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Abstract

:

This paper assesses the occurrence, distribution, source, and toxicity of polycyclic aromatic hydrocarbons (PAHs), and their methylated form (Me-PAHs) in sewage sludge from 10 WWTPs in Northeastern China was noted. The concentrations of ∑PAHs, ∑Me-PAHs ranged from 567 to 5040 and 48.1 to 479    n g .  g  − 1    dw, which is greater than the safety limit for sludge in agriculture in China. High and low molecular weight 4 and 2-ring PAHs and Me-PAHs in sludge were prevalent. The flux of sludge PAHs and Me-PAHs released from ten WWTPs, in Heilongjiang province, was calculated to be over 100 kg/year. Principal component analysis (PCA), diagnostic ratios and positive matrix factorization (PMF) determined a similar mixed pyrogenic and petrogenic source of sewage sludge. The average values of Benzo[a]pyrene was below the safe value of 600    n g .  g  − 1     dependent on an incremental lifetime cancer risk ILCR of 10−6. Sludge is an important source for the transfer of pollutants into the environment, such as PAHs and Me-PAHs. Consequently, greater consideration should be given to its widespread occurrence.
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1. Introduction


Polycyclic aromatic hydrocarbons represent a group of aromatic hydrocarbons with two or even more fused benzene rings, which were some of the main classes of organic hydrophobic pollutants. PAHs were recognized as the primary component responsible for the impacts of the organism [1]. Some PAHs have a great concern because of their carcinogenic effects, including BaA, BbF, BkF, BaP, IcdP, and BahA [2]. The International Agency for Research Cancer (IARC, 2010) has long recommended that benzo[a]pyrene a level 1 carcinogen, based on sufficient evidence in humans and animals [3]. Furthermore, PAHs are present in the environment; they have been discovered in fossil fuels, wildfires, natural vegetation, and volcanoes [4]. Methylated polycyclic aromatic hydrocarbons (Me-PAHs), one among PAHs derivative groups, are widely distributed in the environment, such as unsubstituted PAHs. Additionally, Me-PAHs such as methyl naphthalene (Me-Nap), methyl phenanthrene (Me-Phe), and methyl chrysin (Me-Chy) were recognized for industrial, petrogenic, or incomplete combustion sources [5]. However, (Me-PAHs) have been reported in WWTPs; their toxicities are sometimes higher than their corresponding PAHs [6]. Generally, PAHs and Me-PAHs in wastewater originate from industrial wastewater, domestic sewage, atmospheric precipitation, road runoff [7].



Sewage sludge is defined as a mixture of the residuals from WWTPs receiving urban wastewater or other wastewater of similar composition. In general, it is a liquid or a semi-liquid phase, with a substantial percentage varying from 0.25 to 12% by weight, depending on the operations and processes used [8]. The occurrence of PAHs in sludge was investigated since the 1970s in industrial countries such as the United States of America, the United Kingdom, and Canada [9]. PAHs and Me-PAHs in sludge through different pathways enter the environment; basically, it depends mostly on the sludge removal processes, land application after appropriate treatment is suggested approach of final sludge removal [10]. The differences in PAHs concentration in the sludge are assessed, basically depending on the geographical differences as well as the nature of the WWTPs processes [11]. Furthermore, change of soil PAHs concentration after addition of sludge the combined outcome of several mechanical, such as adsorption, desorption, bioformation, volatilization, photodegradation, leaching, and incorporation into the structure of the humic substance [12]. The organic pollutants contained in the sludge can stay in the soil for months to years because of their sorption to organic, mineral, and amorphous phases of soil and slow rates of biodegradation [13]. However, toxic compounds, such as PAHs, in the environment, released waste behaves as secondary contaminants. In addition, soil biota adversely affected by sewage sludge [4]. On the other side, sewage sludge could be used as fertilizer in the soil. Its significant impact is mainly on the crop yield by enhancing soil qualities through the enrichment with organic matter. Conversely, the adverse effects due to the presence of PAHs and other contaminants in sewage sludge has to be controlled [14]. In China, besides domestic, municipal wastewater, industrial wastewater treatments are being one production source of the incredible amount of sewage sludge due to the fast development, modernization, and industrialization [15], the quantity of the sewage sludge was very swiftly increasing from thirty million metric tons in 2012 to thirty-four million metric tons in 2015 [16]. Several previous studies have reported that the total content of PAHs in sludge varies between 4.0 and 50 mg/kg [17]. Another study from Beijing China, reported that the total PAHs concentration resulting from sewage sludge combustion averaged 6.103 mg/kg [18]. These days, the sludge issue is a tremendous challenge in China, so it is essential to manage, treat and dispose of sludge correctly to prevent severe environmental pollution [19]. Therefore, to the Chinese national standard (GB 4284–2018) was recently implemented specifying the maximum concentration of PAHs in treated sewage sludge for land application: 5 mg kg−1 and 6 mg kg−1 dry weight for Class A and Class, respectively [20]. Therefore, evaluates the quantity of sludge associated with PAHs and Me-PAHs from WWTPs is significantly related to sludge disposal regulations, toxicity estimation, and risk evaluation in sewage sludge. The objectives of the current research are: first, to investigate occurrence and profiles of PAHs and Me-PAHs in sewage sludge from 10 WWTPs in Heilongjiang province, China; second, to discover different potential sources collected from domestic and industrial sewage sludge WWTPs; third, to evaluate environmental toxicity of PAHs and Me-PAHs pollutants, which will provide valuable information according to the disposal regulation of sludge-amended soil and agriculture in Northeastern China.




2. Materials and Methods


2.1. Sample Collection


The sewage sludge samples were collected from 10 WWTPs along the Songhua River in the Northeast of China, Heilongjiang province. The detailed information of sampling sites was presented in Table S1. Ten sludge samples were collected starting from June, July until October. Six sampling sites were chosen in the most populated and industrial area of Harbin (W5, W6, W7, W8, W9, and W10), two sampling sites from Jiamusi Eastern and Jiamusi Western (W3 and W4) and two sampling sites from Qiqihar and Mudanjiang (W1 and W2). All samples were gathered from an anoxic/oxic (A/O) biological tank and sludge dewatering tank from WWTP. All samples were gathered (i) tacked and saved in aluminium containers, (ii) then freeze-dried, and (iii) finally stored in darkness under −20 °C. All samples were transmitted in the International Joint Research Center for Persistent Toxic Pollutants (IJRC-PTS), Harbin Institute of Technology (HIT), Harbin, China.




2.2. Chemicals and Reagents


High-performance liquid chromatography (HPLC) exhibiting grade-quality was used as a solvent in the experiments described in the present study. Dichloromethane (DCM), methanol (MeOH). Additionally, toluene was obtained from Fisher Scientific, Fair Lawn-New Jersey-USA. A Milli-Q system, Millipore-Billerica-MA, was used to prepare Pure reagent water (>18 MΩ-cm R).



