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Abstract: Thermal alkaline hydrolysis is a common pretreatment method for the utilization of excess activated sludge (EAS). Owing to strict environment laws and need for better energy utilization, new methods were developed in this study to improve the efficiency of pretreatment method. Direct thermal hydrolysis (TH), pasteurized thermal hydrolysis (PTH), and alkaline pasteurized thermal hydrolysis (PTH + CaO and PTH + NaOH) methods were used to treat EAS. Each method was compared and analyzed in terms of dissolution in ammonium nitrogen (NH4+-N) and soluble COD (SCOD) in EAS. Furthermore, the removal of tetracycline resistance genes (TRGs) and class 1 transposon gene intI1 from EAS was investigated. The NH4+-N and SCOD concentrations in EAS treated by PTH were 1.24 and 2.58 times higher than those of TH. However, the removal efficiency of total TRGs and intI1 between the groups was comparable. The SCOD concentration of the PTH + NaOH group was 4.37 times higher than that of the PTH group, and the removal efficiency of total TRGs was increased by 9.52% compared with that by PTH. The NH4+-N and SCOD concentrations of the PTH + CaO group could reach 85.04% and 92.14% of the PTH + NaOH group, but the removal efficiency of total TRGs by PTH + CaO was 19.78% lower than that by PTH + NaOH. Thus, to reduce the financial cost in actual operation, lime (CaO) can be used instead of a strong alkali (NaOH), and pasteurized steam at 70°C instead of conventional high-temperature heating to treat EAS. This study provides a reference for the development of alkaline hydrolysis under moderate temperatures along with the removal of TRGs in EAS.
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1  Introduction

Excess activated sludge (EAS) is effluent solid waste from biological sewage treatment systems; it is high in moisture content, organic matter, and perishables, and contains many parasitic eggs and pathogenic microorganisms. Its entry into the ecosystem poses an environmental risk. According to the latest sewage treatment statistics of the Ministry of Housing and Urban-Rural Development (Beijing, China), an average of 10,000 m3 of sewage treatment will produce 2.07 tons of dry EAS in China, and a total of 1.33 × 107 t of dry EAS was produced in a year [1]. Currently, commonly used EAS treatment methods include incineration, safe landfill, composting, or anaerobic digestion. Increasing research is devoted to the safe recycling of nutrients in EAS, including carbon, nitrogen, and phosphorus, compared to EAS as a solid waste to be treated [2,3]. Among the EAS treatment methods, composting and anaerobic digestion for methane production are effective ways to utilize the carbon present in EAS [4,5]. However, to improve the efficiency of composting and anaerobic digestion, pretreatment of EAS using thermal hydrolysis (TH) and alkali hydrolysis, which can promote the dissolution of nitrogen, organic matter, and other nutrients from sludge, are generally required [6,7]. Thermal hydrolysis can disintegrate the floc structure of sludge and break up sludge cells, to release and hydrolyze the organic matter [8]. Alkaline hydrolysis can also damage cells and dissolve nutrients, and compared to thermal hydrolysis, it is conducive to the recovery of soluble macromolecules such as carbohydrates and proteins [9]. The combination of thermal hydrolysis and alkaline hydrolysis considerably improves the sludge hydrolysis effect [10]. Conventional thermal alkaline hydrolysis requires a strong alkali and maintains the sludge at a high temperature (above 100°C), which leads to high resource and energy consumption [11]. Currently, there is a strong emphasis on carbon emission reduction and environmental protection worldwide, because of this the requirement for low-cost and high-efficiency EAS thermal alkaline digestion technology is increasing. To reduce the cost of thermal alkaline hydrolysis, regulating the operational temperature and using low-cost alkali sources are effective strategies. For example, Zheng et al. [12] found that when the thermal alkaline hydrolysis temperature of the EAS was 70°C, the total treatment cost was only 47.75% of that when the temperature was 130°C. Tang et al. [13] used Ca(OH)2 as the base source for alkaline thermal hydrolysis of EAS, which can produce high-quality liquid fertilizer, with high economic benefits.

