
1

Vol.:(0123456789)

Scientific Reports |        (2020) 10:12997  | https://doi.org/10.1038/s41598-020-69855-6

www.nature.com/scientificreports

Characterization and reutilization 
potential of lipids in sludges 
from wastewater treatment 
processes
Shuai Liu1,2, Tao Luo1,2, Guo‑hua Liu1*, Xianglong Xu1, Yuting Shao1, Lu Qi1 & 
Hongchen Wang1*

Lipids in sewage sludge are considered to be high-class raw materials for biodiesel or other valuable 
products. We profiled the characteristics and assessed the reutilization potential of lipids from 
different sludge sources, including sludge from the primary sedimentation tank (PST sludge) and 
sludge from the secondary sedimentation tank in a conventional activated sludge system (CAS 
sludge), as well as sludge from ultrashort-sludge retention time (SRT) activated sludge systems with 
different SRTs (USAS sludge, with SRTs of 0.5, 1.0, 2.0, 3.0 and 4.0 d). The results showed that the 
lipids in the sludges were mainly composed of cellular lipids, free fatty acids (FFAs), wax and gum. The 
highest lipid content was found in the PST sludge (156.8 ± 11.9 mg/g, dry basis), followed by the USAS 
sludges (67.9 ± 11.0–132.2 ± 11.8 mg/g) and the CAS sludge (46.0 ± 16.5 mg/g). Lipid species such as 
Cer, So, PE, PC, and TG were abundant, comprising over 80% of the cellular lipids in the sludges. With 
higher lipid contents, the PST sludge and USAS sludge (0.5 d SRT) were suggested to have a higher 
reutilization potential for use in producing biodiesel. In addition, the CAS sludge was promising for 
resource reutilization and energy recovery due to the large amount of excess sludge.

By the end of June 2017, over 3,700 wastewater treatment plants (WWTPs)1 had been built and operated in China, 
and a large amount of sludge was produced each year. Based on a report from the China Statistical Yearbook 
on Environment (2018), the yield of municipal sludge with 80% moisture content increased from 33.18 billion 
tons in 2008 to 49.24 billion tons in 20171. Thus, sludge treatment has become an urgent issue in China, and the 
main treatment method is landfilling. However, sludges from the primary and secondary sedimentation tanks in 
WWTPs contain a large amount of organic matter2, which has the potential for resource and energy recovery. In 
particular, the concentration of lipids in sludge has been reported to be high, accounting for approximately 20% 
of the organic matter3, and thus, lipids are considered to be a potential feedstock for use in diesel production4–8. 
The lipids in municipal sewage sludge include cellular lipids, free fatty acids, wax and gum, the contents and 
diesel production potential of which are affected by the sludge source.

It has been reported that the biodiesel yield of sludge from the primary sedimentation tank (PST) is much 
higher than that of sludge from the secondary sedimentation tank in the conventional activated sludge (CAS) 
process due to substrate utilization by the metabolism of microorganisms in the bioreactor9. One possible 
approach to achieve resource recovery from sludge in WWTPs is to prevent the substrates from being utilized 
by microorganisms by reducing the sludge retention time (SRT) in the CAS process. Recently, an ultrashort-SRT 
activated sludge (USAS) process was developed for organic recovery; this process originates from the A stage of 
the adsorption-biodegradation (AB) process, where the A stage is operated with a high organic load and ena-
bles the high recovery of organic matter by biosorption rather than degradation10,11. Therefore, sludge from the 
USAS process is also considered to be a potential raw material for energy recovery. Studies by Trzcinski et al.12 
and Meerburg et al.13 suggested that sludge obtained from the A stage achieved a higher methane yield than that 
from B stage by 1.4–1.9 times during the anaerobic digestion process. However, few studies have focused on the 
analysis of lipids from USAS sludges.
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To better understand the potential for the reuse of lipids from different kinds of sludge, detailed analysis 
of the characteristics of the lipids is necessary. In this study, sludges produced from the PST and SST in a CAS 
process, as well as from USAS processes with different SRTs, were used to perform lipidomic analysis using Sox-
hlet extraction and ultrahigh-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS).

