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Abstract

:

Hydrothermal carbonation carbon (HTCC) is emerging as a promising material for the adsorption and photodegradation of environmental contaminants. However, the chemical and structural properties of HTCC derived from different lignocellulose biomass have obvious impacts on adsorption and photodegradation. This work employed three different lignocellulose components, including cellulose, hemicellulose, and lignin to synthesize HTCC within a hydrothermal temperature range of 210~290 °C. In comparison to HTCC derived from cellulose and hemicellulose, HTCC derived from lignin (HTCC-L) demonstrated the optimal synergistic adsorption and photodegradation ability for TC degradation, achieving a 63.5% removal efficiency within 120 min. Characterization highlighted the crucial involvement of oxygenated functional groups, especially carboxyl groups, presented on the surface of HTCC-L in TC adsorption. Moreover, the photodegradation of HTCC-L was found to follow a non-radical mechanism, characterized by the charge transformation occurring between the excited unpaired electrons of HTCC-L and TC adsorbed on its surface. This work clarified the differences in HTCC derived from different lignocellulose components on the adsorption and photodegradation of organic pollutants, and provided a novel perspective on the application of HTCC in water treatment.
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1. Introduction


In recent decades, the presence of tetracycline (TC) in aquatic environments has become a significant concern due to its excessive use in aquaculture and medical treatment [1,2]. Unfortunately, the long half-life and poor metabolism of TC make it difficult to be naturally degraded by self-purification ability in the ecosystem [3,4]. Therefore, the efficient and sustainable removal of TC from water environments has emerged as a paramount concern in contemporary research.



Adsorption technology offers an efficient means to adsorb pollutants and facilitate their transfer between phases, yet falls short of achieving complete mineralization of the pollutants [5]. Photocatalysis technology enables the sustainable conversion of inexhaustible optical energy into chemical energy [6]. Owing to its minimal energy input and carbon footprint, photocatalysis technology has emerged as a convenient and effective approach for pollutant degradation. Currently, most studies are focused on optimizing the band structure and carrier utilization efficiency of photocatalytic semiconductors, while neglecting the crucial role of adsorption in the photocatalytic process. Therefore, a new strategy is to develop materials with dual functions of adsorption and photocatalysis in order to efficiently remove recalcitrant TC pollutants from water.



Carbon materials are generally considered to be highly adsorbent materials due to their significantly large specific surface areas, well-developed porous structures, and abundant surface functional groups [7]. Hydrothermal carbonation carbon (HTCC), as a type of carbon material, is obtained through a hydrothermal carbonation (HTC) treatment at temperatures ranging from 180 to 300 °C, over several hours of reaction [8,9,10]. In general, HTC is conducted in the presence of sub-critical liquid water and enables the conversion of wet input materials into carbonaceous solids with relatively high yields, eliminating the need for energy-intensive drying before or during the process [8,11]. The transformation of lignocellulose biomass through the HTC process, instead of high temperature calcination, contributes to greenhouse gas mitigation [12,13]. At present, HTCC has been demonstrated to possess remarkable sorption capacities for both polar and non-polar organic contaminants [14]. In addition, HTCC possesses unique inner chemical structures that confer upon it semiconducting properties [15,16].



Since the discovery of HTCC’s semiconducting properties, research efforts have primarily centered on exploring its photocatalytic applications. As reported, the HTCC exhibits an efficient ability to capture solar radiation across a broad wavelength range of up to 1300 nm, enabling the utilization of the complete solar spectrum from ultraviolet to near-infrared [17]. In addition, HTCC has a relatively narrow bandgap of approximately 1.3 eV, which facilitates efficient separation and migration of photo-generated charge carriers upon optical excitation [18]. Hu et al. reported that biomass could be converted into HTCC with semiconductive properties at low hydrothermal temperature (<300 °C), which is attributed to the significant presence of sp2-hybridized units (polyfuran chain) within HTCC [17]. The single polymer chain existing in HTCC has the capability to generate photo-induced electrons and holes under illumination conditions [19]. The excited furan units facilitate the transfer of electrons to the adsorbed oxygen (O2), forming powerful oxidative radicals (e.g., •OH and O2•−) for pollutant degradation [16,20]. In addition, the surface of HTCC exhibits a high abundance of oxygenated functional groups (OFGs), including phenolic hydroxyl, carboxyl, and carbonyl groups. Similar to the dye-sensitization process, these OFGs on the surface of HTCC act as sensitizers that produce reactive species [21,22].