Each of the PAHs mixture standards was obtained from the Accuse Standard (New Haven, CT, USA). The 98% pure deuterium-labelled 16 PAHs mixture standards were purchased from AccuStandard. 2-Methylnaphthalene-d10, 1-Methylnaphthalene-d10, 9-Methylanthracene-d12, 2,6-Dimethylnaphthalene-d12 were purchased from Chiron (Norway).




2.3. Sample Pre-Treatment and Instrumental Analysis


Sludge samples were extracted by ultrasonic extraction. We carried out the following steps sample for pre-treatment instrumental analysis: (i) 0.5 g of sludge sample, 80% moisture content grinded with anhydrous Na2SO4, (ii) 25 mL mixture solvent of MeOH-DCM (1:1 v/v) were added, (iii) then extracted for 30 min, (iv) and 5 min was centrifuged at 3000 rpm, (v) after that extraction has been repeated twice, (vi) and the extract was gathered into a flask, then (vii) approximately 1 mL of extract was concentrated, (viii) and re-dissolved to 500 mL purified water, finally (ix) the solution has been extracted by the solid-phase extract. HLB cartridges to (  500    mg  .6      cc    − 1    ) (Water Milford, MA, USA) were noticed of DCM with 5 mL and 5 mL of MeOH, accompanied by ultrapure water (5 mL) at a rate of approximately 1 mL min-1. After that, water samples (1 L) were loaded at a rate of about 5   m L . m i  n  − 1    . Then, drying for 60 min with a gentle stream of N2, the SPE cartridges were fully clarified from the sorbent as follows: (i) into 15 mL tubes with 7 mL DCM and (ii) into 7 mL MeOH at a flow rate of 1   m L / m i n  . A gentle stream of N2, around 1 mL, was used to extract the extracts, and the solvent was changed to 1 mL with toluene until being shifted to 1.5 mL. For sediment, ultrasonic extraction had been used. The sediment sample was dried and homogenized, whereas 3–5 g of MeOH-DCM (1:1 v/v) mixture solvent had been ultrasonically for 20 min extracted and for 5 min centrifuged at 3000 rpm, the supernatant then was picked, and the extraction was repeated several times.



The detection of PAHs and Me-PAHs was performed by use of Agilent 7890A-7000B gas chromatography-tandem triple-quadrupole mass spectrometry applied to an EI ion source (GC-EI-MS/MS) and (MRM) chromatogram. An agilent 19091J-433E (30 m × 250 µm × 0.25 µm) HP-5MS chromatographic column was employed in GC. All the parameters of transitions collision energy and retention time were listed in (Table S2) and (Figures S1 and S2).




2.4. Quality Assurance/Quality Control (QA/QC)


All of the data were established, including quality assurance (QA) as well as quality control (QC). A blank procedural and a matrix spike (20   n g / g   dry weight with sludge samples and 100   n g / g   for samples), and to verify the contaminants, an extra matrix spike was accurately checked, peak identification and measurement in each batch of 12 samples analyzed. Unchanging level of internal standard (100   n g / m L  ) with a sequence of injections of objective compounds at different concentrations was attained to figure out the system of a linear range. If each of the sample extracts reach the range, it would be diluted appropriately to get the reaction within the calibration range.




2.5. Data Analysis


2.5.1. Positive Matrix Factorization and Statistical Analysis


The statistical analyses were performed using SPSS Statistic V25 software. The diagnostic ratio approach was utilized to determine potential sources of PAHs and Me-PAHs in several functional areas, and principal component analysis (PCA) was also chosen for discovering possible sources. Pearson correlation analysis was applied to check out the relationships between concentrations of PAHs and Me-PAHs in sewage sludge. The US EPA Positive matrix factorization (PMF) model V.5 software was utilized. PMF is a multivariate factor analysis tool that decomposes the data matrix into 2 matrices: factor contributions and factor profiles with a residual matrix [21]. The weighted sum of squares (Q) value is the difference between the data set input and PMF output [22], where the objective function (Q) is minimized in the PMF solution, as displayed in Equation (1).


  Q =   ∑   i = 1  n    ∑   j = 1  m         X  i j   −   ∑   k = 0  p   g  i k    f  k j      U  i j        2   



(1)




whereas (fkj) profiles a species of each source, (gik) is mass contributed by each factor to each sample, (p) is the number of factors, (i) is measured in the sample, and (Uij) is the uncertainty estimate of the source (j). The uncertainty (Unc) matrix values were calculated based on the PAHs method detection limits utilizing Equations (2) and (3) [23], as follows:


   U  nc   =  5 6  × MDL  



(2)






   U  nc   =        Error   Fraction    × concentration    2  +     0.5 × MDL    2     



(3)








2.5.2. Health Risk Assessment


The potential cancer risk for PAHs was calculated in Equation (4) by multiplying the concentration of each compound by its corresponding TEF values. The total BaP equivalent concentrations (BaPeq) were calculated from the individual PAHs concentrations in each sample (Ci) and the toxicity equivalency factor (TEF) of target compounds from the flowing equation:


  ∑ BaPeq = ∑    Ci    × TEFi    



(4)




where BaPeq is the carcinogenic potency of a congener evaluated based on BaP-equivalent concentration. TEF is the toxic equivalent factor provided [24].




2.5.3. Fluxes Calculations of PAHs and Me-PAHs


Daily and annual fluxes of PAHs and Me-PAHs discharged from WWTP sewage sludge were calculated using the following equation:


   F    =    C    ×    M    ×   1 − 0.8    



(5)




where © represents the concentration of ∑Me-PAHs and ∑PAHs in the sludge   n g .  g  − 1    dw, (0.8) defines as the evaluated fraction of water in the sludge, and (M) indicates the quantity of sludge from the wastewater [16].






