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Abstract

:

The lignin derivatives generated during pulping might be responsible for the suboptimal performance of anaerobic reactors during the treatment of pulping wastewater. However, the exact mechanisms by which these derivatives exert influence remain unclear. This study investigated the influence of lignin derivatives, simulated using humic acids (HAs), in anaerobic granular sludge (AnGS). Compared to the enzymes present during floc-bonding and granule-bonding, the HAs impeded the conversion of unhydrolyzed substrates into methane and caused considerable inactivation of free enzymes. Simultaneously, the HAs suppressed agglomeration and weakened the strength of the AnGS. Furthermore, calcium ions helped maintain the integrity of the sludge structure. Therefore, the inhibition of extracellular enzymes using lignin derivatives delays the methanation of unhydrolyzed substrates, resulting in a reduced biomass within AnGS reactors owing to sludge disintegration and biomass loss. This study serves as a reference for investigating the persistent risks originating from lignin derivatives associated with using anaerobic granular-sludge bed reactors to treat pulping wastewater.
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1. Introduction


Pulping wastewater contains abundant organic matter originating from plant materials (such as wood, straw, and bamboo) released during pulping [1,2]. The liquid waste generated from chemical pulping, often referred to as “black liquor”, undergoes an evaporation–concentration–alkali-recovery process [3,4,5]. This treatment aims to recover chemicals and energy while preventing the entry of lignin derivatives, which are difficult to degrade in wastewater treatment systems [6,7]. Chemical thermomechanical pulp (CTMP, a high-yield pulp) integrates chemical impregnation and mechanical disintegration to extract plant fibers, achieving a yield of 82% to 90%. This exceeds that of chemical pulp, which typically yields less than 50% [8,9]. Recently, China has considerably enhanced its ability to produce CTMP to compensate for the shortage of paper fibers due to the disruption of waste paper import. The liquid waste from CTMP has a notably lower concentration of organic matter compared to black liquor generated through chemical pulping [10,11,12]. This discrepancy leads to substantial energy consumption during evaporation and concentration [13,14], which, in turn, compromises the efficiency of evaporation–concentration–alkali-recovery treatment. Consequently, anaerobic–aerobic–deep-oxidation is the standard procedure used to manage CTMP effluents. Biological methods, particularly anaerobic digestion, are crucial for eliminating degradable organic matter from wastewater [15,16]. Anaerobic digestion is the most suitable method for treating pulp and paper wastewater as well as for maximizing resource utilization, owing to its advantages of low energy consumption, a high load capacity, and efficient energy recovery. Wood extractives (substances extracted from wood during pulping), volatile organic acids, lignin, and other organic materials are abundant in CTMP wastewater. Although a few studies [17,18,19] have demonstrated that lignin derivatives formed by lignin leaching or degradation may exert a unique inhibition effect on pulp and paper wastewater [20,21], the mechanisms by which lignin derivatives function in the anaerobic treatment of CTMP wastewater remain unknown.



Hydrolysis and acidification are prerequisites for the complete decomposition and conversion of organic molecules into methane. The extracellular hydrolysis of organic substrates occurring outside cells enhances the solubility of the substrates and reduces their molecular weight, thereby facilitating the penetration of the cell wall [22,23,24]. Enzymes may exist in anaerobic granular sludge (AnGS) bed reactors in three distinct forms: free, floc-bound, or granule-bound. The presence of extracellular enzymes in the floc-bound or granule-bound states is crucial for maintaining their activity, as flocculated or granular sludge prevents the deactivation of enzymes. Therefore, considering the occurrence forms of enzymes is essential [25]. Furthermore, changes in the size or spatial arrangement of a substrate caused by lignin derivatives influence the ability of extracellular enzymes to interact with the substrate, thereby decreasing the efficiency of anaerobic digestion [26].