The potential of HTCC-based photocatalysts has yet to be fully developed. For instance, lignocellulose can be classified as cellulose, hemicellulose, and lignin, based on their different structural characteristics, and HTCC derived from different precursors exhibits substantial disparities in both physical and chemical properties [23]. Nevertheless, limited research has been conducted on the impact of the different properties and structures of HTCC on the photocatalytic activity. In this work, we synthesized HTCC through HTC treatment to achieve synergistic adsorption and photodegradation of TC. The primary objective of this study was to compare the synergistic TC removal efficiency of HTCC derived from cellulose, hemicellulose, and lignin. In addition, this study elucidated the potential adsorption and photodegradation mechanisms of lignin-derived HTCC. The HTCC, possessing both adsorption and photodegradation capabilities, will offer valuable insights for future advancements and applications in water remediation.




2. Materials and Methods


2.1. Chemicals and Materials


α-Cellulose (CAS: 9004-34-6), lignin (Dealkaline, CAS: 9005-53-2), xylan from corncob (CAS: 9014-63-5, 85%), tetracycline (C22H24N2O8, 96%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), 2,2,6,6-tetramethyl-4-piperidinol (TEMP), sulfuric acid (H2SO4), and hydroxide (NaOH) were purchased from Aladdin Biochemical Co., Ltd. (Shanghai, China). All chemicals and reagents were employed as received, without additional purification. Unless otherwise specified, all solutions were prepared using ultra-pure water obtained from the Millipore Milli-Q water system.




2.2. Preparation of HTCC


The commercially available cellulose, hemicellulose, and lignin were individually dispersed in 50 mL ultra-pure water as carbon sources and stirred magnetically for 6 h. The solutions/suspensions were subsequently transferred into a 100 mL Teflon-lined autoclave and heated at different temperatures (210, 230, 250, 270, 290 °C) for a duration of 6 h. After being naturally cooled, the obtained solid powders underwent alternating washes with ultra-pure water and ethanol, followed by centrifugation at a rotation speed of 4500 r/min for a duration of 15 min. Then, the separated powders were dried overnight in a vacuum oven at 90 °C. The yields of HTCC derived from cellulose and hemicellulose ranged between 20% to 25%, while the yield of HTCC derived from lignin was approximately 75%. The products were ultimately ground to a particle size of 100 mesh and then stored in desiccators. The obtained hydrochar was designated as HTCC-x-y (where x = C, HC, L, representing cellulose, hemicellulose, and lignin, respectively; y = 210, 230, 250, 270, and 290, denoting the hydrothermal temperatures of 210 °C, 230 °C, 250 °C, 270 °C, and 290 °C).




2.3. Synergistic Adsorption and Photodegradation Procedures


The 100 mg/L TC stock solution was prepared by dissolving 100 mg of TC powder to 1 L of ultra-pure water. Unless otherwise specified, all experiments were conducted in 250 mL conical flasks containing 200 mL of the TC solution (1 mg/L) and 20 mg as-prepared HTCC samples. The pH was stabilized at the pre-determined value (pH = 6.0) before adding the HTCC samples, either by using NaOH or diluted H2SO4. The light source was a 300 W xenon lamp equipped with an ultraviolet (UV) cut-off filter (λ < 420 nm). The reaction was initiated when the xenon lamp was turned on and proceeded at 25 °C for 120 min. According to different time intervals, 1 mL suspension was obtained from the container and filtered using a 0.22 µm filter membrane for residual TC detection. All experiments were replicated, and the results were presented as the average with standard deviation.