3. Results and Discussion


3.1. Occurrence of PAHs and Me-PAHs in Sludge


The concentrations of Me-PAHs and PAHs in sludge samples were summarized in Table 1. The concentrations of ∑PAHs varied from 567 to 5040   n g .  g  − 1     d w  , with an average 2030 ± 1340   n g .  g  − 1     dw. ∑Me-PAHs varied from 48 to 479   n g .  g  − 1    , with an average of 205 ± 139   n g .  g  − 1   d w  . Moreover, the concentrations in three sites (W9, W2, and W5), located in two large urban cities (Mudanjiang and Harbin), which were the very significant industrial centers along the Songhua River, were up to 2500 ng/g dw. At the same time, the lowest value was discovered in site W6 (625   n g .  g  − 1     d w  ), which was situated in a relatively low-density urban area. The levels of PAHs were relatively lower at the less populated sampling sites than high populated sites, which indicated the exposure depend directly on human activity and populated area; vehicle exhaust was generally regarded as the essential pollution sources in the metropolitan region of China due to increasing vehicle usage and opposed atmospheric conditions. Appropriate composition modifications, domestic and industrial, could explain why the PAHs and Me-PAHs composition of sludge is different from one site to another. The concentrations of ∑PAHscarc seven carcinogenic (dibenzo[a,h]anthracene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, benzo[a]anthracene, benzo[k]fluoranthene, chrysene, and benzo[b]fluoranthene), displayed in (Table 1). The seven PAHs carcinogenic values vary from 213 to 1712   n g .  g  − 1     dw, and the greatest concentration was detected in the sludge from site W5, which is located in Harbin city, the most populated and old industrial city [25]. Whereas the levels of ∑PAHscarc in this research were greater than five times than in Guangzhou, China, which was 201 to 308   n g .  g  − 1     dw [26], and nine time than in Tunisia, which varied from 16.14 to 1366   n g .  g  − 1     [14]. The outcome proved that the sludge was predominantly of urban origin in this research; this explains the higher PAHs content, which may contaminate sludge of industrial origin. Generally, PAHs concentration depends on the source position, including such industrialized areas or very highly populated regions [27]. In addition, 16 PAHs were lower in this study than in Zhuhai, China, which was between 53 and 25000 [9]. The characteristics of Me-PAHs, as well as PAHs, have been further investigated utilizing the statistical method, in particular, the correlation analysis (Figure S3). There was a significant positive weak correlation appeared between ∑Me-PAHs and ∑PAHs was noticed among the sampling sites, suggesting that similar emission sources were identified for these two groups (R2 = 0.02, p <0.01). Moreover, organic carbon and temperature were detected during the data measurement to explore their influence on the concentration of PAHs and Me-PAHs. The temperature varied from 8.7 to 24.8 °C, and the plot was comparing temperature and PAHs; Me-PAHs are displayed in Figure 1. Weak influences of temperature between PAHs, Me-PAHs and temperature were observed (R2 = 0.16, p < 0.01) as well as (R2 = 0.14, p < 0.01). Temperature is the main factor impacting the level of PAHs in sludge; previously, research stated that with an increase in temperature and increased PAHs removal rate in sludge. Meanwhile, the weak correlation observed with temperature suggested that the adsorption of PAHs increases at very low temperatures [28]. Moreover, as shown in Figure 1, positive weak linear correlations between the TOC and concentration of PAHs, Me-PAHs were also observed (R2 = 0.14, p < 0.01) as well as (R2 = 0.18, p < 0.01), indicating that TOC had a significant weak influence on PAH’s and Me-PAH’s distribution in sludge. A similar result showed that total organic carbon is one of the most important factors in detecting PAH sorption and immobilization [4].




3.2. Composition Profile


The composition profiles of individual and ring-numbers of PAHs and Me-PAHs in sludge over the sampling sites are presented in (Figure 2 and Figure S3). It was shown that the most abundant PAHs were Phe (27%) in W10, followed by Nap (24%) in W9, and Fluo (16%) in W5, based on overall average samples. The same results were observed that Phe was Principally generated from fuel oil, diesel, gasoline, particularly petroleum products. The higher concentrations of Nap and Phe could, therefore, be attributed to industrial wastewaters [29]. Other research stated that low molecular weight compounds (e.g., Phe, NaP) discovered in this research was found in manufacturing areas as well as wastewater from household [14]. For Me-PAHs, the most abundant were 9-MANT (20%) W10, followed by 2-MNAP (16%), W9, and 5, 8-DMBcPH (11%) W6, as shown in Figure S3. Additionally, researchers reported benzene ring numbers were used to determine PAH physical and chemical characteristics [4]. According to the number of benzene rings which given PAHs contains, the Me-PAHs and PAHs were classified into (6-ring, 5-ring, 4-ring, 3-ring, and 2-ring) Figure 2. We found the PAHs homologs in sludge, rings number HMW PAHs (4-ring) were much dominated accounted for (42.5%) at site W5, followed by 3-ring (41.1%) at site W10, 2-ring (25.6%) at site W9, 5-ring (20.8) at site W3, and 6-ring (20.1%) at site W3, respectively, Figure 2. For Me-PAHs, low molecular weight PAHs (2-ring) were much dominated accounted for (55%) at site W1, followed by 3-ring (46.9%) at site W10, 4-ring (42.9%) at site W6, and 5-ring (3.2%), at site W10. Generally, the PAHs and Me-PAHs of sewage sludge in this research were dominated by HMW and LMW 4 and 2-ring; HMW PAHs occupied higher percentages; his might result in very highly hydrophobic characteristics of high molecular weight PAHs [3], whereas low molecular weight Me-PAHs may characterize by higher resistance to microbial decomposition and greater susceptibility to biological degradation [4]. This was in contrast with the previous finding as follows: sewage sludge from Tunisia was reported to be dominated by 4-ring [14]; similarly, in sewage sludge from Korea, high molecular weight 4-ring such as pyrene was the most abundant [30]. Four-ring PAHs were reported to be the most abundant compounds and accounted for 86% of ∑PAHs from Guangdong Province, China [31], and four-ring PAHs were prevalent in sewage sludge found in southwestern Taiwan, China [11].




3.3. PAHs and Me-PAHs in Sludge Worldwide


The comparison of the PAHs and Me-PAHs mean concentrations in sludge discovered from other researches around the world was shown in Table 2. The mean concentration of PAHs in this study was 2030   n g .  g  − 1    dw, much greater than four sludge sites in Taiwan China (750 ng/g dw) [11], twelves sewage sludge from Beijing, China (1551 ng/g dw) [29], nineteen sewage sludge from Guangdong Province China (1276 ng/g dw) [7], but lower than the level in four sewage sludge from Harbin, Northeast China (8200 ng/g) [32], six sludge from Guangdong, China (3466 ng/g dw) [33], six Wastewater sludge from Korea (10,400 ng/g dw) [30], nineteen sludge from Madrid (5118 ng/g dw) [34], nine sewage sludge from northern and central Tunisia (11,216 ng/g dw) [14], and eleven sewage sludge from the mainland and Hong Kong, China (30,000 ng/g dw) [9]. However, the level in this study was very close to three sewage sludge from Paris (2518 ng/g dw) [35]. The European Union has proposed a limited fixed value of ten PAHs of 6000   n g .  g  − 1     for the implementation of sludge to agricultural fertilizer that includes Flua, BaP, IcdP, Ace, BghiP, BkF, Pyr, Phe, Flu, and BbF [29]. In our study, the values of 10 PAHs did not exceed the maximum limit. Therefore, these outcomes were at relatively low risk related to the European Union, with their agricultural land use. Nevertheless, corresponding to the disposal of sludge used as agricultural in China, from municipal wastewater treatment plants (5000 ng/g dw) [16], the concentration of ∑PAHs in this research was greater than the upper safety limit, with a comparatively high risk.