Humic acids (HAs) and lignin have common functional groups, including phenols, quinones, ketones, and carboxyls [27], while lignin derivatives are essential precursors of HAs [28]. Therefore, HAs can serve as model substances for lignin derivatives in CTMP wastewater when investigating the effects and mechanisms of lignin derivatives on the anaerobic treatment of CTMP wastewater. HAs are inactive during digestion, which complicates decomposition and conversion [29]. HAs impede the activity of enzymes that break down organic matter and disrupt sludge granules [30]. Substances and enzymes that are free from the cell will bind to HAs and alter the solubility of substances. In addition, the morphology of enzymes delays the breakdown of substances or inhibits methanogenic activity [31,32,33]. Moreover, HAs can serve as electron carriers that enhance the transfer of electrons between different species, thereby sustaining anaerobic digestion [14] or altering the accumulation of intermediate products [15,16]. Therefore, further investigations are required to determine the role of lignin derivatives in the anaerobic treatment of wastewater. Calcium ions (Ca ions) are abundant (600–1000 mg/L) in the wastewater generated by pulp and paper mills [34]. The source of the Ca ions was found to be the high Ca ion concentration (600–2500 mg/L) in the white water of a paper machine in which the ions were produced using light calcium carbonate and other auxiliary materials during papermaking [35]. To mitigate potential toxicity, the wastewater from CTMP is typically mixed and diluted with white water from paper machines before anaerobic treatment [36]. Therefore, this study introduced Ca ions in simulation experiments to better simulate the actual situation. HAs possess a negative charge and exhibit abundant carboxyl groups on their surface, making them prone to mutual binding with Ca ions via electrostatic interactions [37,38]. Ca ions are essential for the formation of flocs and the granularity of sludge. Additionally, interactions between lignin derivatives and Ca ions may alter the structure and the trend of granularity of sludge [39]. Hence, the presence of Ca ions should be duly considered as an important factor when investigating the inhibition of lignin derivatives in CTMP wastewater.



Therefore, this study aimed to explore the influence mechanism of lignin derivatives in CTMP wastewater from two perspectives: the occurrence forms of enzymes and the structure of AnGS. Sequential batch experiments were conducted using HAs as a representative model for lignin derivatives. Moreover, the impact of AnGS on the degradation of different substrates (starch, casein, glucose, and sodium acetate) was investigated using varying degrees of hydrolysis in simulated pulping wastewater (with an HA concentration of 3 g/L). Moreover, the effects of HAs on sludge flocculation behavior and the possibility for hydrolysis to occur were assessed by analyzing enzymatic activity and the structure of sludge. In addition, the influence of Ca ions in CTMP wastewater was characterized according to the electrostatic repulsion force and the granularity of sludge. Finally, the occurrence of different enzymes was used to determine the main mechanism of the interaction with lignin derivatives.




2. Materials and Methods


2.1. Inoculum Preparation


Granular sludge with particle sizes of 0.3–3 mm and total suspended solids/volatile suspended solids (TSS/VSS) not less than 0.7 was harvested from a typical paper mill in Guangxi, China. The granular sludge was treated using ultrasonication to imitate flocculent sludge (20 kHz, 1 W/mL, 20 min). Both flocculated and granular sludge were cultivated in 250 mL fermentation flasks for roughly one week, with the simulated wastewater having a chemical oxygen demand (COD) of 8000 mg/L. The carbon sources used were glucose (Tianjin Zhiyuan Chemical Reagent Co, Tianjin, China) and sodium acetate (Tianjin Zhiyuan Chemical Reagent Co, Tianjin, China), used at an acidification value (i.e., the ratio of the COD of glucose to the COD of sodium acetate) of 50%. To ensure that the activated sludge would perform its normal physiological functions, each fermentation flask was incubated in a water bath (35 ± 0.5 °C, 105 rpm) daily. The substrate was substituted at a predetermined time every day. After filtration using a strainer, the wastewater was mixed with the freshly produced simulated wastewater.




2.2. Chemical Analysis


VFAs (volatile fatty acids) were measured using gas chromatography (GC8890A, Agilent Technologies, Palo Alto, CA, USA) and a hydrogen flame ionization detector. The measurements were performed using a polar column type HP-INNOWAX (Agilent, Santa Clara, CA, USA) with dimensions of 30 m × 0.25 mm × 0.25 μm. The specimens were introduced into the injection port at a split ratio of 1:1. The injection volume was 1.0 μL and the carrier gas used was Nitrogen (N2) flowing at a rate of 40 mL/min. The temperature program was as follows: the initial column temperature was set to 80 °C, which was raised to 110 °C at a rate of 20 °C per minute and then finally increased to 220 °C at a rate of 10 °C per minute. The temperature was maintained at 220 °C for 2 min. The entire procedure lasted 16.5 min. The temperatures of the input and detector were adjusted to 250 °C. COD was determined using the rapid digestion method with a COD digester (model 5B-3C, Beijing Lianhuayongxing Technology Co., Ltd., Beijing, China). TSS/VSS was measured according to CJ/T 221-2005 [40].