2.4. Analysis Methods


The concentration of TC was analyzed using ultra-high-performance liquid chromatography (UPLC, Agilent 1290, Agilent Technologies Inc., Palo Alto, CA, USA) combined with a UV detector. The organic compounds were separated by an Eclipse Plus C18 column (2.1 × 50 mm, 1.8 μm). The mobile phase consisted of a mixture of acetonitrile −0.1% formic acid solution in a ratio of 30/70 (v/v), and the flow rate was set at 0.1 mL/min. The degradation intermediates of TC were identified by an ultra-high-performance liquid chromatography quadrupole time-of-flight premier mass spectrometer (UPLC-Q-TOF MS/MS, Agilent 6545, Agilent Technologies Inc., Palo Alto, CA, USA), and more details are shown in Text S1. The morphological features of the as-prepared HTCC samples were analyzed using a Scanning Electron Microscope (SEM, Sigma 500, ZEISS, Cambridge, UK) equipped with an Oxford Instruments Energy Dispersive Spectrometer (EDS, X-Max, OXFORD, Oxford, UK). The nitrogen adsorption–desorption isotherms of HTCC samples were measured using an automated surface area and pore-size analyzer (QUADRASORB SI, Quantachrome, Boynton Beach, FL, USA). The surface functional groups of the hydrochar were investigated using a Fourier transform-infrared spectrum instrument (FT-IR, Nicolet is50, Thermo Fisher Scientific Inc., Waltham, MA, USA) and an X-ray photoelectron spectroscopy system (XPS, ESCALAB 250xi spectrometer, Thermo Fisher Scientific Inc., Waltham, MA, USA). An electron paramagnetic resonance spectrometer (EPR, EMX-8/2.7, BRUKER, Karlsruhe, Germany) was used to detect free radicals and singlet oxygen, respectively. The details of EPR measurements are available in Text S2.




2.5. Computational Methods


The Gaussian 16W program was used for theoretical calculations. The geometry optimization and frequency calculation of TC were performed using the B3LYP hybrid functional with a 6-311G (d,p) basis set. The solvation model based on density (SMD) was implemented as a self-consistent reaction field (SCRF), with H2O designated as the solvent. The frontier molecular orbital, electrostatic potential (ESP), and concentrated Fukui function (CFF) were calculated using Multiwfn 3.8 (dev) [24,25]. The structures and isosurfaces were visualized utilizing VMD 1.9.3.





3. Results and Discussion


3.1. Synergistic Adsorption and Photodegradation Performance of the HTCC


3.1.1. Material Optimization


In this work, we employed the HTC treatment to convert cellulose, hemicellulose, and lignin into HTCC samples. The synthesis procedure of the HTCC samples is schematically illustrated in Figure 1a. First, we investigated the synergistic adsorption and photodegradation capabilities of HTCC derived from different carbon sources for TC (Figure 1b). The degradation of TC under visible light irradiation was found to be less than 2.2% within 120 min, indicating that the contribution of visible light alone to TC photodegradation may be considered negligible. Compared to HTCC-C and HTCC-HC samples, HTCC-L demonstrated the highest synergistic effect in terms of adsorption and photodegradation performance for TC, reaching up to 63.5% within 120 min. We further investigated the impact of hydrothermal temperature on the synergistic adsorption and photodegradation capabilities of as-prepared HTCC samples. As shown in Figure 1c, the removal rate of TC on HTCC-C and HTCC-HC derived from different hydrothermal temperatures exhibited slight variations. This result suggests that the structural characteristics of HTCC-C and HTCC-HC were basically unchanged within the hydrothermal temperature range of 210~290 °C. Notably, all the HTCC-L samples presented a remarkable removal rate of TC under visible light irradiation. Among them, the HTCC-L-230 demonstrated the highest adsorption and photodegradation synergistic efficiency for TC. With the further increase in hydrothermal temperature (>230 °C), the removal rate of TC in HTCC-L samples gradually decreased under visible light irradiation. Therefore, we extensively elucidated the adsorption and photodegradation mechanisms of HTCC-L in subsequent investigations.