3.4. The PAHs and Me-PAHs Loads from Sewage Sludge Discharged from 10 WWTPs


Production of sludge in China was growing at an annual average rate of (13%), which was estimated at over 3000 tons of sludge in 2013 [36]. The estimated fluxes from the 10 WWTPs are presented in Table S4. The PAHs and Me-PAHs daily fluxes in the ten sewage sludge sites were ranged from 18.8 to 300 g/d and from 90 to 425 g/d, respectively. The annual quantity of flux varied from 6.99 to 111 kg/year and 33.3 to 157 Kg/year, respectively. Among sampling sites, W5 was dominated in both PAHs and Me-PAHs. The individual flux decreased in the followed orders: Fluo ˃ Phe ˃ Pyr ˃ BbF, and 9-MANT ˃ 2-MNAP ˃ 7,9-MBaA ˃ 1,6-DMNAP, respectively. The total flux in this study was much higher than the flux calculated from five sludge in Paris, France, which ranged from 0.53 to 316 g/d [37]. Moreover, more incredible than the quantity of released sludge from 15 WWTP in the Shanxi province ranged from 0.2 to 22.7   k g · y e a  r  − 1     [16]. Regarding the evaluation of the daily and yearly quantity of PAHs and Me-PAHs fluxes, sludge displayed the highest contamination level from the industrial and domestic areas in Northeast China compared to other quantities of flux worldwide.




3.5. Source Appointment


3.5.1. Principal Component Analysis


The principal component analysis was utilized to recognize sources of PAHs and Me-PAHs by analyzing the principal components (PCs) extracted with total accumulated loading accounting for more than 90% of the variance. As presented in (Table S5), the two principal components were extracted for PAHs: PC1 and PC2 explained 67% and 22% of the total variance (89%). As shown in Table S5a, PC1 (67%) is mainly associated with high molecular weight PAHs, like Fluo, BKF, BaP, BbF, BaA, Pyr, IcdP, and BghiP, reported that highly loaded on BaP, BaA, BghiP, and IndP were the signals of exhaust emissions from gasoline-powered vehicles, and IcdP was related to gasoline, vehicle emissions [38]. Therefore, it was suggested that PC 1 could be considered as characteristic gasoline exhaust emissions. PC2 (22%) was highly associated with low molecular weight, Flu, Ace, NaP, Acy, and Phe. Oil and fuel spills, as well as incomplete combustion of oils and fuels, may produce these compounds [39]. For Me-PAHs, three principal components were extracted, PC1, PC 2, and PC 3 explained 58.8%, 22%, and 4.37% of the total variance (85.1%). As presented in (Table S5b), PC1 (58%) associated with 1-MPYR, 1,2-MBaA, 1-MPHE, 1-MANT, and 3,6-DMPHE. Several kinds of research have connected high loadings of MPHE to either unburned petroleum from vehicles [40]. Therefore, PC1 was related to coal and wood combustion. PC 2 (22%) was more influenced by 1,3-DMNAP, 1,4-, DMNAP, 1,2-DMNAP, and 1-MNAP, methylated derivatives of LMW NAP, it is derived from the combustion of wood, coal briquette, and charcoal [39]. PC3 (4.37%) was related to 9,10-DMA, 2-MNAP, 9-MMHEN, and 1-MNAP reported that the abundance of 2-MNAP in settled dust of kitchens with wood-burning stoves [39].




3.5.2. Positive matrix Factorization


Model PMF is a powerful and reliable method for solving various sources of pollutants [22]. It quantitatively assesses the contribution of PAHs contamination [23]. The sources of PAHs and Me-PAHs in sludge for this research were figured out using PMF. Four factors were obtained corresponding to PMF analyses (Figure 3). The first factor had a higher loading for Acy (40%), Phe (36%), Pyr (37%), and Flu (30%), Phe was a significant indicator of wood combustion, and Pyr and Flu were related to biomass burning; therefore, this factor represented a wood/biomass combustion source [41]. The second factor had high loading for high molecular weight BghiP (75%), IcdP (63%), and BaP (58%), this factor could be assigned to gasoline and diesel fuel, the same profile was reported in Brazil, consequences of heavy-duty vehicles [21]. The third factor had high loading for Chr (35%), IcdP (28%), BkF (20%), and BaA (16%), Chr and BaA were indicative of both diesel and natural gas combustion, BkF was the typical pollutant of diesel emissions; therefore, the third factor could be assigned of diesel and natural gas combustion [42,43]. The fourth factor had high loading for low molecular weight NaP (76%), Flu (72%), Ace (64%), and Phe (50%), which indicated a typical tracer of coke production [44]. Me-PAHs’ first factor had a high loading for 1,2-DMNAP (56%), 1,3-DMNAP (48%), 1,4-DMNAP (46%), and 3,9-MBaA (38%), it reported that the abundance of Me-NaP related to settled dust of kitchens with wood-burning stoves. Consequently, the first-factor source was wood-burning stoves [39]. Factor 2 showed abundant compounds of 9-MANT (38%), 1-MPHE (34%) and 3-DMA (30%), have reported that 2-MANT was one of the most prevalent PAHs compounds from vehicles and diesel fuel affect the environment [40], consequently, assigned this factor to diesel fuel vehicles. Factor 3 showed high loading of 7,10-DMBaP (70%), 7,10-MBaP (60%), 2-MFLU (58%) and 2-MPHE (54%); it reported that coal combustion might be mainly responsible for a high level of BaP concentrations, and coke production could be then utilized as indicative of this compound [2]; therefore, Factor 3 could be attributed to coal combustion. Factor 4 showed abundant compound of 9,10-DMA (94%), 7,12-DMBaA (76%) and 4,6-MBaA (47%); this profile is similar to methylated derivatives in northern Vietnam, high loading of MBaA indicating coal and wood combustion [39].




3.5.3. Source Apportionment by Diagnostic Ratios


Several concentration ratios of various parent PAHs compounds are commonly used to assess the sources of PAHs [27]. In the present study, the following diagnostic ratios were selected to assess PAHs and Me-PAHs source: BaA/(BaA + Chr) vs. (MPhe/Phe) and Flu/(Flu +Pyr) vs. InP/(InP + BghiP) (Figure 4). Since (PAHs) are released into the environment from a variety of sources, and their profiles can change due to their reactions, these ratios must be assessed with caution [21]. The result indicated that ratios of BaA/(BaA + Chr) vs. (MPhe/Phe) were ranged from 0.20 to 0.35, 0.35 to 0.50, and 0.00 to 0.008, respectively, indicated that dominated of pyrogenic origin was a primary source in the sewage sludge (Figure 4a), and diagnostic ratios of Flu/(Flu +Pyr) vs. InP/(InP + BghiP) were varied from 0.42 to 0.50, 0.50 to 0.58, 0.40 to 0.50 and 0.50 to 0.75, respectively, the PAHs at second group sites, as shown in (Figure 4b) were the highly petrogenic source in the sewage sludge. According to diagnostic ratios, it was proved that the sources of PAHs and Me-PAHs in sewage sludge were pyrogenic and petrogenic.