2.3. Granule Disintegration


An experiment performed using 250 mL serum bottles was used to determine how HAs and Ca ions individually influence the structure and granularity of sludge in different forms. Each group contained 20 mL of floc sludge and 100 mL of simulated wastewater. The simulated wastewater contained sodium acetate, glucose, and trace elements. Commercial HAs (3 g/L; CAS 1415-93-6; Shanghai Aladdin Co., Ltd., Shanghai, China) were added to the HA group. A HA–Ca group was treated using 3 g/L HAs and 250 mg/L of Ca ion solutions. Meanwhile, a CA group was added to a 250-mg/L Ca ion solution. A blank group was prepared using simulated wastewater containing sodium acetate and glucose (3000 mg/L COD) as substrates. Samples were collected at 1, 6, 12, 36, and 60 h after the tests began. The experiments were conducted at 35 ± 0.5 °C and utilized a water bath at 80 rpm. A laser particle-size analyzer (Bettersize 2600, Dandong Batter Instrument Co., Ltd., Dandong, China) was used to measure the particle size distribution of the flocculated sludge (D10, D50, D90, and 10th–50th–90th percentile of a particle-diameter distribution curve). The granular sludge was separated into four groups: blank, HA, HA–Ca, and CA groups. Distilled water was used instead of simulated wastewater, and the four groups were incubated for 60 h at 35 ± 0.5 °C in a water bath at 80 rpm before being tested to determine the extracellular polymer substances (EPSs) present. All experiments were performed in duplicate.




2.4. EPS Extraction and Characterization


EPSs are polymers found external to the cells in anaerobic digestion sludge and play a crucial role in material exchange [41]. EPSs are mainly composed of proteins (PNs) and polysaccharides (PSs), which together usually represent the content of EPS. The extraction of EPSs was conducted as follows: 5 g of sludge was rinsed three times using a 0.01-mol/L phosphate-buffered solution), 15 mL of the same solution was added, and then the mixture was centrifuged at 3200 r/min for 30 min. The supernatant was discarded. After adding 15 mL of a 0.85% NaCl solution to the sediment, the mixture was centrifuged for 20 min at 8000 rpm to obtain loosely bound extracellular polymeric substances (LB-EPSs). After adding 15 mL of a 0.85% NaCl solution to the sediment in a water bath at 80 °C for 30 min, tightly bound extracellular polymeric substances (TB-EPSs) were obtained as the supernatant by centrifuging the mixture at 3200 r/min. LB-EPS and TB-EPS extracts were filtered over a 0.45 μm hydrophilic polyethersulfone (PES) membrane filter. The PN content was determined using the modified Folin–Lowry method [42], while the PS content was analyzed using the Anthrone method [43].




2.5. Zeta Potential


After different treatments, the zeta potentials of the original granular sludge, flocculated sludge, 3 g/L of the HA solution, 5 mL of the sludge mentioned above, and substrate samples were measured using a nanoparticle sizer (Nano-ZS90X Zeta, Malvern Panaco Ltd., Malvern, UK). The pH values of the sample solutions were simultaneously measured. The above experiments were conducted in triplicates.




2.6. Total Organic Carbon of Substrate


To investigate the impact of HAs and Ca ions on the total organic carbon (TOC) of substrates in the solutions, two distinct substrates (starch and casein) were treated using HAs, HAs + Ca ions, and Ca ions alone. TOC was determined using a TOC meter on filtrates obtained by centrifugation at 4000 rpm and through 0.45 μm PES membranes.




2.7. Stepwise Inhibition of Metabolism in AnGS under HA Stress


This study utilized four different substrate matrices and pre-existing domesticated granular sludge (Section 2.1) to conduct a methanogenic-capacity experiment. This experiment was conducted to identify the key step inhibiting the anaerobic digestion process. The only carbon sources utilized in the batch tests were starch, casein, glucose, and crystalline sodium acetate. Except for the crystallized sodium acetate group, which had a COD of 2000 mg/L, the simulated wastewater in the other groups had a COD of 8000 mg/L. These concentrations were used to prevent excessive acidification from interfering with the normal anaerobic digestion process. The simulated wastewater from the HA, HA–Ca, and CA groups received an additional 3 g/L of HAs, 3 g/L of HAs with a 200-mg/L Ca ion solution, and a 200 mg/L Ca ion solution, respectively. The domesticated granular sludge was placed into 250 mL fermentation flasks in duplicate to run a reaction, with the entire process being conducted at 35 ± 0.5 °C and 80 rpm. After 1–3 d of the reaction, samples were collected to reflect the actual gas production situation. They were passed through a 0.45 μm PES membrane filter to measure the COD, pH, VFA content, and other standard indicators.