3.1.2. Influencing Factors


We selected the HTCC-L-230 sample, which exhibited superior adsorption and photodegradation synergies, to evaluate the effects of initial pH on TC removal. The antibiotic TC exhibited amphoteric properties, displaying different protonation states at varying pH levels [3]. The ionization equilibria of TC in Figure 2a demonstrated three pKa values: pKa1 at 3.30, pKa2 at 7.68, and pKa3 at 9.70 [26]. It is suggested that the cationic form (TCH3+) exists when pH < 3.30, or it gradually undergoes transformation into the neutral form (TCH2) within the pH range of 3.30 to 7.68. When the pH exceeds 7.68, the solution is predominantly occupied by the anionic form of TC (TCH− or TC2−). In addition, the pHpzc can be utilized to ascertain the surface charge state of material under varying pH conditions. As shown in Figure 2b, the pHpzc of HTCC-L-230 was found to be 5.82, indicating its cationic state at pH < 5.82, or anionic form at pH > 5.82. The pH range of 3.0 to 10.0 was employed to investigate the synergistic adsorption and photodegradation performance of HTCC-L-230 (Figure 2c). The removal rates of TC at pH 4.5 and pH 6 were approximately 60.0% and 63.1%, respectively. However, the TC removal rate exhibited a significant decline when the pH fell below 3.30 or exceeded 7.68, with only approximately 51.6% and 44.6% of TC being removed at pH levels of 3 and 8.5, respectively. This phenomenon can be attributed to the electrostatic repulsion between HTCC-L-230 and TC due to their similar charges, which hampers the synergistic effect of TC adsorption and photodegradation. The TC removal rate, however, exhibited an increase at pH 10.0, which can be attributed to the inherent instability of TC’s ionic structure, leading to its self-degradation in an alkaline environment.



The impact of catalyst dosage and TC concentration on the synergistic adsorption and photodegradation performances of HTCC-L-230 was further assessed. As shown in Figure S1a, the removal rate of TC exhibited a decline from 72.5% to 46.8% as the concentration of TC increased from 0.5 mg/L to 3.0 mg/L. In addition, the removal rate of TC was observed to increase from 63.5% to 77.2% as the amount of HTCC-L-230 increased from 100 mg/L to 200 mg/L under visible light irradiation (Figure S1b). However, when the dosage of HTCC-L-230 reached 250 mg/L, there was barely any increase in the removal rate of TC (79.2%) compared to that observed with the dosage of 200 mg/L. This suggests that an overdose of HTCC-L-230 hinders the photodegradation of TC under visible light exposure by light shielding.





3.2. Characterizations


3.2.1. Morphology Characteristics


The morphologies of HTCC-L samples derived from 210~290 °C were characterized using SEM, as depicted in Figure 3a–e. All HTCC-L samples were planar structures, evidently distinct from the microspheres of HTCC-C and HTCC-HC (Figure S2a,b). The surface roughness of HTCC-L increased with the rise in hydrothermal temperature, which is consistent with previous studies [27,28]. The HTCC-L-210 exhibited a relatively smooth surface without any obvious pore structures, potentially due to the presence of undissolved lignin fragments acting as fillers and/or coverings for surface cracks and holes on the HTCC-L [27]. Conversely, the HTCC-L samples displayed rougher surfaces with the visible surface holes at hydrothermal temperatures exceeding 230 °C, which can be attributed to the release of gases during the HTC treatment of lignin [29]. The EDS elemental mapping images revealed that the composition of HTCC-L primarily consisted of C and O, with C atoms accounting for 81.3% and O atoms accounting for 18.7% (Figure 3f and Figure S3).