Effluent and EAS from wastewater treatment facilities are also major sources of antibiotic resistance genes (ARGs) [14,15]. When the treatment objects are pharmaceutical wastewater and aquaculture wastewater, the detection of ARGs in sludge and effluent is particularly significant [16,17]. Thus, the discharge of effluent and EAS poses the risk of increased antibiotic resistance in the receiving environment. Studies have found that different types of ARGs were widely detected in WWTP effluent and EAS, with the majority (>99%) of ARGs present in EAS [18–20]. ARGs can still be detected in EAS after physical (thermal, microwave, and drying), chemical (alkaline, ozone, and hydrogen peroxide), and biological treatments (composting, anaerobic digestion, and aerobic digestion), and their release into the environment poses the risk of ARG propagation and proliferation [21,22].

In terms of the reduction of ARGs in EAS, tetracycline resistance genes (TRG) (tet), sulfonamide resistance genes (sul), β-lactam resistance genes (bla), macrolide resistance genes (erm), and quinolone resistance genes (qnr) are the most studied genes [23]. To analyze horizontal gene transfer of ARGs, mobile genetic elements (MGE), most typically integrator genes (intI), are also usually examined simultaneously [23]. TRGs are the most commonly found ARGs in wastewater and sludge from WWTPs [24], and more than 22 TRGs have been identified in wastewater and EAS, with resistance mechanisms mainly including ribosomal protection protein class (RPP), exocytosis pump class (EFF), and enzyme modification class [25]. Therefore, TRGs have been used as model ARGs for ARG attenuation studies in EAS [26,27].

Wu et al. [10] used three temperatures (room temperature, 70°C, and 120°C) and two pH (10 and 11) conditions for alkaline-thermal digestion of EAS and found that the best reduction of four TRGs was achieved at 70°C and pH 11. Hence, in this study, we used lime, which is used as a traditional conditioner for full-scale treatment and lab-scale scientific research for EAS [7,28], instead of strong alkali, and pasteurized steam heating to 70°C, instead of conventional high-temperature heating, for thermal alkaline hydrolysis of EAS to come up with a cost-effective solution. Moreover, the decrease in ARGs through this process was also investigated focusing on TRGs.

2  Materials and Methods

2.1 Excess Activated Sludge (EAS)

In this study, EAS (moisture content 97.8%, pH 6.7, ORP-289 mV) was obtained from a sludge thickening tank of a domestic wastewater treatment plant (WWTP) in Sichuan Province, China. This WWTP adopts the treatment process of “CASS + fiber carousel filter.” The EAS was filtered through a fine mesh sieve to remove large impurities. Ten liters of filtered EAS were placed in a 10-L plastic container; after sedimentation for 1 h, the supernatant was discharged, 10 of tap water was added, and the samples were stirred for 1 min. Thereafter, the operation of “sedimentation, draining supernatant, adding water, and stirring” was performed two times to achieve the purpose of sludge washing. Finally, the supernatant was discharged until the final volume of EAS was 3 L, when the mixed liquid suspended solid (MLSS) of EAS was 8756.24 ± 145.21 mg/L.

2.2 Experimental Setup

Five sets of experiments were run with 200 mL of the washed EAS placed in 500-mL conical flasks with a breathable plug for each set, as further described. (1) Control activated sludge (CAS), no modulation and treatment were done. (2) Direct TH, the conical flask was capped and placed in a constant temperature water bath shaker (SHY-2A; BILON, Shanghai, China) at 70°C and shaken at 160 rpm for 1 h [12]. (3) Pasteurized thermal hydrolysis group (PTH), the conical bottle was placed in an electromagnetic mixer (85-2A; Xinrui, Changzhou, Jiangsu, China) with a temperature probe, and the stirring speed was set to 160 rpm. The electric furnace heated the flask containing distilled water, and the steam was introduced through a hose to bring the sludge temperature to 70°C and maintain it. (4) Pasteurized thermal alkaline hydrolysis (PTH + NaOH), and NaOH solids (AR) were added to adjust the pH of the EAS to 11; other operations were the same as those of the experimental group (3) [10]. (5) Pasteurized lime thermal hydrolysis (PTH + CaO), to investigate the feasibility of using lime instead of a strong alkali in thermal alkaline hydrolysis, 3.2 g of lime (CaO, 83.4%) was added to the flask with the final addition ratio of 16 kg/t, and steam was passed to bring the sludge temperature to 70°C and maintain it for 1 h; other operations were the same as those of experimental group (3).