3.6. Toxicity Evaluation and Risk Assessment in Sewage Sludge


To evaluate the PAHs carcinogenic potency in sludge from 10 WWTPs, (BaPeq) benzo [a] pyrene equivalent concentrations were estimated by (TEFs) benzo [a] pyrene toxic equivalency factors. The U.S. EPA has suggested seven carcinogenic Polycyclic aromatic hydrocarbons, including (B(a)P, Chr, IcdP, B(a)A, BghiP, B(k)F, and B(b)F). The BaPeq concentrations of ∑16 PAHs in sludge were dominant in W5 with a total of 406 and meant concentration 25 ng/g, followed by W3, with a total of 197 and mean concentration 12.3 ng/g and W2 with a total 185 and mean concentration 11.6 ng/g, respectively. The PAH carcinogenic potencies, as well as toxic equivalency factors which are detected in sewage sludge, were displayed in Table 3, individual PAHs, the concentration of (BaPeq) toxic equivalency factor, values arranged in the following descending order: BaP ˃ DahA ˃ BbF ˃ BaA in all the 10 WWTPs sewage sludge, which were more abundant than other compounds. Sludge used in France as agricultural fertilizer is only allowed when: BaP, BbF, and Flu are below 2000   n g .  g  − 1    , 2500   n g .  g  − 1    , 5000   n g .  g  − 1    dw, respectively, regarding the USA legislation is 4600   n g .  g  − 1    dw, calculated as the sum of (Ant, Chr, DahA, BkF, IcdP BaP, BkF, and BaA), but BaP concentration was not allowed to be greater than 1000   n g .  g  − 1     [32]. In the Canadian soil quality guideline, dependent on (incremental lifetime cancer risk ILCR of 10−6), a safe benzo[a]pyrene equivalent value is 600   n g .  g  − 1    , for seven carcinogenic polycyclic aromatic hydrocarbons, such as BbF, Chr, BaP, BkF, InP, DBA, and BaA [31], while the concentrations of benzo[a]pyrene equivalent to seven carcinogenic PAHs in sewage sludge among 10 WWTP in this study ranged from 52.3 to 399   n g .  g  − 1    , with a mean concentration of 144   n g .  g  − 1     dw. The result proved that the concentrations in 10 WWTP sludge samples were below the safe value of 600    n g .  g  − 1     (dependent on ILCR of 10−6).





4. Conclusion


In this research, the level of PAHs and Me-PAHs were investigated in sewage sludge. The most abundant PAHs compounds in sludge were Phenanthrene and Naphthalene, while Me-PAHs were 9-Methylanthracene and 2-Methylnaphthalene. The flux of sludge discharged from the 10 WWTPs, were estimated to be greater than 100   k g · y e a  r  − 1    . The sources were analyzed by positive matrix factorization, principal component analysis, and diagnostic ratios, were identified similar source, analytical results of PMF explained 4 Factor, PAHs source includes, gasoline and diesel fuel (35%), coke production (33%), wood and biomass (19%) and average diesel and natural gas combustion, fore Me-PAHs, wood combustion (34%), coke production (28%) wood-burning stoves (22%) and average diesel fuel vehicle (16%). Temperature and total organic carbon were reported to have significant weak PAHs and Me-PAHs influencing distribution in sludge. The occurrence of PAHs in sludge confirms that there is a high risk for sludge applied to agriculture, according to China’s safety limit. Sludge acts as an important source for the transfer of pollutants such as PAHs and Me-PAHs into the environment; therefore, greater attention should be paid to its occurrence and distribution.








Supplementary Materials


Electronic Supplementary Information is available for this manuscript.





Author Contributions


Writing—original draft preparation: R.M.; review, editing: Z.-F.Z.; visualization: Z.K.; validation: C.J.; funding acquisition: L.-Y.L.; project administration: W.-L.M.; methodology: W.-W.S.; investigation: A.N. and Y.-F.L.; supervision: Y.-F.L. and Z.-F.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by an open project of State Key Laboratory of Urban WaterResource and Environment, Harbin Institute of Technology (No. ESK202005), and Institute forEnvironmental Reference Materials of Ministry of Environmental Protection of China (No. KF202002). This study was also partially supported by the National Key Research and Development Program of China (No. 2018YFC1801500).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data collected are property of our research center but will be made available by the corresponding author when requested.




Acknowledgments


This study was supported by an open project of State Key Laboratory of Urban Water Resource and Environment, Harbin Institute of Technology (No. ESK202005), and Institute for Environmental Reference Materials of Ministry of Environmental Protection of China (No. KF202002). This study was also partially supported by the National Key Research and Development Program of China (No. 2018YFC1801500).




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Not available.




References


	



Hong, W.-J.; Jia, H.; Li, Y.-F.; Sun, Y.; Liu, X.; Wang, L. Polycyclic aromatic hydrocarbons (PAHs) and alkylated PAHs in the coastal seawater, surface sediment and oyster from Dalian, Northeast China. Ecotoxicol. Environ. Saf. 2016, 128, 11–20. [Google Scholar] [CrossRef]

	



Bertrand, O.; Mondamert, L.; Grosbois, C.; Dhivert, E.; Bourrain, X.; Labanowski, J.; Desmet, M. Storage and source of polycyclic aromatic hydrocarbons in sediments downstream of a major coal district in France. Environ. Pollut. 2015, 207, 329–340. [Google Scholar] [CrossRef] [PubMed]

	



Man, Y.B.; Chow, K.L.; Cheng, Z.; Mo, W.Y.; Chan, Y.H.; Lam, J.C.W.; Lau, F.T.K.; Fung, W.C.; Wong, M.H. Profiles and removal efficiency of polycyclic aromatic hydrocarbons by two different types of sewage treatment plants in Hong Kong. J. Environ. Sci. 2017, 53, 196–206. [Google Scholar] [CrossRef] [PubMed]

	



Wołejko, E.; Wydro, U.; Jabłońska-Trypuć, A.; Butarewicz, A.; Łoboda, T. The effect of sewage sludge fertilization on the concentration of PAHs in urban soils. Environ. Pollut. 2018, 232, 347–357. [Google Scholar] [CrossRef] [PubMed]

	



Tuyen, L.H.; Tue, N.M.; Takahashi, S.; Suzuki, G.; Viet, P.H.; Subramanian, A.; Bulbule, K.A.; Parthasarathy, P.; Ramanathan, A.; Tanabe, S. Methylated and unsubstituted polycyclic aromatic hydrocarbons in street dust from Vietnam and India: Occurrence, distribution and in vitro toxicity evaluation. Environ. Pollut. 2014, 194, 272–280. [Google Scholar] [CrossRef] [PubMed]

	



Qiao, M.; Cao, W.; Liu, B.; Bai, Y.; Qi, W.; Zhao, X.; Qu, J. Impact of upgrading wastewater treatment plant on the removal of typical methyl, oxygenated, chlorinated and parent polycyclic aromatic hydrocarbons. Sci. Total Environ. 2017, 603–604, 140–147. [Google Scholar] [CrossRef]