3.2.2. Specific Surface Area and Pore-Size Distribution


The specific surface area (SSA) and pore-size distribution of all HTCC-L samples were analyzed. As depicted in Figure 4a, the N2 adsorption–desorption isotherms of HTCC-L-210 and HTCC-L-230 exhibited Type III isotherms with minimal hysteresis loops, suggesting the absence of significant pore structures. However, when the hydrothermal temperature increased above 250 °C, the N2 adsorption–desorption isotherms of HTCC-L exhibited Type IV isotherms with H3 hysteresis loops, indicating the presence of mesopores characterized by slit-like pores. The SSA of all HTCC-L samples were calculated by the Brunauer–Emmett–Teller (BET) model (for more details, see Table S1). The HTCC-L-250 exhibited the highest SSA among all HTCC-L samples, with a measured value of 146.665 m2/g, which was much larger than that of HTCC-L-230 (9.314 m2/g). The N2 adsorption–desorption isotherms of HTCC-C-230 and HTCC-HC-230 are also presented in Figure S4, with detailed parameters listed in Table S1. The BET surface areas of HTCC-C-230 and HTCC-HC-230 were determined to be 53.085 and 29.859 m2/g, both surpassing that observed for HTCC-L-230. The pore-volume and pore-size distribution of all HTCC-L samples are illustrated in Figure 4b. Abundant microporous structures were observed in HTCC-L-250, HTCC-L-270, and HTCC-L-290 samples, while minimal pore structures were found in HTCC-L-210 and HTCC-L-230. In general, the SSA and total pore volume partially reflected the number of active sites present on the surface of HTCC, and the surface-active sites and porous structures are believed to facilitate the diffusion and pore-filling of TC on HTCC. However, the HTCC samples with higher SSA and pore volume (i.e., HTCC-L-250, HTCC-C-230, and HTCC-HC-230) did not exhibit superior adsorption capabilities in comparison to HTCC-L-230 (Figure 1b and Figure 5a). This result implies that the adsorption performance of HTCC-L was not solely determined by its pore structure, but that this also relied on the presence of surface functional groups. Furthermore, a comparative analysis was conducted between the specific surface area and adsorption capacity of the HTCC material synthesized in this study and those reported in the previous literature (Table S2).




3.2.3. Surface Functional Groups


The FT-IR spectra of HTCC-L samples synthesized at different hydrothermal temperatures are presented in Figure 4c. The characteristic peaks at 3420 cm−1, 2935–2840 cm−1, and 1600 cm−1 were observed in all HTCC-L samples, corresponding to the stretching vibration of –OH groups, –CH3 groups, and C=C bonds, respectively [30,31]. In addition, the peaks observed at 1710 cm−1 and 1160–1030 cm−1 were mainly ascribed to the stretching vibrations of C=O in carboxyl groups and the C–O bonds in aliphatic compounds [32,33]. These results suggest that the OFGs, including hydroxyl groups, ether groups, and carboxyl groups, are on the HTCC-L samples. Notably, the increase in hydrothermal temperature led to a reduction in the peak intensity of carboxyl groups (i.e., HTCC-L-290), suggesting the influence of HTC temperature on the composition of surface functional groups. We further used XPS to characterize the surface functional groups of HTCC-L samples and summarized the relative proportions of surface oxygen and OFGs. As shown in Table S3, the high-resolution C1s spectra of all HTCC-L samples can be deconvoluted into three peaks: 284.3 eV for C–C/C–H, 285.7 eV for C–OH, and 287.5 eV for O–C=O [16]. In addition, the high-resolution O1s spectra of all HTCC-L samples exhibited two peaks at 531.5 eV for C=O and 532.9 eV for C–OH [34]. This result is consistent with the FTIR data. The O/C ratios associated with OFGs were calculated to be 28.19% for HTCC-L-210 and 25.60% for HTCC-L-230, which were higher than those of HTCC-L synthesized at higher hydrothermal temperatures (21.24% for HTCC-L-250, 17.01% for HTCC-L-270, and 19.69% for HTCC-L-290). This result confirms that HTCC-L synthesized at lower temperatures retains more OFGs.