Materials and methods
Sludge.  The PST sludges were collected from a tank containing sewage from the campus of Renmin Univer-
sity of China (Beijing) after settling for 1.5 h. The CAS sludges were collected from the secondary sedimentation 
tank of a lab-scale anaerobic-anoxic–oxic (A2/O) activated sludge system (12 d SRT). The USAS sludges were 
collected from the secondary sedimentation tanks of five ultrashort-SRT activated sludge systems where the 
SRT was set to 0.5, 1.0, 2.0, 3.0, and 4.0 d. All the reactors were inoculated with sludge from the Xiaohongmen 
wastewater treatment plant (Beijing), and the two types of activated sludge systems were both fed with sewage 
that had settled in the PST for 1.5 h.

Experimental methods
Pretreatment.  All sludge samples (total solid concentration (TS): 1.0% ± 0.5%) were centrifuged (XiangYi 
L-530, XiangYi, Changsha) at 3,000 rpm for 10 min for preliminary dehydration to obtain dewatered sludge 
(TS: 15.0% ± 0.5%). Further freeze-drying of the dehydrated sludge included the following steps: the dehydrated 
sludges were frozen in a − 20 °C refrigerator for 48 h, and then the frozen dehydrated sludges were placed in an 
automatic vacuum freeze dryer (FD-1A-50, Boyikang, Beijing) and freeze-dried for 48 h. The sludge samples 
obtained after freeze-drying were crushed using a mortar and pestle and then stored in a refrigerator (− 4 °C) 
for subsequent analysis.

Extraction methods.  Mixtures of chloroform and methanol have been widely used as lipid extractants: a 
monophasic solution is obtained when sludge is homogenized with a mixture of chloroform and methanol, and 
the homogenate can be diluted with water and/or chloroform to obtain a biphasic system; the chloroform layer, 
which could contain lipids, is separated to extract purified lipids14,15. Hence, by adding different proportions of 
chloroform–methanol-water before and after dilution, cellular lipids and free fatty acids can be extracted.

Extraction of cellular lipids.  The modified method used to extract cellular lipids was adapted from the method 
of Folch et al.14. Briefly, a 1 g sample of dry sludge was put into a 100 mL stoppered centrifuge tube (PTFE). Then, 
2 mL of citric acid buffer (0.15 M, pH = 7.3) and 7.5 mL of methanol–chloroform (1:2) were added, and the solu-
tion was mixed on a horizontal oscillator (SHA-CA, Ronghua Instruments, China) for 2 h of extraction. After 
that, 6 mL of a methanol-chloroform (1:2) mixture and 4.5 mL of citric acid buffer were added to the extraction 
solution. The mixture was mixed thoroughly on a vortex oscillator (VORTEX-5, Kylin-Bell, China) and allowed 
to sit undisturbed overnight for phase separation. The sample was centrifuged (SiGMA @ 3 K-15, SiGMA, PA) 
at 4,000 rpm for 10 min, and then the upper organic phase containing lipids was transferred to a 10 mL heat-
resistant glass tube. The lipid was separated by a nitrogen stripper (NDK200-2 N, MIULAB, China) and stored 
in a refrigerator at − 4 °C for further analysis.

Extraction of free fatty acids.  The modified extraction method for free fatty acids (FFAs) was mainly based 
on the method of Bligh and Dyer15. A 1 g sample of dry sludge was put into a 50 mL stoppered centrifuge tube 
(PTFE). Then, 1.5 mL of citric acid buffer (0.15 M, pH = 7.3), 1.9 mL of chloroform, and 3.75 mL of methanol 
were added, and the mixture was mixed thoroughly on a vortex oscillator. After that, the solution was oscillated 
at 250 rpm for 2 h in a fully automatic flip oscillator in the dark and centrifuged (SiGMA @ 3 K-15, SiGMA, 
PA) at 4,000 rpm for 5 min. After centrifugation, the supernatant was collected. Then, 7.6 mL of a methanol-
chloroform (2:1) mixture was added to the remaining sludge residue, and the mixture was mixed thoroughly in 
a vortex oscillator. After that, the solution was placed in a horizontal oscillator (SHA-CA, Ronghua Instruments, 
China) for 2 h and then centrifuged (SiGMA @ 3 K-15, SiGMA, PA) at 4,000 rpm for 5 min. The supernatant 
was mixed with the previously obtained supernatant, 6 mL of a methanol-chloroform (2:1) mixture and 4.8 mL 
of citric acid buffer (0.15 M, pH = 7.3) were added, and then the mixture was oscillated in a vortex oscillator 
(VORTEX-5, Kylin-Bell, China) and incubated overnight for phase separation. The lower layer of liquid (chloro-
form) containing free fatty acids was transferred to a heat-resistant glass tube, separated with a nitrogen stripper 
(NDK200-2 N, MIULAB, China) and stored in a refrigerator at − 4 °C.