Each experimental group had three parallel repetitions. After the treatment, pH was measured using the electrode method and the mixture was centrifuged at 14,000 rpm for 2 min. The supernatant was used to detect chemical indexes, and the sludge was used to extract DNA for the detection and analysis of TRGs.

2.3 Analytical Methods

2.3.1 Chemical Analyses

Determination of NH4+-N and SCOD concentrations was based on Nessler’s reagent colorimetry method (HJ 535-2009) and potassium dichromate method (HJ 828-2017), respectively, which were performed using a UV spectrophotometer (DR6000, HACH, Loveland, CO, USA).

2.3.2 DNA Extraction

Before DNA extraction from the sludge, the samples were pre-washed thrice using PBS (pH 8.0) and 1.7% polyvinylpyrrolidone K30 to remove impurities such as humic acid from the sludge. The total DNA in the sludge was extracted using the FastDNA SPIN Kit for Soil (MP Biomedicals, CA, USA) according to the instructions provided with the kit. The concentration and mass of the extracted DNA solution were determined using an ultra-micro spectrophotometer (MD2000D; Thermo Fisher Scientific, MA, USA). The value of OD260/OD280 between 1.8 and 2.0 indicated successful DNA extraction. The extracted DNA solution was stored at −20°C.

2.3.3 Quantitative PCR

Five typical TRGs of EAS, namely, 2 RPP-TRGs (tetW, tetS), 2 EFF-TRGs (tetZ, tetC), and 1 enzyme-modified TRGs (tetX), as well as one typical MGE (class 1 transposon gene, intI1) were examined for all experimental setups. Additionally, total 16S rRNA genes were quantified to characterize the microbial population of the sludge. The primers for the above genes are listed in Table 1.
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Fluorescence-based quantitative PCR (ABI 7500, ABI, US) was used for the quantitative detection of the above target genes. PCR was performed with reaction mixtures of final volume 20 μL, containing 10 μL qPCR mix (2× SYBR Green PCR Master Mix kit, ABI), 0.5 μL F-primer (10 μM, Shanghai Sangon), 0.5 μL R-primer (10 μM, Shanghai Sangon), 1 μL BSA (10 mg/mL, Shanghai Sangon), 3 μL DNA solution, and 5 μL ddH2O. Each assay was performed in triplicates.

2.3.4 Statistical Analysis

The absolute abundance of the target gene was calculated based on the gene copies per dry weight solid and relative abundance was calculated as the ratio of the absolute abundance of the target gene to that of the 16S rRNA gene. A one-way ANOVA was used to compare the significant changes in the absolute and relative abundance of target genes among the experimental groups. Before the ANOVA analysis, the data were tested for normality (Kolmogorov–Smirnov test) and homogeneity of variance (two-sample variance test). A two-sample t-test was used to compare the significant differences between groups. Pearson’s correlation was used to calculate the correlation coefficients between the indicators. The analyses were conducted using OriginPro version 2021 software, and the significance level was set at 0.05. Principal component analysis (PCA) was performed using Canoco 5 software. Heatmaps were plotted using TBtools software [34].

3  Results and Discussion

3.1 Measurement of Physicochemical Components

As shown in Fig. 1A, the pH of control (CAS) was 6.6 ± 0.1. The pH of EAS after direct TH and PTH did not change significantly compared with that of CAS possibly because the humic acid in sludge possesses good buffering properties, and the acid–base and redox conditions are not easily altered by subtle changes in the environment [35]. The sludge after TH has a relatively neutral pH (7.0 ± 0.1), which facilitates subsequent bioavailability and land use of sludge [36,37]. The pH of the mixture after thermal alkaline hydrolysis treatment using NaOH (PTH + NaOH) was the highest, reaching 9.2 ± 0.2; the pH of the thermal alkaline hydrolysis treatment group using lime (PTH + CaO) was 8.6 ± 0.3. After PTH + NaOH treatment, the pH was significantly lower than the initial pH 11, indicating that the thermal alkaline hydrolysis system consumes a large amount of alkali.
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Figure 1: Changes in (A) pH, (B) NH4+-N, and (C) SCOD after different treatments of EAS

