EEM of standard humic acids was similar to that of most leachate in our case, providing convincing evidence for the presence of humic acids.
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Fig. 2 The relative proportion of fluorescent components (a), the FI values (b), and the BIX values (c) of the leachate.
There were five components successfully identified from the EEM data with 95% of TCC, consisting of C1 (humic-like) at Em/Ex=400/240, 325 nm, C2 (humic-like) at Em/Ex=455/255 nm, C3 (tyrosine-like) at Em/Ex=340/255, 375 nm, C4 (tyrosine-like) at Em/Ex=305/205 nm, and C5 (fulvic-like) at Em/Ex=455/250 nm (Fig. 1b) [35, 36]. It was found that the proportion of these components showed clear differences as to the sources (Fig. 2a). The humic-like components were abundant in LL-Ns (>50%), while that of LL-Rs were low (about 40%), particularly for LL-RT and LL-RC (about 20%). This was consistent with the results of SUVA. In addition, FI and BIX were measured to identify the source and age of humic-like components in the leachate (Fig. 2b, c). The higher FI than 1.8 indicated that the humic-like components in the leachate were microbial-derived [29]. The higher BIX of most leachate (excepting LL-NX) than 0.88 revealed that the humic-like components in the leachate were freshly produced and in LL-CX were order [37, 38]. In conclusion, humic acids were ubiquitous in the leachate and had great potential for resource recovery.
3.2 Adsorbents characterization
[bookmark: _GoBack]The textural properties of g-CN prepared in this study were characterized by multiple techniques. The XRD pattern (Fig. 3a) suggested the presence of representative diffraction peaks at 27.8° and 13.0°, which was attributed to the conjugated aromatic structures [39]. The XPS spectrum and the C 1s regions (Fig. 3b-c) revealed that g-CN consisted mainly of C and N elements. The N 1s region (Fig. 3d) mainly included the C-N=C peak (60.68%) at 398.8 eV, the N-(C)3 peak (22.93%) at 399.8 eV, and the N-H2/N-H peak (16.39%) at 401.1 eV [40]. The SEM image (Fig. 3e) indicated that g-CN possessed an aggregated structure with irregular pores, in line with the previously reported g-CN [41]. Likewise, N2 isotherms and pore-size distribution (Fig. 3f and Fig. S3) further manifested that g-CN consisted of irregular pores with a 2.74 nm of average pore size, and the specific surface area was 135.1 m2·g-1. These properties of g-CN prepared were highly consistent with the urea-derived g-CN reported in previous studies, and thus can be regarded as representative [42, 43].
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Fig. 3 The XRD pattern (a), XPS spectrum (b), C 1s region (c), and N 1s region (d), SEM (e), and pore-size distribution (f) of g-CN.
3.3 Adsorption kinetics of various landfill leachate
The adsorption kinetics of the leachate on g-CN as a function of time is shown in Fig. 4 and Fig. S4. It was evident that, in all cases, the adsorption amounts increased rapidly within the first contact of 30 min due to unsaturated active sites and achieved equilibrium at 60 min. In contrast to AC, g-CN exhibited a much faster adsorption [13]. The reason was that the hydrophilic g-CN had dominant mesopores, reducing the mass transfer resistance from the liquid phase to the solid surface and the diffusion into the pores [24, 44]. The kinetics were fitted with the PFO and PSO models. It was found that these two models well described the adsorption behaviors of leachate measured as TOC and UV254, as indicated by high coefficient (R2) (≥0.924) (Table S1 and Table 2). This was similar to previous reports focusing on application of carbonaceous materials for adsorption of leachate [45].
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Fig. 4 The kinetics plots fitted with the PFO and PSO models for adsorption of the leachate on g-CN [LL-RX (a), LL-RG (b), LL-RW (c), LL-RT (d), LL-NS (e), and LL-NX (f)].
The kinetic data were further simulated using the Weber-Morris model to ascertain the intraparticle diffusion mechanisms [22, 46]. As showed in Fig. 5 and Fig. S5, the obvious multilinearity revealed that the adsorption was mediated by both intraparticle and surface diffusion. However, the adsorption of large organics (e.g, humic acids) on typical carbon-based materials is dominated by the surface diffusion mechanism [46]. By contrast, the surface of g-CN was hydrophilic, endowing it with more open structures upon sorption of water for faster and easier entry of organics [47]. Hence, the intraparticle diffusion was faster than other carbon-based adsobents with hydrophobic surface. This made g-CN has great potential for fast treatment of landfill leachate in practical applications.
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Fig. 5 The intraparticle diffussion fitted with the Weber-Morris model for adsorption of the leachate on g-CN [LL-RX (a), LL-RG (b), LL-RW (c), LL-RT (d), LL-NS (e), and LL-NX (f)].
Table 2 The kinetics parameters of the PSO model for adsorption of the leachate on g-CN
	Leachate
	