Extraction of wax and gum.  The extraction of wax and gum was mainly based on the method adopted by Rajam 
and Huynh et al.16,17. First, the Soxhlet extraction method was used to extract lipids from the dry sludge, and the 
extracted lipids were dissolved in acetone and concentrated at 60 °C for 1 h. After cooling to room temperature, 
the wax and gum crystallized after being left in a refrigerator at 5 °C for 24 h. The solution was then centrifuged 
in a high-speed centrifuge (SiGMA @ 3 K-15, SiGMA, PA) at 5  °C and 8,000 rpm, and the liquid and solid 
components were separated by vacuum filtration. The above steps were repeated for the filtrate to ensure the 
complete extraction of wax and gum. Finally, the separated wax and gum were weighed, and no further analysis 
was performed.

Detection and analysis methods.  Ultrahigh-performance liquid chromatography with mass spec-
trometry (UPLC-MS/MS) was applied for the further lipidomic analysis of cellular lipids and free fatty acids. 
Before analysis, the extracted lipids were reconstituted with chloroform and analyzed according to the method 
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described by Tang et al.18. A Q-Exactive UPLC-MS/MS (Thermo Fisher, CA) system equipped with a heated 
electrospray ionization probe was used. A Hypersil GOLD C18 100 × 2.1 mm × 1.9 μm column (Thermo Fisher, 
CA) was used to separate the lipid extracts, and samples were injected by a UPLC pump coupled to a Thermo 
Fisher Scientific autosampler. A flow rate of 250 μL/min was used in the analysis, with a column temperature of 
45 °C and a sample temperature of 10 °C. For the binary solvent system, phase A (ACN:H2O = 60:40 with 10 mM 
ammonium acetate) and phase B (IPA:ACN = 90:10 with 10 mM ammonium acetate) were used as the mobile 
phase. The separations were performed for over 30 min using the program listed in Supplementary Table S3 
online. The mass spectrometry conditions for cellular lipids and free fatty acids were as follows:

Cellular lipids.  The mass spectrometry conditions were mainly based on the analytical methods of Zhu et al.21. 
Data in positive and negative ion modes were acquired through data-dependent MSMS acquisition with differ-
ent mass ranges of mass/charge (m/z) values: 240–2000 and m/z 200–2000, respectively. Full-scan mode with 
a resolution of 70,000 was used, and fragment spectra with a resolution of 17,500 were collected. The source 
parameters were as follows: spray voltage: 3,000 V; capillary temperature: 320 °C; heater temperature: 300 °C; 
sheath gas flow rate: 35 arb; auxiliary gas flow rate: 10 arb. Lipidomic identification was performed using the 
analytical software Lipid Search 4.0 (Thermo Fisher, CA).

Free fatty acids.  The mass spectrometry conditions were mainly based on the analytical methods of Zhu et al.21. 
Data in negative ion mode were acquired through data-dependent MSMS acquisition with different mass ranges 
of mass/charge (m/z) values: 240–2000 and m/z 200–2000. Full-scan mode with a resolution of 70,000 was used, 
and fragment spectra with a solution of 17,500 were collected. The source parameters were as follows: spray volt-
age: 3,000 V; capillary temperature: 320 °C; heater temperature: 300 °C; sheath gas flow rate: 35 arb; auxiliary gas 
flow rate: 10 arb. Lipidomic identification was performed using the analytical software Lipid Search 4.0 (Thermo 
Fisher, CA).

For the analysis of cellular lipids, some lipids, including ceramide (Cer), phosphatidylcholine (PC), cardiolipin 
(CL), phosphatidylethanolamine (PE), and lysophosphatidylcholine (LPC), were determined using the area exter-
nal standard method, while others, such as phosphatidylglycerol (PG), phosphatidylinositol (PI), triglycerides 
(TG), diglycerides (DG), sphingosine (So), dimethyl phosphatidylethanolamine (dMePE), (0-acyl)-1-hydroxy 
fatty acid (OAHFA) and coenzyme (Co), were analyzed by a semiquantitative method based on the peak area. 
Different lipids respond differently in positive or negative ion mode: TG, DG, and PC have a better response in 
positive ion mode, while PE, PI, and CL can be detected in negative ion mode. For the analysis of the content of 
free fatty acids, the content was determined by an external standard method, and the standard was arachidonic 
acid-d8. More than one kind of different molecule was detected for each lipid species; for instance, 36 differ-
ent PC molecules and 131 different TG molecules were detected. The amount of each lipid was the sum of the 
detected molecules, and the relative content was determined with respect to the dry sludge used for the analysis.