Compared with those in the control group, NH4+-N and SCOD leached from the sludge in all groups, as shown in Figs. 1B and 1C. The NH4+-N and SCOD concentrations were 32.6 ± 1.1 and 548.6 ± 61.7 mg/L, respectively, for TH. Under the same temperature conditions, when pasteurization was used instead of direct heating (PTH), the concentration of NH4+-N and SCOD increased to 40.3 ± 2.6 and 1414.0 ± 80.7 mg/L respectively, which were 1.24- and 2.58-times higher than those in the TH group. After the two thermal hydrolysis treatments, the NH4+-N and SCOD dissolution concentrations in the systems were remarkably lower than those in the study of Li et al. [38]. The reason may be that the thermal hydrolysis temperature in this experiment was only 70°C, which is considerably lower than the thermal hydrolysis temperature of 90°C–210°C used in Li et al.’s study. TH breaks down the sludge and releases a large amount of organic matter, mainly including proteins, polysaccharides, and lipids [39]. Among them, the hydrolysis of proteins increased the NH4+-N concentration in the solution [40]. Although the temperature was the same for TH and PTH, with the change in heating method from TH to PTH, more cell breakage occurred in EAS. This may be because in the PTH process, the water vapor passed into the system condenses and releases a large amount of heat, and the heat gained by the sludge contacting the steam instantaneously is higher than that in TH. Moreover, the steam passed into the system helps in agitation, which increases the heat and mass transfer efficiency. Therefore, pasteurization is also commonly used in water treatment and solid waste treatment [41,42]. However, PTH has the problem of water consumption, and increased volume of sludge after treatment due to water vapor influx.

With the addition of NaOH to the pasteurized thermal hydrolysis (PTH + NaOH), the NH4+-N and SCOD dissolved concentrations in the mixture were 49.5 ± 0.5 and 6175.4 ± 295.4 mg/L (Figs. 1B and 1C), which were 4.37- and 1.23-times higher than those in the PTH group, respectively. Wu et al. [10] performed thermal alkaline digestion of EAS at a medium temperature of 70°C and pH 11, and the dissolved SCOD was approximately 7400 mg/L, which is similar to the present experimental results of the PTH + NaOH and PTH + CaO groups. Dai et al. [43] carried out hot alkaline hydrolysis of sludge, and set the temperature to 135°C and pH to 12; the SCOD reached approximately 9000 mg/L after treatment. It is apparent that higher temperature and pH conditions are more favorable for SCOD dissolution. The dissolved NH4+-N and SCOD concentrations in the thermal alkaline digestion treatment using CaO (PTH + CaO) instead of NaOH as the base source were 42.1 ± 1.8 and 5690.0 ± 187.6 mg/L, respectively (Figs. 1B and 1C). Although the dissolved NH4+-N and SCOD concentrations in the PTH + CaO group were lower than those in the PTH + NaOH group, the NH4+-N and SCOD concentrations reached 85.04% and 92.14% in the PTH + NaOH group, respectively. PTH + CaO is more advantageous for the actual application in sludge treatment and resource utilization because it is relatively cheaper than PTH + NaOH and has sufficiently high nutrient dissolution performance.