	



Zeng, X.-Y.; Cao, S.-X.; Zhang, D.-L.; Gao, S.-T.; Yu, Z.-Q.; Li, H.-R.; Sheng, G.-Y.; Fu, J.-M. Levels and distribution of synthetic musks and polycyclic aromatic hydrocarbons in sludge collected from Guangdong Province. J. Environ. Sci. Heal. Part. A 2012, 47, 389–397. [Google Scholar] [CrossRef]

	



Verlicchi, P.; Zambello, E. Pharmaceuticals and personal care products in untreated and treated sewage sludge: Occurrence and environmental risk in the case of application on soil—A critical review. Sci. Total Environ. 2015, 538, 750–767. [Google Scholar] [CrossRef]

	



Cai, Q.-Y.; Mo, C.-H.; Wu, Q.-T.; Zeng, Q.-Y.; Katsoyiannis, A. Occurrence of organic contaminants in sewage sludges from eleven wastewater treatment plants, China. Chemosphere 2007, 68, 1751–1762. [Google Scholar] [CrossRef]

	



Zhang, X.; Yu, T.; Li, X.; Yao, J.; Liu, W.; Chang, S.; Chen, Y. The fate and enhanced removal of polycyclic aromatic hydrocarbons in wastewater and sludge treatment system: A review. Crit. Rev. Environ. Sci. Technol. 2019, 49, 1425–1475. [Google Scholar] [CrossRef]

	



Chen, C.-F.; Yun-Ru, R.; Yee, C.L.; Shu-Ling, H.; Mei-Ling, T.; Pei-Pei, S.; Ravi, K.; Chiu-Wen, C. Determination of Polycyclic Aromatic Hydrocarbons in Sludge from Water and Wastewater Treatment Plants by GC-MS. Int. J. Environ. Res. Public Health 2019, 16, 2604. [Google Scholar] [CrossRef] [PubMed]

	



Skowrońska, M.; Bielińska, E.J.; Szymański, K.; Futa, B.; Antonkiewicz, J.; Kołodziej, B. An integrated assessment of the long-term impact of municipal sewage sludge on the chemical and biological properties of soil. Catena 2020, 189, 104484. [Google Scholar] [CrossRef]

	



Stevens, J.L.; Northcott, G.L.; Stern, G.A.; Tomy, G.T.; Jones, K.C. PAHs, PCBs, PCNs, Organochlorine Pesticides, Synthetic Musks, and Polychlorinatedn-Alkanes in U.K. Sewage Sludge: Survey Results and Implications. Environ. Sci. Technol. 2003, 37, 462–467. [Google Scholar] [CrossRef]

	



Khadhar, S.; Higashi, T.; Hamdi, H.; Matsuyama, S.; Charef, A. Distribution of 16 EPA-priority polycyclic aromatic hydrocarbons (PAHs) in sludges collected from nine Tunisian wastewater treatment plants. J. Hazard. Mater. 2010, 183, 98–102. [Google Scholar] [CrossRef]

	



Hu, Y.; Xia, Y.; Di Maio, F.; Yu, F.; Yu, W. Investigation of polycyclic aromatic hydrocarbons (PAHs) formed in three-phase products from the pyrolysis of various wastewater sewage sludge. J. Hazard. Mater. 2020, 389, 122045. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Q.; Liu, Z.; Liang, J.; Kuo, D.T.F.; Chen, S.; Hu, X.; Deng, M.; Zhang, H.; Lu, Y. Assessing pollution and risk of polycyclic aromatic hydrocarbons in sewage sludge from wastewater treatment plants in China’s top coal-producing region. Environ. Monit. Assess. 2019, 191, 102. [Google Scholar] [CrossRef]

	



Guo, Y.; Rene, E.R.; Wang, J.; Ma, W. Biodegradation of polyaromatic hydrocarbons and the influence of environmental factors during the co-composting of sewage sludge and green forest waste. Bioresour. Technol. 2020, 297, 122434. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.; Tian, L.; Liu, Z.; He, J.; Fu, H.; Huang, Q.; Xue, H.; Huang, Z. Distribution and toxicity of polycyclic aromatic hydrocarbons during CaO-assisted hydrothermal carbonization of sewage sludge. Waste Manag. 2021, 120, 616–625. [Google Scholar] [CrossRef]

	



Yang, G.; Zhang, G.; Wang, H. Current state of sludge production, management, treatment and disposal in China. Water Res. 2015, 78, 60–73. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Zhu, N.; Shen, Y.; Yuan, H. Towards efficient elimination of polycyclic aromatic hydrocarbons (PAHs) from waste activated sludge by ozonation. Environ. Res. 2021, 195, 110783. [Google Scholar] [CrossRef]

	



Agudelo-Castañeda, D.M.; Teixeira, E.C. Seasonal changes, identification and source apportionment of PAH in PM 1.0. Atmos. Environ. 2014, 96, 186–200. [Google Scholar] [CrossRef]

	



Balgobin, A.; Singh, N.R. Source apportionment and seasonal cancer risk of polycyclic aromatic hydrocarbons of sediments in a multi-use coastal environment containing a Ramsar wetland, for a Caribbean island. Sci. Total Environ. 2019, 664, 474–486. [Google Scholar] [CrossRef]

	



Zhao, L.; Hou, H.; Shangguan, Y.; Cheng, B.; Xu, Y.; Zhao, R.; Zhang, Y.; Hua, X.; Huo, X.; Zhao, X. Occurrence, sources, and potential human health risks of polycyclic aromatic hydrocarbons in agricultural soils of the coal production area surrounding Xinzhou, China. Ecotoxicol. Environ. Saf. 2014, 108, 120–128. [Google Scholar] [CrossRef] [PubMed]

	



Mohammed, M.O.; Song, W.-W.; Ma, Y.-L.; Liu, L.-Y.; Ma, W.-L.; Li, W.-L.; Li, Y.-F.; Wang, F.-Y.; Qi, M.-Y.; Lv, N.; et al. Distribution patterns, infiltration and health risk assessment of PM2.5-bound PAHs in indoor and outdoor air in cold zone. Chemosphere 2016, 155, 70–85. [Google Scholar] [CrossRef]

	



Ma, W.-L.; Liu, L.-Y.; Qi, H.; Zhang, Z.-F.; Song, W.-W.; Shen, J.-M.; Chen, Z.-L.; Ren, N.-Q.; Grabuski, J.; Li, Y.-F. Polycyclic aromatic hydrocarbons in water, sediment and soil of the Songhua River Basin, China. Environ. Monit. Assess. 2013, 185, 8399–8409. [Google Scholar] [CrossRef]

	