3.3. Possible Adsorption Mechanism of HTCC-L


The adsorption of organic molecules onto the catalyst surface constitutes a pivotal step in the heterogeneous catalytic reaction. We evaluated the adsorption affinity of the HTCC-L towards TC through the adsorption kinetics and isotherms. The adsorption amounts (qt, mg/g) of the HTCC-L samples at different interval times (t, min) can be described with the following formula:


   q t  =    (  C 0  −  C t  ) V  m    



(1)




where C0 represents the initial concentration of TC, Ct (mg/L) denotes the TC concentrations at reaction time, V (L) indicates the volume of the TC solution, and m (g) refers to the dosage of hydrochar. The kinetic equations and isotherm fitting models are summarized in Table S4. Firstly, we employed pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models to explore the potential adsorption kinetic mechanism of HTCC-L (Figure 5a). The kinetic parameters (k) and correlation coefficients (R2) calculated for the model fits are presented in Table S5. The HTCC-L samples synthesized at lower temperatures (≤270 °C) exhibited a higher degree of conformity with the PSO kinetic model, as evidenced by R2 values ranging from 0.98 to 1.0. This suggests that the rate-determining step of HTCC-L adsorption processes is primarily governed by the abundance of active sites for adsorption in relation to the concentration of TC molecules in solution. When the hydrothermal temperature reached 290 °C, the adsorption behavior of TC on HTCC-L-290 was more consistent with the pseudo-first-order kinetic model (R2 = 0.9723). This can be attributed to the abundant presence of surface cracks and pores on HTCC-L-290, which facilitated diffusion processes of TC.



The intra-particle diffusion model offers a valuable approach for deducing reaction type and predicting rate-controlling stages [35,36]. It is generally believed that the adsorption process involves three steps, including film diffusion, intra-particle diffusion, and adsorption onto active sites [37]. In Table S6, the non-zero intercepts of the intra-particle diffusion model suggest that both internal and external diffusion play a role in adsorption processes on all the HTCC-L samples. In addition, we observed bilinear models in all the HTCC-L samples in Figure 5b, which indicates that the adsorption processes are governed by a multi-step mechanism. The first, steep slope is attributed to the film diffusion of TC through the solution to the external surface of HTCC-L [38]. The subsequent portion describes that intra-particle diffusion limits the adsorption rate in the gradual adsorption stage.



To further elucidate the adsorption behavior between HTCC-L and TC, Figure 5c illustrates the linear correlations among the SSA, pore volume, and equilibrium adsorption capacity of HTCC-L samples (qe). Notably, there was a lack of significant correlations observed between them, as evidenced by the low R2 values of 0.214 for SSA and 0.408 for pore volume. Therefore, it can be postulated that the adsorption performance of HTCC-L for TC is predominantly governed by chemical adsorption rather than pore filling. In addition, HTCC-L-230 with a small SSA was chosen for fitting adsorption isotherms using the Langmuir and Freundlich models (Figure S5). The related parameters of the Langmuir and Freundlich models are presented in Table S7. Compared to the Langmuir model, the adsorption process of TC on HTCC-L-230 exhibited a better fit with the Freundlich model (R2 = 0.9947), indicating that it involves multiple adsorption modes rather than being limited to physical adsorption.



In general, upon ionization in solution, TC can function as both H-bond donors or acceptors, facilitating hydrogen-bonding interactions with numerous functional groups (i.e., –OH, C=O) present on the surface of HTCC-L samples. Furthermore, DFT calculations were conducted to elucidate the molecular-level adsorption mechanism of TC. The electrostatic potential (ESP) distributions of TC are depicted in Figure 5d, where the red area represents regions of low electron density and the blue area represents regions of high electron density. The dimethylamine, amino group, and carbonyl group of TC can engage in electrostatic interactions with surface functional groups of HTCC-L to control the rate of adsorption. In conclusion, the adsorption mechanism of HTCC-L can be attributed to chemisorption, mainly involving hydrogen-bonding interactions and electrostatic interactions.