(mg C·g-1)
	*
(mg C·g-1)
	
(g·mg C-1·min-1)
	
(mg C·g-1·min-1)
	

	LL-RX
	6.10
	6.11
	0.138
	5.15
	0.992

	LL-RG
	6.26
	6.15
	0.845
	31.96
	0.997

	LL-RW
	6.70
	7.24
	0.024
	1.26
	0.982

	LL-RT
	4.49
	4.57
	0.183
	3.82
	0.993

	LL-RB
	1.29
	1.38
	0.151
	0.29
	0.964

	LL-RC
	0.80
	0.94
	0.096
	0.08
	0.955

	LL-RN
	2.28
	2.36
	0.264
	1.47
	0.985

	LL-NC
	3.11
	3.38
	0.094
	1.07
	0.988

	LL-NS
	11.95
	12.10
	0.120
	17.57
	0.997

	LL-NX
	8.73
	8.94
	0.110
	8.79
	0.998

	Leachate
	
(L·cm-1·g-1)
	*
(L·cm-1·g-1)
	
(cm·g·L-1·min-1)
	
(L·cm-1·g-1·min-1)
	

	LL-RX
	0.363
	0.363
	7.662
	1.01
	0.999

	LL-RG
	0.277
	0.272
	9.142
	0.68
	0.996

	LL-RW
	0.254
	0.255
	11.628
	0.76
	1.000

	LL-RT
	0.133
	0.136
	18.986
	0.35
	1.000

	LL-RB
	0.093
	0.094
	50.457
	0.45
	1.000

	LL-RC
	0.036
	0.036
	104.803
	0.14
	0.999

	LL-RN
	0.084
	0.085
	13.513
	0.10
	0.995

	LL-NC
	0.209
	0.213
	5.585
	0.25
	1.000

	LL-NS
	0.440
	0.443
	6.641
	1.30
	1.000

	LL-NX
	0.634
	0.639
	2.605
	1.06
	0.999


3.4 Characterization of UVQS before and after adsorption
To evaluate the adsorption performance of g-CN, the removal rates of the leachate were investigated (Fig. 6 and Table S2). The removal rate of UV254 within the range of 30~70% was greater than that of TOC within the range of 5~50%, indicating that g-CN was efficient for eliminating UVQS. This manifested that g-CN favorably adsorbed the organics with strong chromophoric properties (e. g. highly aromatic compounds). This was confirmed by the steady reduction of SUVA for all the leachate (Fig. S6). Particularly for LL-RB and LL-RC, the removal rates of UV254 was much greater than that of TOC, which was different to LL-NS and LL-NX. The reason was that a low content of humic acids in LL-RB and LL-RC contributed to most of absorbance at 254 nm. In addition, FI and BIX for most of the leachate presented a clear increase upon adsorption by g-CN (Table S3), suggesting the high adsorptive affinity of terrestrial-derived and order compounds with highly aromatic moieties in the leachate [29]. Such a positive correlation between aromaticity and adsorption was ascribed to π-π interactions, as reported by Hyung [48]. In previous reports [23, 24], we found the strong electron-donor-acceptor π-π interactions between the benzene rings of humic substances and the triazine rings of g-CN. Moreover, many researchers reported the dominance of aromatic moieties in humic substances [49, 50]. Nevertheless, we are still unable to conclude whether humic acids in the leachate were selectively adsorbed.
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Fig. 6 The removal rates for adsorption of leachate samples on g-CN [LL-RX (a), LL-RG (b), LL-RW (c), LL-RT (d), LL-RB (e), LL-RC (f), LL-RN (g), LL-NC (h), LL-NS (i), and LL-NX (j)].
3.5 Specific adsorption behaviors of fluorescent components
The adsorption of fluorescent components in the leachate was further studied as a function of time (Fig. 7). It was found that different components showed different adsorptive affinities. For all the leachate, the components showed a similar sequence of recovery rates: the humic-like (C2) > the humic-like (C1) > the other components. The recovery rate of C2 was above 40%, and in some cases it reached 100%. The recovery rate of C1 and the other components (C3, C4, and C5) were ≤ 30% and < 20%, respectively. The other components even showed no adsorption in some cases. Particularly, the recovery rate of C1 in LL-RT, LL-RB, and LL-RC was greater than that of other leachate, which was clearly different from the removal rates of TOC and UV254. The main reason was the low proportion of humic acids in these leachates. This was also supported by the purity of the adsorbed humic-like components (Fig. S7). For the leachate with high proportion of humic acids, the purity of the adsorbed humic-like components was above 70% and even reached 100% in some cases, while it was lower to about 50% for the leachate with low proportion of humic acids.