3.2 Changes in the Absolute and Relative Abundance of TRGs and intI1

As is shown in Figs. 2A–2E, all target TRGs were detected in CAS with absolute abundances ranging from 5.38 × 104 to 7.08 × 108 copies/g of dry solid, and the range of absolute TRG abundance (Fig. 2F) was similar to that reported previously [44,45]. tetC had the highest absolute abundance (7.08 × 108 ± 3.34 × 105 copies/g of dry solid) among the five TRGs detected in CAS, followed by tetX (Fig. 2G). Moreover, tetC remained the major TRGs even after thermal and alkali-thermal treatments. In a previous survey on TRG contamination in soil samples, tetC presented the highest abundance among all TRGs [46]. Notably, all TRGs were still detected in the treated EAS with absolute abundances ranging from 5.38 × 104 to 5.12 × 108 copies/g of dry solid. It is evident that the discharge of treated EAS samples into the natural environment still poses the risk of TRG transmission and proliferation.
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Figure 2: Changes in (A–F) the absolute abundance of TRGs, (G) the percentage of individual TRG after different treatments of EAS, and Changes in (H–I) the absolute abundance of 16S rRNA gene and intI1 gene

As is shown in Figs. 2A–2F, the two-sample t-test results showed that TH significantly reduced the absolute abundance of all TRGs and intI1 (P = 0.7697, P > t = 0.3008) with removal efficiencies of 27.64%–83.09% and 8.23%, respectively, compared to CAS. The removal efficiencies of TRGs and intI1 in the PTH group were 33.42%–62.23% and 30.90%, respectively. Compared with those by TH, the removal efficiencies of tetS, tetW, tetC and intI1 by PTH increased by 5.81%–29.50%. However, the removal efficiencies of PTH were 23.70% and 15.88% lower for tetX and tetZ vis-à-vis those of TH, respectively. Overall comparison using the two-sample t-test showed that the absolute abundance of TRGs and intI1 in the TH and PTH groups was not significantly different (P = 0.6924, P > t = 0.4613). This finding indicates that both kinds of thermal treatments remove TRGs and intI1, and the use of pasteurization instead of direct heating does not further enhance the removal of TRGs and intI1.

On the basis of PTH, alkali was added for alkali-thermal treatment. When NaOH was used as the base source, the removal rates of tetX, tetS, tetZ, tetW, tetC, and intI1 were 92.74%, 91.99%, 77.02%, 79.08%, 63.63%, and 88.62%, respectively. Compared with those by PTH, the removal efficiencies of TRGs and intI1 by PTH + NaOH were significantly (P < 0.05) increased by 6.48%–45.66% and 57.72%, respectively. With lime as the base source, the removal rates of tetX, tetS, tetZ, tetW, tetC, and intI1 were 92.30%, 75.02%, 94.70%, 86.15%, 41.57%, and 86.56%, respectively. In this study, the removal of most TRGs after alkali-thermal treatment was improved (except for tetC) in the PTH + CaO group, with an increase of 6.48%–57.72%, compared with that in the PTH group, which indicated that alkali-thermal treatment was better for the removal of TRGs than PTH.

A comparative analysis revealed that the removal efficiencies of absolute abundance of total TRGs, 16S rRNA, and intI1 were 66.84%, 67.91%, and 88.62% for PTH + NaOH, which were 19.78%, 3.02%, and 2.05% higher than those of PTH + CaO group, respectively. This finding indicates that NaOH is better for alkali-thermal treatment than lime, especially for TRG reduction.

Overall, thermal treatment and alkali-thermal treatment reduced the relative abundance of most TRGs (except tetC) and intI1, as shown in Fig. 3. After treatment, the relative abundance changes in TRGs and intI1 were clustered according to the treatment method, and the relative abundance changes in the target genes caused by alkali-thermal treatment were more comparable to those caused by thermal treatment. In addition, in terms of target gene types, the relative abundance changes in tetW (an RPP-TRG) were closer to the relative abundance changes in intI1, tetX (an enzyme modified TRG) clustered with tetZ (an EFF-TRG), and tetS (RPP-TRG) clustered with tetC (EFF-TEGs). This finding indicates that the relative abundance changes in TRGs during thermal treatment and alkali-thermal treatment were not related to the resistance mechanism of TRGs. A direct relationship between changes in ARGs and resistance mechanisms has not been reported previously [47,48].
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Figure 3: Heatmap of relative abundance of TRGs, intI1, and 16S rRNA genes after different treatments of EAS

In summary, TH at a medium temperature (70°C) can remove TRGs and intI1 from EAS, and the addition of alkali (NaOH or lime) can significantly increase the removal efficiency (except for tetC). Among them, alkali thermal treatment with NaOH was more effective in reducing the absolute and relative abundance of target genes compared to lime.