3.4. Possible Photodegradation Mechanism of HTCC-L


The presence of OFGs on HTCC, particularly the surface carboxyl groups, has been reported to facilitate the photogeneration of ROS, thereby promoting the degradation of organic pollutants under daylight illumination [22]. To investigate the dependence of TC photodegradation under visible light irradiation on the presence of OFGs on HTCC-L, we manipulated the concentration of OFGs on the surface of HTCC-L through oxidation treatment (see Text S3 for details of HTCC-L oxidation treatment). The concentration of OFGs on the surface of HTCC-L after oxidation treatment (HTCC-Lox) was investigated using FT-IR and XPS spectra. As shown in Figure 6a, the intensity of the peak at 1710 cm−1, attributed to the C=O stretching of carboxyl groups, was significantly higher for HTCC-Lox compared to HTCC-L. In the XPS C1s spectra (Figure 6b), three distinct peaks corresponding to C–C, C–OH, and O–C=O can be observed in both HTCC-L and HTCC-Lox samples. Notably, HTCC-Lox has a higher O/C ratio and a greater content of O–C=O compared to HTCC-L (Table S3). However, the introduction of OFGs on the HTCC-Lox surface only resulted in an increase in TC adsorption, without a corresponding enhancement in the synergistic adsorption and photodegradation of TC (Figure 6c). These results suggest that OFGs on the surface of HTCC-L are not the primary active sites for TC degradation. In addition, we employed electron spin resonance (ESR) to detect the potential generation of ROS (·OH, ·O2−, and 1O2). As depicted in Figure S6, no signals of DMPO-OH, DMPO-O2−, or TEMPO were detected in the HTCC-L/visible light system, thus disproving the hypothesis that OFGs on the surface of HTCC-L induced the generation of ROS under visible light irradiation in our experimental setup.



Several studies have reported that the cleavage of weak linkage bonds, such as C-C and C-X (X represents heteroatomic), in lignin fragments during HTC treatment leads to the generation of unpaired electrons [39,40]. These unpaired electrons exhibit excellent electron delocalization properties and facilitate rapid photogenerated electron transfer under visible light irradiation [41]. We employed electron paramagnetic resonance (EPR) spectra to verify the existence of unpaired electrons in HTCC-L samples. In Figure 6d, the HTCC-L exhibited strong EPR signals, indicating its ability to undergo carrier transition under visible light irradiation. Additionally, the HTCC-L was exposed to visible light for 120 min (referred to as HTCC-L-used), followed by the measurement of its solid EPR signal. As we can see, the concentration of unpaired electrons in HTCC-L decreased after visible light irradiation, as evidenced by the weaker EPR signal observed in HTCC-L-used. It can be inferred that, upon excitation by visible light, the unpaired electrons migrate and are subsequently captured by unsaturated functional groups (i.e., carboxyl group and carbonyl group), thereby reducing the concentration of unpaired electrons in HTCC-L. Based on the above analysis, the photodegradation mechanism in the HTCC-L/visible light system may be as follows: when adsorbing visible light, the unpaired electrons of HTCC-L are excited and subsequently inject into TC adsorbed on the surface of HTCC-L, facilitating further photodegradation of TC.




3.5. Degradation Pathway of TC in the HTCC-L-230/Visible Light System


The molecular frontier orbital theory and the CFF, based on DFT calculations, were employed to predict the reactive sites of TC. The optimized chemical structure, the highest occupied molecular orbitals (HOMO), and the lowest unoccupied molecular orbitals (LUMO) of TC are depicted in Figure 7a–c, which can be employed to assess the electron-donating or -accepting ability [42]. In Figure 7d, the Fukui index values corresponding to the f− and f+ are utilized to elucidate the electrophilic attack and nucleophilic attack on TC molecules [43]. In conclusion, the dimethylamine and amide moieties are found to exhibit a higher reactivity, making them the preferred reactive sites of TC. We employed HPLC-QTOF-MS to identify the transformation products (TP) of TC degradation in the HTCC-L-230/visible light system. The positive ionization mode detected twelve compounds of TC, including TC, as shown in Figure S7 and Table S8. In Figure 7e, the possible degradation pathway of TC in HTCC-L-230/visible light system mainly included C–N bond cleavage and N-demethylation. In pathway 1, the TP 429 were generated through C–N bond cleavage of TC, followed by subsequent demethylation to yield TP 401. Then, the TP 401 underwent ring-opening reactions to yield TP 276 and TP 234, after which TP 234 was oxidized to TP 164. In pathway 2, TC was initially N-demethylated to TP 430, followed by further demethylation to TP 416. TP 416 can also undergo C–N bond cleavage and ring-opening to form TP 401, TP 276, TP 234, and TP 164. In addition, TP 430 can be converted to TP 358 by the detachment of aldehydes and N, N-methyl groups. The transformation of TP 358 to TP 260 was achieved through ring-opening, followed by subsequent elimination of methyl and hydroxyl groups resulting in the conversion to TP 244 and TP 186.