To determine the influence of HAs on methane yield and the time characteristics of gas production, methane production was fitted using the modified Gompertz model. The model is represented as shown in Equation (1):


  M ( t ) =   M   0   × e x p   1 − e x p       R   m   × e     M   0       λ − t        



(1)




where M(t) is the cumulative total methane production (mL/g VSS), M0 is the final methane production potential (mL/g VSS), and Rm is the maximum methane production rate (mL/g VSS/h). e is Euler’s constant (2.71828) and λ is the duration of the lag phase (h), or the minimum amount of time needed to produce methane gas (h).




2.8. Key Enzymatic Activity Tests


To determine the mechanisms through which HAs and Ca ions impact the hydrolysis of anaerobic digestion, the enzymatic activities of hydrolytic enzymes (alkaline protease [AP] and α-glucosidase [α-GC]) in three different forms—free, floc-bound, and granule-bound—were measured.



2.8.1. Alkaline Protease


Alkaline Protease (AP, activity level of 200 U/mL) was acquired from Maclean and subsequently diluted to a concentration of 15 U/mL. The AP activity was evaluated per the literature [44,45] as follows:


    X   i   =   ( C −   C   0   ) × V × N     V   0   × T    



(2)




where C and C0 represent the tyrosine concentrations in the experimental and control groups, respectively. V is the total volume of the enzyme reaction system, V0 is the amount of enzyme involved in the reaction, T is the reaction time, and the enzymatic activity is expressed in the unit of U/mL.




2.8.2. α-glucosidase


The activity of α-glucosidase (α-GC) was measured using an α-GC kit (Suzhou Grace Biotechnology Co., Ltd., Suzhou, China). For this experiment, each gram of VSS sludge sample producing 1 nmol of para-nitrophenol per minute was defined as one unit of enzymatic activity (nmol·min−1·(gVSS)−1). The formula is shown in Equation (3):


    X   α − G C   =       ∆ A − 0.1272     0.6548     / ( W × V × T )  



(3)




where ∆A is the difference in absorbance between the assay and control tubes. W is the sample mass (g), V is the volume of the sample introduced into the reaction system (mL), and T is the reaction time (min).






3. Results and Discussion


3.1. Methanogenic Potential Inhibition


The use of simulated carbon sources (starch, casein, glucose, and sodium acetate) facilitates the elucidation of the influence of HAs on three elementary anaerobic digestion reactions: hydrolysis, acidogenesis, and methanogenesis. The fully acidified substrate (FAS) group consisted of a glucose medium and a sodium acetate medium, while the partially acidified substrate (PAS) group consisted of a starch medium and a casein medium.



Figure 1a,c demonstrate that HAs have a considerable inhibitory effect on methane production. In the PAS group, methane production decreased by 11% and 26%, respectively, compared to that in the control group. Enzymes responsible for hydrolysis and their metabolic activities are primarily found in the extracellular region [46]. Therefore, before involvement in the subsequent anaerobic digestion process, the substrates of the PAS group must undergo hydrolysis and transformation into smaller molecules. The inhibition of hydrolysis by HAs delayed acidification and methanation (Figure 1a–d). The accumulation of acetic acid in the VFAs (Figure 1b) indicated that were was no considerable alteration of methane production in the starch. However, the HAs inhibited methanation, while the acetic acid content increased by 232.23 mg/L. The cumulative methane generation in the HA–Ca group increased significantly by approximately 50 mL, whereas the VFA content decreased slightly compared to that in the HA group. This suggests that the bridging interaction of Ca ions with HAs [47] can alleviate the inhibitory effect of methanation. In the FAS group, methane and VFA production varied minimally (18.11 mg/L and 3.36 mg/L for glucose and sodium acetate, respectively), indicating that HAs exerted a limited influence on the acidification and methanation stages. The results of adjusting the cumulative methane production data to the modified Gompertz model [48,49] are shown in Table 1. The fitting results of the PAS group indicated that the HA group had a lower maximal methane production rate than the control group, with the two groups showing values of 0.22 and 1.01 mL/g VSS/h, respectively. Furthermore, HAs had a minor negative influence on the methane production rate. When comparing the lag phase (λ, time taken for microbial adaptation to substrates and beginning of biomethane production [50]) results, it was observed that the experimental groups containing HAs in the starch group had a shorter lag phase compared to that of the control group (3.65, 5.46 h). This suggests that HAs had a more significant inhibitory effect on the hydrolysis stage of the anaerobic digestion of starch substrates.