3.3 Correlation between Physicochemical Indexes and Target Genes

During the thermal and/or alkali treatment of EAS, pH showed a trend similar to that of SCOD and NH4+-N (Fig. 1). Moreover, it was significantly positively correlated with SCOD (R = 0.9831, P < 0.05), indicating that the addition of alkali to the TH group could promote the leaching of organic matter from the sludge. The results presented in Sections 3.1 and 3.2 revealed that pH showed opposite trends for all the target genes—pH was significantly negatively correlated with the absolute abundance of tetW (R = −0.9398, P < 0.05), intI1 (R = −0.9600, P < 0.05), and 16S rRNA (R = −0.9744, P < 0.05), indicating that alkali dosing can decrease bacterial abundance and reduce the potential of horizontal gene transfer. It has also been reported that the addition of alkali facilitates a reduction in TRGs during EAS treatment. For example, Huang et al. [49] reduced the target TRGs by 0.70–1.31 orders of magnitude at pH 10 compared with that under neutral conditions during anaerobic digestion of EAS. A study by Xiao et al. [50] showed that alkaline treatment was effective in destroying bacteria including antibiotic-resistance bacteria. This explains the improved reduction in TRGs from EAS after alkaline treatment in this study.

To investigate the relationship between target genes and physicochemical parameters, Pearson correlation coefficients between the absolute abundance of target genes and physicochemical index parameters were calculated (Table S1), and a heatmap was correspondingly drawn (Fig. 4A). Fig. 4A shows that NH4+-N was significantly negatively correlated with the absolute abundance of tetX (R = −0.9264, P < 0.05), tetS (R = −0.9889, P < 0.05), tetZ (R = −0.8907, P < 0.05), and tetC (R = −9431, P < 0.05); SCOD was significantly negatively correlated with the absolute abundance of tetW (R = −0.9644, P < 0.05) and intI1 (R = −0.9930, P < 0.05). SCOD was significantly negatively correlated with the absolute abundance of 16S rRNA (R = −0.9808), indicating cell lysis of microbes in EAS during the treatment. To visualize the correlation and clustering among target genes, a PCA analysis was performed on the absolute abundance of target genes and physicochemical indexes (Fig. 4B). As shown in Fig. 4B, target genes and physicochemical indices were significantly altered in EAS after thermal hydrolysis (in the upper right part of the PCA figure) and alkaline thermal hydrolysis (in the lower left part of the PCA figure) compared with that after CAS (in the lower right part of PCA figure). The target genes and physicochemical indexes of EAS were remarkably changed by alkali addition compared with those by thermal hydrolysis alone, which was consistent with the results in Sections 3.1 and 3.2. Moreover, the arrows of the target genes are well clustered, which indicated there was a good correlation between the target genes, but the overall trend of the target genes and the physicochemical indicators (NH4+-N and SCOD) was opposite.
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Figure 4: Heatmap of (A) correlation coefficients between physicochemical indexes and target genes, and (B) principal component analysis (PCA) of physicochemical indexes and target genes (blue arrows)
Note: * in the heatmap (A) indicates P < 0.05; totlTRGs in B indicates the absolute abundance of total TRGs.

3.4 Economic and Technological Analyses

The difference in the cost between the two thermal alkaline hydrolysis processes of EAS was due to the diversity in the alkaline source (Table 2). The reagent cost when lime was used as the alkaline source was 0.704 CNY/t EAS, which was 0.484 CNY/t EAS lower than that when NaOH was used as the alkaline source. Gao et al. [51] used NaOH as an alkali source to conduct thermal alkali hydrolysis (pH12, 120°C) of EAS (moisture content 99%), and the total treatment cost was approximately 36 CNY/kg dry solid. Although lime is commonly used as a conditioner in EAS adjustment, researchers are still trying to find more economical or beneficial alternatives to solid waste resource utilization. For example, Gonzalez-Tolivia et al. [52] added basic oxygen furnace slag instead of lime as a stabilizer of EAS, resulting in a degree of nutrient dissolution similar to that achieved with the addition of lime. In the future study, we will focus on optimizing the lime dosage, steam inlet speed, and other factors to further explore cost-reduction strategies.
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4  Conclusions