Liu, Z.; Li, Q.; Wu, Q.; Kuo, D.T.F.; Chen, S.; Hu, X.; Deng, M.; Zhang, H.; Luo, M. Removal Efficiency and Risk Assessment of Polycyclic Aromatic Hydrocarbons in a Typical Municipal Wastewater Treatment Facility in Guangzhou, China. Int. J. Environ. Res. Public Health 2017, 14, 861. [Google Scholar] [CrossRef]

	



Miki, S.; Uno, S.; Ito, K.; Koyama, J.; Tanaka, H. Distributions of polycyclic aromatic hydrocarbons and alkylated polycyclic aromatic hydrocarbons in Osaka Bay, Japan. Mar. Pollut. Bull. 2014, 85, 558–565. [Google Scholar] [CrossRef] [PubMed]

	



Moško, J.; Pohořelý, M.; Cajthaml, T.; Jeremiáš, M.; Robles-Aguilar, A.A.; Skoblia, S.; Beňo, Z.; Innemanová, P.; Linhartová, L.; Michalíková, K.; et al. Effect of pyrolysis temperature on removal of organic pollutants present in anaerobically stabilized sewage sludge. Chemosphere 2021, 265, 129082. [Google Scholar] [CrossRef]

	



Liu, C.; Li, K.; Yu, L.; Xu, Y.; Huang, B.; Wu, J.; Wang, Z. POPs and their ecological risk in sewage sludge of waste water treatment plants in Beijing, China. Stoch. Environ. Res. Risk Assess. 2013, 27, 1575–1584. [Google Scholar] [CrossRef]

	



Ju, J.-H.; Lee, I.-S.; Sim, W.-J.; Eun, H.; Oh, J.-E. Analysis and evaluation of chlorinated persistent organic compounds and PAHs in sludge in Korea. Chemosphere 2009, 74, 441–447. [Google Scholar] [CrossRef] [PubMed]

	



Ning, X.-A.; Lin, M.-Q.; Shen, L.-Z.; Zhang, J.-H.; Wang, J.-Y.; Wang, Y.-J.; Yang, Z.-Y.; Liu, J.-Y. Levels, composition profiles and risk assessment of polycyclic aromatic hydrocarbons (PAHs) in sludge from ten textile dyeing plants. Environ. Res. 2014, 132, 112–118. [Google Scholar] [CrossRef] [PubMed]

	



Sun, S.; Jia, L.; Li, B.; Yuan, A.; Kong, L.; Qi, H.; Ma, W.; Zhang, A.; Wu, Y. The occurrence and fate of PAHs over multiple years in a wastewater treatment plant of Harbin, Northeast China. Sci. Total Environ. 2018, 624, 491–498. [Google Scholar] [CrossRef]

	



Zeng, X.; Lin, Z.; Gui, H.; Shao, W.; Sheng, G.; Fu, J.; Yu, Z. Occurrence and distribution of polycyclic aromatic carbons in sludges from wastewater treatment plants in Guangdong, China. Environ. Monit. Assess. 2009, 169, 89–100. [Google Scholar] [CrossRef]

	



Sánchez-Brunete, C.; Miguel, E.; Tadeo, J.L. Analysis of 27 polycyclic aromatic hydrocarbons by matrix solid-phase dispersion and isotope dilution gas chromatography-mass spectrometry in sewage sludge from the Spanish area of Madrid. J. Chromatogr. A 2007, 1148, 219–227. [Google Scholar] [CrossRef] [PubMed]

	



Mailler, R.; Gasperi, J.; Patureau, D.; Vulliet, E.; Delgenes, N.; Danel, A.; Deshayes, S.; Eudes, V.; Guerin, S.; Moilleron, R.; et al. Fate of emerging and priority micropollutants during the sewage sludge treatment: Case study of Paris conurbation. Part 1: Contamination of the different types of sewage sludge. Waste Manag. 2017, 59, 379–393. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Wang, X.-Q.; Wang, D.-F. Immobilization of Heavy Metals in Sewage Sludge during Land Application Process in China: A Review. Sustain. 2017, 9, 2020. [Google Scholar] [CrossRef]

	



Blanchard, M.; Teil, M.J.; Ollivon, D.; Legenti, L.; Chevreuil, M. Polycyclic aromatic hydrocarbons and polychlorobiphenyls in wastewaters and sewage sludges from the Paris area (France). Environ. Res. 2004, 95, 184–197. [Google Scholar] [CrossRef]

	



Aydin, Y.M.; Kara, M.; Dumanoglu, Y.; Odabasi, M.; Elbir, T. Source apportionment of polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) in ambient air of an industrial region in Turkey. Atmos. Environ. 2014, 97, 271–285. [Google Scholar] [CrossRef]

	



Anh, H.Q.; Minh, T.B.; Tran, T.M.; Takahashi, S. Road dust contamination by polycyclic aromatic hydrocarbons and their methylated derivatives in northern Vietnam: Concentrations, profiles, emission sources, and risk assessment. Environ. Pollut. 2019, 254, 113073. [Google Scholar] [CrossRef] [PubMed]

	



Jang, E.; Alam, M.S.; Harrison, R.M. Source apportionment of polycyclic aromatic hydrocarbons in urban air using positive matrix factorization and spatial distribution analysis. Atmos. Environ. 2013, 79, 271–285. [Google Scholar] [CrossRef]

	



Yang, B.; Zhou, L.; Xue, N.; Li, F.; Li, Y.; Vogt, R.D.; Cong, X.; Yan, Y.; Liu, B. Source apportionment of polycyclic aromatic hydrocarbons in soils of Huanghuai Plain, China: Comparison of three receptor models. Sci. Total Environ. 2013, 443, 31–39. [Google Scholar] [CrossRef] [PubMed]

	



Qishlaqi, A.; Beiramali, F. Potential sources and health risk assessment of polycyclic aromatic hydrocarbons in street dusts of Karaj urban area, northern Iran. J. Environ. Heal. Sci. Eng. 2019, 17, 1029–1044. [Google Scholar] [CrossRef]

	



Zhang, L.; Bai, Y.-S.; Wang, J.-Z.; Peng, S.-C.; Chen, T.-H.; Yin, D.-Q. Identification and determination of the contribution of iron–steel manufacturing industry to sediment-associated polycyclic aromatic hydrocarbons (PAHs) in a large shallow lake of eastern China. Environ. Sci. Pollut. Res. 2016, 23, 22037–22046. [Google Scholar] [CrossRef] [PubMed]

	



Zuo, Q.; Duan, Y.; Yang, Y.; Wang, X.; Tao, S. Source apportionment of polycyclic aromatic hydrocarbons in surface soil in Tianjin, China. Environ. Pollut. 2007, 147, 303–310. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 26 02739 g001 550] 