Although HAs did not influence the methanogenic performance of the FAS group, they negatively influenced both methanogenic kinetics and methane generation in the PAS group. It is inferred that the possible mechanisms by which HAs inhibited substrate methanation in the PAS group included changes in the occurrence forms of the substrates or reductions in extracellular enzymatic activity [51,52,53].




3.2. Substrate and Enzyme


3.2.1. Substrate Aggregation


The zeta potential and average particle size of the substrate solutions were measured to determine the impact of HAs and Ca ions on the morphology of the fermentation substrates (casein and starch). The effects of HAs and Ca ions on the solubility or filterability of the substrates were quantified by determining the influence of filtration and centrifugation on the substrates in the solution (in terms of TOC). The findings indicated that starch and casein showed distinct response patterns to HAs and Ca ions during the experiment.



HA addition increased the electrostatic repulsive force between starch particles from −14.3 mV to −24.2 mV. The average particle size of starch decreased from 9.06 μm to 0.54 μm. Hence, filtration and centrifugation did not significantly reduce the starch content of the substrate solutions. Xu et al. [54] suggested that starch is a strong competitor of enzymes for binding Ca ions. Therefore, the addition of Ca ions effectively bound to starch resulted in a 4.89 μm increase in particle size of starch in the HA-Ca group compared to the HA group, and counteracted the negative charge from −24.17 mV to −8.41 mV of the starch granules, and reduced the dispersion of HAs on the starch granules [55]. The increase in negative charge due to the addition of HAs suggested that HAs may reduce the contact probability between substrate and enzyme by increasing the electrostatic repulsion force between substrate and hydrolysis, which in turn, reduces the efficiency of hydrolytic enzymes in degrading the substrate, ultimately showing an inhibited anaerobic digestion efficiency. The average size of the starch particles increased significantly from 0.54 μm to 8.17 μm in the HA group (Figure 2c). Of note, the addition of Ca ions to the simulated wastewater impacted the size of the starch particles. However, the Ca ions substantially reduced the amount of starch in the liquid phase (supernatant or filtrate) after filtration and centrifugation, as shown in Figure 2e.



HA addition did not significantly impact the zeta potential of casein dispersion (Figure 2b). In addition, the particle size of casein remained the same as that of the blank group in the presence of HAs and HA–Ca (Figure 2d). The TOC concentration of the filtrate and centrifugation supernatant in the HA group (174.02 mg/g VSS) was higher than that in the blank group (167.65 mg/g VSS), indicating that the introduction of HAs improved the solubility or dispersion of casein because of the chelation effect of Ca ions with HAs [56]. Differences in the TOC concentration between the centrifugation supernatant and the filtrate, measured at 365.87 mg/g VSS in the HA–Ca group, could be attributed to the increased density of casein colloids following the adsorption of Ca ions. The increased density of casein due to the adsorption of calcium ions made it easier to precipitate during centrifugation, leading to a decrease in the amount of casein in the suspension after centrifugation. This is in agreement with the findings of Sentis-More et al. [57]. Hence, Ca ions enhanced the efficacy of centrifugation in eliminating casein from the HA–Ca group.




3.2.2. Enzymatic Activity


HAs in the PAS group appeared to have a detrimental effect on methanation (as discussed in Section 3.1). It was indicated that HAs may block the breakdown of starch and casein by limiting the activity of extracellular enzymes [58]. Extracellular hydrolases may occur in the effluent of anaerobic reactors, floc sludge, and granular sludge [59]. According to the occurrence forms of enzymes, these hydrolases can be classified as free, floc-bound, or granule-bound enzymes. This section explores the significance of the occurrence form of enzymes as it relates to the inhibitory effect of HAs on enzymatic activity, with α-GC and AP used as specific examples.