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Fig. 7 The recovery rates for adsorption of fluorescent components in the leachate on g-CN [LL-RX (a), LL-RG (b), LL-RW (c), LL-RT (d), LL-RB (e), LL-RC (f), LL-RN (g), LL-NC (h), LL-NS (i), and LL-NX (j)]. Note that the fluorescent components with a >10% of recovery rate were reported.
Ateia et al. [29] reported similar trends for adsorption of fluorescent components in the standard humic and fulvic acids by carbon nanotubes. In general, the fluorescent components at longer wavelengths were associated with high aromaticity [28]. In this regard, it could be concluded that, in our case, the adsorption preference of fluorescent components was attributed to the different aromaticity. The high adsorptive affinity of C2 was due to its highest aromaticity. Moreover, the adsorptive selectivity coefficient () of fluorescent components in the leachate were determined to evaluate the adsorption selectivity, as shown in Table S4. The  of C2 was greater than 3.06 and in particular that of C2 in LL-RC was infinity, suggesting a strong adsorptive selectivity. By contrast, the  of other components was less than 1.00 without clear adsorptive selectivity. The above findings manifested that g-CN was a promising adsorbent for selective adsorption of humic acids from leachate, and even from the leachate with low concentration of humic acids.
3.6 Adsorption isotherms of landfill leachate concentrate
Isotherms for adsorption of the leachate (taking LL-NS and LL-NX as examples), as well as the humic-like components (C1 and C2) was investigated (Fig. 8a-d). The isotherms data were simulated with the Freundlich model (Table S5 and Table S6). It was clearly observed that the adsorption of the leachate was well fitted with the Freundlich model (R2 > 0.986), revealing the multilayer adsorption. The  for LL-NS was greater than that for LL-NX, indicating the higher adsorptive affinity of LL-NS. This was consistent with the results of kinetics and removal rates. The  for LL-NS and LL-NX was lower than 1.0, implying the adsorptive heterogeneity of the leachate due to the broad distribution of adsorption energies. Isotherms for adsorption of the humic-like components were analyzed by fitting with the Freundlich model. The results showed that the  of C2 was much higher than C1 for LL-NS, and that of C2 was comparable to C1 for LL-NX. These results indicated that C2 was readily adsorbed by g-CN, which was attributed to the high aromaticity, in agreement with the results of removal rates. In addition, the removal rate of LL-NS and LL-NX as a function of adsorbent mass was investigated (Fig. 8e-f). It can be seen that as g-CN increased, the removal rate measured as TOC and UV254 displayed an obvious increase. However, as g-CN was increased to 1.0 g·L-1, the removal rates for LL-NS and LL-NX increased slowly, which manifested that only humic acids were adsorbed.
[image: F:\4-投稿文章\2-CNUs吸附渗滤液腐殖质(正在写作)\5-文章\1-大图\Fig.8.tif]
Fig. 8 The adsorption isotherms of LL-NS and LL-NX (a-b), the adsorption isotherms of fluorescent components (C1 and C2) of LL-NS and LL-NX (c-d), and the removal rates measured as TOC and UV254 for adsorption of LL-NS and LL-NX (e-f).
3.7 Adsorption mechanisms