Results and discussion
Total concentration of lipids in the PST, CAS, and USAS sludges.  The total lipid concentrations in 
different sludge samples are shown in Fig. 1. The total concentration of cellular lipids, FFAs, wax and gum was 
slightly less than that of raw lipids by Soxhlet extraction, which was consistent with previous studies19–21. The 
lipids contained in the sludge were mainly cellular lipids, FFAs, wax and gum. Compared with the CAS sludge 
and USAS sludges, the PST sludge contained more lipids. The concentration of raw lipids by Soxhlet extraction 
of the PST sludge was 156.8 ± 11.9 mg/g, followed by the USAS sludge with the highest concentration (USAS 
sludge, 0.5 d SRT) of 132.2 ± 11.8 mg/g and an average amount of 92.9 ± 19.3 mg/g, while the concentration for 
the CAS sludge was 46.0 ± 16.5 mg/g. Particulate organics accounted for more than 50% of the total organics in 
the influent22 and were captured by the primary sedimentation tank23. In a typical wastewater treatment plant, 
the primary sedimentation tank is used to capture suspended organic and inorganic matter, while the biological 
reaction tank is used to separate colloidal and dissolved organic matter through adsorption and biodegradation 
from the sewage by activated sludge flocs. Since the CAS sludge was collected from the secondary sedimentation 
tank of a lab-scale A2/O activated sludge system and particulate organics had been captured by the primary sedi-
mentation tank, the organics (mainly dissolved) in the influent were consumed by the microorganisms in the 
activated sludge, which led to the lower lipid concentration of the CAS sludge. In reports from Frølund et al.24 
and Wingender et al.25, microorganisms accounted for less than 10% of the organic portion of the activated 
sludge of a conventional activated sludge system, and the remaining portion consisted of extracellular polymeric 
substances (EPS) secreted by microorganisms. As a result of the high organic loading rate of the USAS system, 
the microorganisms in the USAS sludge could secrete more EPS than those in the CAS sludge. Considering that 
the mixed liquid suspended solids (MLSS) of the sludge in the USAS system was less than 1,100 mg/l26, which 
was lower than that of the sludge in the conventional activated sludge system (usually 3,000–5,000 mg/L), under 
the same influent conditions, it was reasonable that the lipid concentration of the CAS sludge was less than that 
of the USAS sludge.

Concentration of three main lipids in the PST, CAS, and USAS sludges.  It can be observed from 
Fig. 2 that the compositions of the three main types of lipids in different sludge samples were rather different. 
In the PST sludge, the concentration of cellular lipids was the highest (76.5 ± 14.4 mg/g), and the concentrations 
of the other two lipids were almost equal, with 40.0 ± 10.8 mg/g for FFAs and 39.7 ± 5.7 mg/g for wax and gum. 
In the CAS sludge, the concentrations of the three types of lipids were extremely different. The concentration 
of FFAs was the lowest (4.8 ± 1.8 mg/g), and the concentration of cellular lipids was highest (19.3 ± 4.3 mg/g), 
followed by wax and gum (18.9 ± 8.5 mg/g). The concentration of FFAs in PST sludge was much higher than 



4

Vol:.(1234567890)

Scientific Reports |        (2020) 10:12997  | https://doi.org/10.1038/s41598-020-69855-6