4. Conclusions


In summary, the HTCC was successfully synthesized via HTC treatment to establish an efficient synergy between adsorption and photodegradation. The HTCC derived from cellulose, hemicellulose, and lignin exhibited distinct differences in TC removal. Among them, the HTCC-L samples demonstrated an optimal synergistic effect between TC adsorption and photodegradation abilities, resulting in a 63.5% removal within 120 min. The presence of OFGs on the surface of HTCC-L samples served as the primary adsorption sites for TC. The adsorption mechanism of HTCC-L involved chemisorption, primarily driven by the hydrogen-bonding interactions and electrostatic interactions between OFGs presented on the HTCC-L surface and TC molecules. Moreover, the photodegradation mechanism of HTCC-L relied on a non-radical pathway. The excited, unpaired electrons of HTCC-L transferred electrons to the TC adsorbed on HTCC-L surface, thereby facilitating the photodegradation process of TC.
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Figure 1. (a) Schematic illustration of synthesizing hydrothermal carbonation carbon (HTCC) derived from cellulose, hemicellulose, and lignin. (b) Tetracycline (TC) removal by HTCC derived from cellulose (HTCC-C), hemicellulose (HTCC-HC), and lignin (HTCC-L) with and without visible light. (c) Synergistic adsorption and photodegradation of TC by as-prepared HTCC samples under different hydrothermal temperatures. Conditions: [TC]0 = 1.0 mg/L, [HTCC] 0 = 100 mg/L, pH = 6.0, T = 25 °C. 
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Figure 2. (a) Ionization equilibrium of TC. (b) Zeta potential of HTCC-L synthesized at 230 °C (HTCC-L-230). (c) Synergistic adsorption and photodegradation of TC in the HTCC-L-230/visible light system under different pH values. Conditions: [TC]0 = 1.0 mg/L, [HTCC-L-230]0 = 100 mg/L, pH = 6.0, T = 25 °C. 
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Figure 3. Scanning electron microscope images of as-prepared (a) HTCC-L synthesized at 210 °C (HTCC-L-210), (b) HTCC-L-230, (c) HTCC-L synthesized at 250 °C (HTCC-L-250), (d) HTCC-L synthesized at 270 °C (HTCC-L-270), and (e) HTCC-L synthesized at 290 °C (HTCC-L-290). (f) Corresponding element mapping for C, O of HTCC-L-230. 
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Figure 4. (a) N2 adsorption–desorption isotherms, (b) porosity distributions, and (c) Fourier transform-infrared (FT-IR) spectra of as-prepared HTCC-L samples. 
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Figure 5. (a) The adsorption kinetics and (b) intra-particle diffusion model of TC onto as-prepared HTCC-L samples. (c) Correlation between the specific surface areas, pore volumes, and adsorption capacities of as-prepared HTCC-L samples. (d) Electrostatic potential distributions of TC. 
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Figure 6. (a) FT-IR spectra of HTCC-L and HTCC-L after oxidation treatment (HTCC-Lox). (b) High-resolution C 1s XPS spectra of HTCC-L and HTCC-Lox. (c) Adsorption and photodegradation of TC by HTCC-L and HTCC-Lox with and without visible light. (d) Electron paramagnetic resonance signals of HTCC-L and HTCC-L-used. 
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Figure 7. (a) Molecule structure, (b) the highest occupied molecular orbitals, (c) the lowest unoccupied molecular orbitals, and (d) Fukui functions of TC. The isosurface value is 0.02 e/Å3. (e) Schematic illustration of the proposed pathways for TC degradation in the HTCC-L-230/visible light system. 
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