To provide insights into adsorption of the leachate, the underlying adsorption mechanisms were elucidated. The effect of pH on the adsorption of LL-NS and LL-NX (as examples) was investigated, as shown in Fig. 9a-b. It was found that as pH increased, the adsorption amounts measured as TOC and UV254 reduced remarkably. Yu et. al. [51] and Song et. al. [52] reported the protonated amino groups of g-CN at acidic condition. Thus, the presence of electrostatic interactions in adsorption of the leachate on g-CN was confirmed. The decrease in the adsorption amounts was attributed to the enhanced electrostatic repulsion as pH increased between the deprotonated amino groups of g-CN and the negative charged carboxylic and phenolic moieties of the leachate. However, it was evident that as pH increased > 7.0, the adsorption amounts for LL-NX reduced slowly, suggesting the presence of other mechanisms. We further investigated the effect of pH on adsorption of humic-like components, as shown in Fig. 9c-d. The results suggested that as pH increased, the removal rate of C1 and C2 decreased, while C2 exhibited a slowly reduced trend with 30% of removal rate at pH of 9.0. This was attributed to π-π interactions between the benzene of humic acids in the leachate and the triazine of g-CN, since a positive correlation between adsorption and aromaticity of organics were frequently found and discussed in our cases [53].
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Fig. 9 The effect of pH on adsorption of LL-NS and LL-NX (a-b), on adsorption of humic-like components (c-d), on the SUVA of LL-NS and LL-NX (e-f), and on the intensity of humic-like components (g-h).
In addition, the conformation-variation effect, a specific mechanism, has been speculated to control the adsorption of humic acids at various pH. For example, as speculated in previous literature [54, 55], the conformation of humic acids become condensed with a spherical structure at acidic condition, which is favorable to be adsorbed due to occupying less active sites. However, this mechanism has not been fully elucidated. The SUVA values of LL-NS and LL-NX were investigated with respect to pH (Fig. 9e-f). The results showed that the SUVA values of the leachate increased with the increasing of pH, suggesting an enhanced aromaticity. As reported by D. Ghernaout [56], such an increase was attributed to the enhanced dissolution or linearization of humic acids. Inspired by the findings that the fluorescence of humic acids was related to the variation of conformation [57], we further used EEM-PARAFAC to ascertain the effect of pH on the conformation of humic acids in the leachate (Fig. 9g-h). It was found that as pH increased, the intensity of C1 and C2 increased, due to the ionization of functional groups and the variations of conformation. When pH was increased from 3.0 to 5.0, the increased intensity was due to the ionization of carboxyl groups, resulting in the enhancement of fluorescence quantum yield [58]. By contrast, as pH was > 5.0, the enhanced intensity was attributed to the conformation variations of humic acids from a condensed to a stretching conformation, exposing more fluorophores [59]. The results of SUVA and EEM-PARAFAC  analysis provided convincing evidence for conformation-variation effect mediating selective adsorption of humic acids. This mechanism facilitated the selective adsorption of humic acids from the leachate, since the condensed conformation was envisioned to: a) enhance the strength of π-π interaction, b) occupying less active sites, and c) reduce the steric hindrance of intraparticle diffusion [46, 60].
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Fig. 10 The N2 isotherms of g-CN before and after adsorption of LL-NS and LL-NX: the full N2 isotherms (a), the specific surface area (b), and the pore volume (c). The XPS spectra of g-CN before and after adsorption of LL-NS and LL-NX: the full XPS spectra (d), the N 1s region (e), and the C 1s region (f). Note the adsorption conditions were: =20 mg C·L-1, pH=3.0, =0.08 g, and =60 min.