According to Figure 3, the activity of free enzymes (α-GC) was measured to be 0.55 nmol/min/gVSS. The HAs significantly decreased the activity of free enzymes by 79.96% and 73.79% for the HA and HA–Ca groups, respectively. HAs can modify the configuration of α-GC active sites [60]. Alternatively, HAs may compete with the substrates, thereby decreasing the probability of the substrates binding to the active sites of the enzymes. This, in turn, may decrease the enzymatic activity [46,61]. HAs increased the electrostatic repulsive force among starch granules, leading to a significant reduction of 93% in the particle size (Figure 2c,d). This permitted the absorption of a more significant amount of enzymes by the starch granules, which then accelerated the process of starch hydrolysis.



Diffusion is necessary for reciprocal interactions and the attachment of both HAs and enzymes [62]. In contrast to free enzymes, floc-bound and granule-bound enzymes are located within the sludge. HAs must permeate from the bulk liquid into sludge flocs or particles to attach to enzymes. A larger sludge size increases the distance required for mass transfer [63] and the EPSs of sludge adsorbed HAs, thus decelerating the diffusion of HAs into the interior of the sludge. The results demonstrated that floc-bound and granule-bound enzymes effectively protect the activity of α-GC under the influence of HAs. However, the activity of α-GC and AP in the granular-bound enzymes remained unaffected by HAs (0.24 nmol/min/gVSS, 2.26 U/mL) as the large specific surface area of flocculated sludge allowed it to compete with extracellular enzymes for adsorption of HAs [64]. Consequently, the inhibitory effect of HAs on extracellular enzymes was eliminated. Ca ion addition to the starch solution decreased the activity of the enzyme. Ca ions play a crucial role in the formation of floc sludge. By increasing the concentration of Ca ion, the electrostatic repulsive force between small flocs can be reduced, thus increasing the size of the floc particles [65]. The increased size of the floc and granule sludge creates a greater distance between the enzyme and the water phase, making it more difficult for the substrate to be transferred [66]. Consequently, the rate of the enzymatic process within the floc appeared to be slow (0.086 nmol/min/gVSS, 1.69 U/mL).



In summary, the activity of free hydrolases was significantly hindered by HAs, whereas that of hydrolases within flocs and granular sludge was less influenced by HAs. Hence, the decreased methanogenic activity observed in the PAS group under HA stress could be attributed to the ineffective binding of HAs to hydrolytic enzymes, which reduced the efficiency of generating and delivering intermediates, such as VFAs. Consequently, the scarcity of available substrates impeded the growth and activity of methanogenic bacteria.





3.3. Assessment of Potential Impacts on Microbial Aggregation


The median diameter (D50) is a metric used to quantify the physical attributes of particles and precisely indicates the homogeneity of the particles [67,68,69]. D10 and D90 mean the particle size of a sample when the cumulative size distribution reaches 10% and 90%, respectively. Figure 4a–c display the particle size distribution of the flocculated sludge under HA stress that lasted for 60 h. In the blank group, the flocculated sludge showed a gradual stabilization in its size distribution after 60 h, with a D50 concentration in the 25–35 µm range. Despite undergoing ultrasonication, the granular sludge retained its flocculation ability, whereby small flocs gradually aggregated to form larger floc structures [70]. In HA group, the D50 values were 0.04, 1.44, 4.47, 7.87, and 7.94 µm lower than those in the control group, respectively. HAs inhibited the regeneration of sludge flocs, thereby hindering the aggregation of smaller flocs into larger flocs and resulting in a more dispersed sludge system [71]. Studies [72] have revealed that floc size is related to sludge flocculation. The D50 of the HA–Ca group remained within the range of 13–16 μm, consistently lower than that of the HA group by 0, 4.3, 2.2, 13.3, and 14.8 μm, respectively, which indicated a relatively uniform particle size distribution [73,74]. Cui et al. [75] observed that Ca ions could bind EPSs to accelerate the formation of granules. Although the introduction of Ca ions did not alleviate the inhibitory effect of HAs on floc regeneration, it contributed to greater stability within the flocs [76]. Therefore, it can be concluded that HAs inhibit the aggregation and regeneration of sludge flocs, thus representing an important factor hindering the granulation of sludge particles.