The alkali and/or thermal treatment of EAS releases nutrients from EAS and reduces the TRGs and intI in EAS. The released amount of nutrients was enhanced using pasteurization vis-à-vis direct heating. However, the use of pasteurization heating instead of direct heating did not promote the reduction in target genes. Adding alkali on the basis of thermal hydrolysis can promote the dissolution of nutrients and the reduction of target genes. Additionally, the efficacy of NaOH as an alkali source was higher than that of CaO. The leaching NH4+-N and SCOD concentrations in the PTH + CaO group were close to those in the PTH + NaOH group, with NH4+-N and SCOD concentrations of 85.04% and 92.14%, respectively, in the PTH + NaOH group, but the removal efficiency of the absolute abundance of total TRGs was 19.78% lower than that of the PTH + NaOH group. Considering the economic cost, relatively lower pH of the mixture after treatment, and the effective reduction of TRGs, the pasteurized lime thermal alkaline hydrolysis treatment (PTH + CaO) has more advantages than other experimental treatments in practical application. However, further research is needed to optimize the parameters in the process of alkaline hydrolysis. This study provides data reference for the development of economic and effective sludge treatment technology.
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Table 1: Target gene primers and JPCR conditions

Gene Primer  Sequence (5-3') Size (bp) Annealing temperature (°C)
tetW [29] tetW-FW GAGAGCCTGCTATATGCCAGC 168 64
tetW-RV - GGGCGTATCCACAATGTTAAC
tetZ [30] tetZ-FW CCTTCTCGACCAGGTCGG 204 61
tetZ-RV  ACCCACAGCGTGTCCGTC

tetC [30] tetC-FW  GCGGGATATCGTCCATTCCG 207 68
tetC-RV  GCGTAGAGGATCCACAGGACG

tetS [31] tetS-FW  CATAGACAAGCCGTTGACC 667 55
tetS-RV  ATGTTTTTGGAACGCCAGAG

tetX [31] tetX-FW CAATAATTGGTGGTGGACCC 468 55
tetX-RV  TTCTTACCTTGGACATCCCG

intll [32] intlI-F  GCCTTGATGTTACCCGAGAG 196 60
intlI-R ~ GATCGGTCGAATGCGTGT

168 ¥rRNA [33] 16S-1F  CGAAGGCACCAATCCATCT 233 60

16S 2R GTAGTCCACGCCGTAAACGA






OEBPS/Images/table-3.png
Table S1: Pearson correlation coefficient between absolute abundance of target genes and physicochemical

index

16S rRNA  Total TRGs SCOD NH,"-N
tetX 0.93015* 0.97149* 0.83439  0.75158 0.70877  0.81667 0.81581 —-0.6894  —0.92635%
tetS 0.90621* 0.89169* 0.92507* 0.83656  0.88367*  0.95774*  —0.80482  —0.98886*
tetZ 0.90851* 0.70162  0.79491  0.87811 0.76879 —-0.77283  —0.89073*
tetW 0.72556  0.97498* 0.99201*  0.77048 —-0.96437* —0.83374
tetC 0.71663  0.71318 0.99461*  —0.65963  —0.94313*
intll 0.97916%  0.74369 —0.99299% —0.76418
16S rRNA 0.75695 —-0.98076* —0.81284
Total TRGs —-0.69089  —0.97223*
SCOD 0.71858
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Table 2: Comparison of reagent cost of thermal alkaline hydrolysis

Project Reagent Unit price of reagent ~ Reagent dosage Reagent cost
(CNY */t reagent) (kg reagent/t EAS)  (CNY/t EAS)

PTH + NaOH  NaOH (AR) 4750 0.25 1.188

PTH + CaO lime (CaO, 83.4%) 220 3.20 0.704

Note: *: CNY denotes Chinese vuan.
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