Figure 1. Correlation analysis between TOC, Temperature versus PAHs (a, b) and Me-PAHs (c, d) in sludge. 
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Figure 2. Average composition profiles of PAHs (a) and Me-PAHs (b) in sludge from 10 WWTPs. 
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Figure 3. Fingerprints of positive matrix factorization (PMF) factors in each of the individual PAHs (a) and Me-PAHs(b). 
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Figure 4. Plots ratios of BaA/ (BaA + Chr) Versus MPhe/Phe (a) and Flu/(Flu+Pyr) Versus InP/(InP + BghiP) (b). 
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Table 1. Concentrations of PAHs and Me-PAHs in sludge     n g / g   d w     from 10 WWTPs in Northeast China.
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	Compounds
	W1
	W2
	W3
	W4
	W5
	W6
	W7
	W8
	W9
	W10





	∑PAHs
	2040
	2790
	1950
	1150
	4410
	625
	1410
	1340
	2610
	1940



	∑Me-PAHs
	106
	252
	224
	132
	425
	228
	147
	116
	90.0
	335



	∑PAHs-carc
	460
	705
	775
	369
	1710
	213
	419
	386
	610
	396



	∑LMW PAHs
	984
	1250
	547
	469
	1080
	199
	542
	656
	1450
	1200



	∑HMW PAHs
	1060
	1540
	1400
	686
	3330
	426
	873
	693
	1160
	743



	∑LMW/HMW
	0.92
	0.81
	0.38
	0.68
	0.32
	0.46
	0.62
	0.94
	1.25
	1.61



	∑LMW Me-PAHs
	77.9
	181
	127
	76.7
	323
	127
	98.5
	81.7
	65.3
	203



	∑HMW Me-PAHs
	28.9
	70.4
	96.9
	54.8
	102
	102
	48.7
	34.6
	24.6
	132



	∑LMW/HMW
	2.69
	2.57
	1.31
	1.40
	3.17
	1.23
	2.02
	2.36
	2.64
	1.53







W1 to W10, represent wastewater treatment plant sites. ∑LMW/HMW, Low molecular weight PAHs/High molecular weight PAHs =∑2–3rings/∑4–6rings. ∑PAHs-carc, Total concentration of potentially carcinogenic PAHs (BaA, Chr, BbF, BkF, BaP, InP and DahA).
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Table 2. Comparison of average concentrations of PAHs (  n g .  g  − 1     ) in sludge around the world.
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	Locations
	No. of WWTPs
	Sludge Types
	Concentration (ng/g)
	NO. of PAHs
	Ref.





	Harbin, Northeast (China)
	4
	Domestic/industrial
	8200
	16 PAHs
	[32]



	Guangzhou, (China)
	10
	Domestic/industrial
	6386
	16 PAHs
	[31]



	Taiwan (China)
	4
	Domestic
	750
	16 PAHs
	[11]



	Hong Kong, (China)
	11
	Domestic/industrial
	30,000
	16 PAHs
	[9]



	Beijing, (China)
	12
	Domestic/industrial
	1551
	15 PAHs
	[29]



	Paris, (France)
	3
	Domestic/industrial
	2518
	13 PAHs
	[35]



	Guangdong, (China)
	6
	Domestic/industrial
	3467
	15 PAHs
	[33]



	Korea
	6
	Domestic/industrial
	10,400
	16 PAHs
	[30]



	Guangdong, (China)
	19
	Domestic/industrial
	1276
	15 PAHs
	[7]



	Spanish Madrid
	19
	Domestic/industrial
	5118
	27 PAHs
	[34]



	Tunisian, Northern
	9
	Domestic/industrial
	11,216
	16 PAHs
	[14]



	Heilongjiang (China)
	10
	Domestic/industrial
	2030
	16 PAHs
	This study



	Heilongjiang (China)
	10
	Domestic/industrial
	202
	33 Me-PAHs
	This study
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Table 3. Toxic equivalency factors for PAHs in sludge (ng/g dw).






Table 3. Toxic equivalency factors for PAHs in sludge (ng/g dw).





	PAHs
	TEF
	W1
	W2
	W3
	W4
	W5
	W6
	W7
	W8
	W9
	W10





	NaP
	0.001
	0.29
	0.27
	0.22
	0.09
	0.16
	0.009
	0.21
	0.19
	0.64
	0.37



	Acy
	0.001
	0.05
	0.04
	0.02
	0.01
	0.02
	0.005
	0.01
	0.01
	0.03
	0.02



	Ace
	0.001
	0.03
	0.04
	0.02
	0.01
	0.03
	0.008
	0.01
	0.02
	0.05
	0.04



	Flu
	0.001
	0.13
	0.15
	0.06
	0.04
	0.09
	0.03
	0.04
	0.08
	0.19
	0.19



	Phe
	0.001
	0.43
	0.67
	0.18
	0.27
	0.67
	0.12
	0.22
	0.30
	0.48
	0.52



	Ant
	0.01
	0.36
	0.61
	0.24
	0.21
	0.85
	0.14
	0.13
	0.37
	0.48
	0.29



	Fluo
	0.001
	0.23
	0.33
	0.20
	0.10
	0.71
	0.07
	0.14
	0.12
	0.21
	0.17



	Pyr
	0.001
	0.26
	0.35
	0.20
	0.12
	0.57
	0.07
	0.19
	0.11
	0.19
	0.15



	BaA
	0.1
	6.31
	9.69
	4.10
	3.14
	23.0
	1.89
	4.57
	3.04
	6.28
	3.08



	Chr
	0.01
	0.83
	1.05
	1.47
	0.57
	3.54
	0.33
	0.60
	1.18
	1.07
	1.04



	BbF
	0.1
	11.5
	17.6
	22.1
	11.4
	38.5
	5.31
	11.2
	9.64
	17.2
	13.0



	BkF
	0.1
	3.54
	4.26
	4.29
	2.87
	9.96
	1.22
	2.92
	2.74
	3.94
	3.24



	BaP
	1
	69.3
	98.0
	96.7
	44.2
	225
	27.4
	67.0
	28.0
	78.1
	31.8



	IcdP
	0.1
	7.93
	15.1
	17.8
	7.83
	35.2
	5.71
	8.76
	7.16
	12.3
	4.47



	DahA
	1
	13.9
	36
	47.4
	13.7
	63.9
	10.4
	16.9
	13.9
	26.7
	21.5



	BghiP
	0.01
	1.05
	1.43
	2.15
	0.87
	3.25
	0.61
	1.18
	0.71
	1.39
	0.18



	Mean
	0.15
	7.26
	11.6
	12.3
	5.34
	25.3
	3.34
	7.13
	4.23
	9.34
	5.01



	Min
	0.001
	0.03
	0.04
	0.02
	0.01
	0.02
	0.005
	0.01
	0.01
	0.03
	0.02



	Max
	1
	69.3
	98.0
	96.7
	44.2
	225
	27.4
	67.0
	28.0
	78.1
	31.8



	∑ PAHscarc
	2.42
	113
	181
	194
	83.8
	399
	52.3
	112
	66.7
	145
	78.2



	∑ 16 PAHs
	2.43
	116
	185
	197
	85.5
	406
	53.4
	114
	67.7
	149
	80.2
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