Further analyses were performed with N2 adsorption-desorption isotherms and XPS spectra to elucidate the adsorption mechanisms. It was observed that after adsorption, the N2 isotherms shifted to the region of high pressure with the obvious decreases in specific surface area and pore volume (Fig. 10a-c). This further rationalized the intraparticle diffusion mechanisms. The surface composition of g-CN before and after adsorption was investigated (Fig. 10d). The results indicated that C/N and O/N increased after adsorption (Table S7), ascribed to the high C and O and less N contents of the adsorbed humic acids [5]. The deconvolution of N 1s and C 1s was conducted and the detailed information was summarized in Table S8. In the region of N 1s, as shown in Fig. 10e, the types of peaks for g-CN after adsorption were similar to those for virgin g-CN. After adsorption, however, the binding energy of the N-N2/N-H peak for LL-NS shifted to higher region. There was a newly appeared peak at 402.2 eV after adsorption of LL-NX. These changes were attributed to the protonated and/or polarized amino groups induced by hydrogen bonding, in line with the results of pH effect [61]. By contrast, there were no valuable changes found in the C 1s region before and after adsorption (Fig. 10f). It was concluded that, as shown in Fig. 11, the selective adsorption of humic acids was primarily driven by π-π interactions with the presence of other interactions (electrostatic interactions and hydrogen bonding) and a specific mechanism (the conformation-variation effect).
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Fig. 11 The schematic diagram of mechanisms for the selective adsorption of humic acids in leachate
3.8 Environmental implications
In order to explore the practical application of this approach, we further investigated the desorption rates after adsorption using LL-NX and LL-NS as examples. The detailed desorption procedures are shown in Section S2. As illustrated in Fig. S8, the desorption rates of LL-NX and LL-NS reached 92.61% and 93.22% after treatment using alkaline solution (pH=11), respectively, suggesting that the adsorbed humic acids in leachate can be easily recover from g-CN. Nevertheless, future studies are still needed to explore the application of g-CN on a large scale.
4. Conclusion
The humic acids of landfill leachate have dual attributes of pollutants and resources, and thus we evaluated the selective adsorption of humic acids from landfill leachate with g-CN. The main conclusions can be made as follows:
· The chemical properties of the leachate samples were highly dependent on the sources. Humic acids were found abundant in the leachate, particularly for these samples from nanofiltration process.
· g-CN prepared via the common method possessed a specific surface area of 135.1 m2·g-1 with 2.74 nm of average pore size.
· g-CN exhibited a fast adsorption for all the leachate. The kinetics were well fitted with the pseudo second order model. The adsorption was controlled by the both intraparticle and surface diffusion.
· In all cases, the removal of UV254 was 30~70% and that of TOC was 5~50%. This difference was mainly attributed to π-π interactions.
· Humic acids within the leachate were selectively adsorbed, and in some cases the recovery rate and purity of adsorbed humic-like components reached 100%.
· The adsorption mechanisms, in addition to the major driving force (π-π interactions), included the interactions (electrostatic attraction and hydrogen bonding) and the newly proven conformation-variation effect.
Overall, the study presented an innovative approach for landfill leachate treatment, since it takes into account into resource recovery and pollution treatment. Nevertheless, future studies are still needed to investigate the practical application of humic acids from landfill leachate in forestry and agriculture.
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The conformation-varition effect
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