Zeta potential was analyzed for both granular and flocculated sludge to elucidate the variability in the distribution of sludge particle sizes (Figure 5a,b). The sludge particles frequently displayed an electrostatic repulsive force within the range of −10 to −25 mV. Furthermore, the zeta potential of pure HAs is approximately −40 mV, which effectively decreases the surface and interfacial tension of water [77,78]. Figure 5a demonstrates that the zeta potential of the flocs in the HA group decreased by 17.41 mV after 1 h compared to that in the blank group. The introduction of HAs also decreased the zeta potential in the granular sludge. The zeta potentials of the flocs and granular sludge increased by approximately 2.89–17.31 mV and 3.57–16.31 mV in the HA–Ca group, respectively. HAs augmented the electrostatic repulsive force between the floc sludge particles [79]. The changes in electrostatic repulsion, coupled with the reduced particle size observed in the HA group of Section 3.1 in the article, suggested that the HAs promoted greater dispersion between sludge particles. Moreover, the HAs weakened the ability of flocculation of the flocs [80]. Ding et al. [81] and Yousefi et al. [82] found that a heightened electrostatic repulsive force between sludge particles and a diminished flocculation capability impeded the granulation of sludge, potentially resulting in a tendency towards sludge disintegration and subsequent biomass loss within anaerobic digestion reactors. Moreover, Ca ions can undergo complexation with HAs to alleviate this situation. Consequently, the HAs showed a negative influence on the granularity of sludge, which led to reduced biomass and the inefficiency of anaerobic digestion, ultimately resulting in abnormal operation of the anaerobic digestion reactor.



EPSs are the primary components of microbial aggregates and play crucial roles in various aspects of sludge, such as structure, surface charge, flocculation, settling capabilities, and dewatering properties [83,84,85]. Figure 6a,b illustrate the variations in the contents of LB-EPS and TB-EPS. The content of LB-EPS and the proportions of PNs and PSs change minimally. The inclusion of HAs resulted in a 30.45% reduction in the PN content and a 9.10% increase in the PS, as reflected by the TB-EPS content. PNs, a crucial component of EPSs, supply energy to and safeguard microorganisms engaged in different metabolic processes within the EPSs [86]. Therefore, the reduced PN content caused by the HAs led to an inhibition of the physiological and metabolic activities of microorganisms involved in extracellular hydrolysis and acidification. In addition, the abundance of positively charged amino groups in the PNs counterbalanced the negative charges associated with the carboxyl and phosphate groups [87]. The impact of the EPS proportion on microbial flocculation has been emphasized in previous studies [88,89,90]. Ding et al. [91] and Jiang et al. [92] proposed that the flocculation capacity and sludge volume index of sludge correlate negatively with the PN/PS ratio. Therefore, the 41.30% decrease in the PN/PS ratio of the HA group suggested that HAs blocked the production of sludge particles and negatively impacted the settling performance of the sludge [93]. In the CA group, the PN content exceeded that of the control group, which demonstrated that moderate concentrations of Ca ions can enhance the release of EPSs from granular sludge and promote their interaction with EPSs to enhance the aggregation of microbial clusters [94]. It can be concluded that HAs adversely influenced the flocculation ability of the sludge and resulted in sludge disintegration and impeded sludge granulation.





4. Conclusions


This study employed HAs as a model substance representing lignin derivatives to investigate the potential influences of simulated CTMP wastewater on the functionality and structural integrity of AnGS. Moreover, the role of coexisting Ca ions was analyzed. The conclusions are as follows: First, the hydrolysis degree of substrates was directly correlated with the inhibitory effects of HAs on anaerobic digestion. HAs hindered the hydrolysis of organic macromolecules in wastewater by suppressing the activity of extracellular enzymes (α-GC and AP), consequently inhibiting the methanogenic activity in the AnGS. Second, the reduced contents of PN in EPS and the increased floc-to-floc electrostatic repulsive force of granular sludge in wastewater containing HAs, along with the increased floc electrostatic repulsive force, indicate that HAs are potential factors inducing granular sludge disintegration or inhibiting sludge granulation. Last, Ca ions did not significantly influence the activity of extracellular enzymes. However, they could reduce the electrostatic repulsive force among sludge particles, thus preserving the stability of the granular sludge structure.



The studies cited indicated that lignin derivatives found in pulping wastewater can have detrimental effects on AnGS reactors in two manners: first, by impeding methanogenic processes through the inhibition of extracellular enzymatic activity, and then by causing a loss of biomass due to hindered sludge granulation. Therefore, in the treatment of pulp and paper industry wastewater, we should reduce the generation of lignin derivatives or avoid the reduction of hydrolase activity during anaerobic digestion by pretreatment. At the same time, the complexation of lignin derivatives by Ca ions may be able to alleviate the inhibition of lignin derivatives in anaerobic digestion. It is necessary to further investigate the effect of Ca ions on reducing the inhibition of lignin derivatives in actual industrial production.
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Figure 1. Methane and volatile fatty acids (VFAs) production in PAS and FAS groups. Production of methane: (a) starch, (c) casein, (e) glucose, and (g) sodium acetate; production of VFAs: (b) starch, (d) casein, (f) glucose, and (h) sodium acetate. 
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Figure 2. Changes in aggregation state of FAS group substrates under the influence of HAs and Ca ions. (a,b) Zeta potential of starch and casein under the influence of HAs and Ca ions; (c,d) particle sizes of starch and casein under the influence of HAs and Ca ions; (e,f) TOC of starch and casein after filtration and centrifugation. 
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Figure 3. Changes in enzymatic activities in different fugitive states under the influence of HAs and Ca ions (pure enzymes, flocs, granules). (a–c) a-glucosidase (a-GC) and (d–f) alkaline protease (AP). 
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Figure 4. Heat map of particle size distribution of flocculated sludge. (a) D10; (b) D50; and (c) D90. 
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Figure 5. Effect of HAs and Ca ions on zeta potential of flocculated sludge and granular sludge. (a) Flocs, (b) Aneaerobic granule sludge. 
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Figure 6. Effect of HAs and Ca ions on the change in EPS content of sludge and HA content in EPSs. (a) LB-EPS; (b) TB-EPS; and (c) HA content. 
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Table 1. Biochemical methane potential and parameters of mathematical adjustments (modified Gompertz) obtained under different conditions.






Table 1. Biochemical methane potential and parameters of mathematical adjustments (modified Gompertz) obtained under different conditions.





	
Substrate Type

	
Group

	
M0

(mL/g VSS)

	
Rm

(mL/g VSS/h)

	
λ

(h)

	
R2






	
Starch

	
S-Blank

	
36.53 ± 0.10

	
0.97 ± 0.01

	
23.05 ± 0.12

	
0.993




	
S-Ca

	
35.21 ± 0.10

	
1.17 ± 0.02

	
23.53 ± 0.12

	
0.992




	
S-HAs

	
32.54 ± 0.15

	
0.75 ± 0.01

	
19.40 ± 0.20

	
0.981




	
S-HA–Ca

	
34.32 ± 0.13

	
1.22 ± 0.03

	
17.59 ± 0.18

	
0.978




	
Casein

	
C-Blank

	
42.33 ± 0.10

	
2.12 ± 0.03

	
14.79 ± 0.09

	
0.992




	
C-Ca

	
41.30 ± 0.11

	
1.60 ± 0.02

	
16.55 ± 0.10

	
0.992




	
C-HAs

	
30.74 ± 0.04

	
1.11 ± 0.01

	
16.49 ± 0.05

	
0.998




	
C-HA–Ca

	
35.53 ± 0.08

	
1.19 ± 0.01

	
11.26 ± 0.10

	
0.992




	
Glucose

	
G-Blank

	
57.46 ± 0.17

	
3.48 ± 0.09

	
1.45 ± 0.12

	
0.969




	
G-Ca

	
56.70 ± 0.15

	
3.28 ± 0.07

	
1.43 ± 0.12

	
0.974




	
G-HAs

	
56.92 ± 0.18

	
2.76 ± 0.06

	
1.97 ± 0.13

	
0.975




	
G-HA–Ca

	
55.83 ± 0.16

	
2.96 ± 0.07

	
1.08 ± 0.13

	
0.972




	
Sodium acetate

	
SA-Blank

	
41.29 ± 0.17

	
2.91 ± 0.04

	
4.43 ± 0.06

	
0.995




	
SA-Ca

	
43.52 ± 0.18

	
2.89 ± 0.04

	
4.45 ± 0.05

	
0.995




	
SA-HAs

	
41.46 ± 0.17

	
2.67 ± 0.04

	
4.59 ± 0.05

	
0.996




	
SA-HA–Ca

	
41.87 ± 0.13

	
3.07 ± 0.04

	
4.36 ± 0.04

	
0.997
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