www.nature.com/scientificreports/

that in CAS sludge, given that FFAs could be a good substrate for assimilation by microorganisms27; it can be 
inferred that most of the FFAs in the sewage were utilized by the microorganisms in the sludge. Considering 
the capture of wax and gum by the PST, CAS sludge contains less wax and gum. For the sludges from the USAS 
system, the average amounts of cellular lipids, FFAs, and wax and gum were 45.9 ± 10.5 mg/g, 22.0 ± 5.5 mg/g, 
and 22.1 ± 6.5 mg/g, respectively. As the lipid compositions of USAS sludges with different SRTs were similar, 
USAS sludge with a 0.5 d SRT was selected as the typical sludge for further discussion. The lipid composition of 
the USAS sludges was similar to that of the PST sludge, with cellular lipids having the highest concentration, fol-
lowed by the other two lipids, which were similar in amount. Research by Meerburg et al.28 showed that SRT had 
a great impact on the community structure and species richness of microorganisms in activated sludge systems. 
Due to poor system uniformity, the richness of microorganism flora in short-SRT activated sludge systems was 
lower than that in long-SRT activated sludge systems. According to a report by Gonzalez-Martinez et al.29, the 
core genus of microorganisms in the influent was consistent with those in the USAS systems, while for the CAS 
sludge, no core genus consistent with the microorganisms in the influent was detected, which indicated that a 
longer SRT led to a change in microbial community structure in the activated sludge system and thus resulted in 
a different lipid composition. The lipid composition in the CAS sludge and USAS sludge was found to be rather 
different, which may be because adsorption played a main role in removing organics from the influent in the 
USAS system, while the organic matter was mainly removed by microbial degradation in the CAS system.

Composition of cellular lipids and FFAs in lipids from the PST, CAS, and USAS sludges.  The 
results of cellular lipid analysis of the PST sludge, CAS sludge, and USAS sludge (0.5 d SRT) are shown in Fig. 3. 
The concentration of cellular lipids in the other sludges is illustrated in Supplementary Table S1 online. Detec-
tion of cellular lipids showed that Cer (25.0 ± 4.9  mg/g), So (11.3 ± 2.2  mg/g), PE (10.2 ± 1.8  mg/g), and PC 
(7.6 ± 1.3 mg/g) were the most abundant cellular lipids in the PST sludge. For the CAS sludge, the most abundant 
three cellular lipids were Cer (7.2 ± 1.5 mg/g), PC (3.5 ± 0.9 mg/g), and TG (3.0 ± 0.6 mg/g), while for the USAS 
sludge (0.5 d SRT), the most abundant three cellular lipids were Cer (19.9 ± 4.6 mg/g), So (11.5 ± 2.7 mg/g), and 
PE (9.9 ± 2.4 mg/g), followed by PC (7.2 ± 1.5 mg/g). The concentrations of Cer and PC in the three sludges 
were high, indicating that Cer and PC played a significant role both in the microorganisms of the bioreactor 
and the organisms of the influent. As elucidated, the sludge from the primary sedimentation tank contained 
mainly suspended organic and inorganic matter derived from animal and plant residuals in the sewage, while 
the sludge from the SST was mainly composed of microorganisms and other substances secreted by microorgan-
isms. According to Olkiewicz et al.30, phospholipids that make up the cell membrane account for approximately 
24–25% of the dry cell mass, and as these components are part of microorganisms, the cellular lipid composition 

Figure 1.   Total lipid concentration of PST sludge, CAS sludge, and USAS sludges.
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Figure 2.   Lipid composition of PST sludge, CAS sludge, and USAS sludges.

Figure 3.   Cellular lipid distribution of PST sludge, CAS sludge, and USAS sludge (0.5 d SRT).
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was different due to the different microbial communities. The composition of cellular lipids in the PST sludge 
and USAS sludge (0.5 d SRT) was similar, especially for phospholipids such as PC, CL, PE, and PG, suggesting 
that the microbial communities of the two sludges were similar because phospholipids have been reported to 
identify microbial community in the earth21.

Figure 4 shows the FFA distribution in the PST sludge, CAS sludge, and USAS sludge (0.5 d SRT). Information 
on FA12-FA30 is detailed in Supplementary Table S2 online. Studies4,6,20 have shown that the main components 
of biodiesel made from sludge include palmitic acid (C16: 0), palmitoleic acid (C16: 1), stearic acid (C18: 0), oleic 
acid (C18: 1), and methyl linoleate (C18: 2), which indicates that C16 or C18 are more suitable as raw materials 
for biodiesel production. In addition to exhibiting a potential for biodiesel production, sludges containing a 
considerable amount of FFAs are promising raw materials for fermentation, as they can provide enough volatile 
fatty acids (VFAs) as a supplementary carbon source in the bioreactor to enhance biological denitrification in 
WWTPs31,32. Considering that FFAs with C16 or C18 are good substrates for producing biodiesel and VFAs, 
the amount of FA16 and FA18 compounds in sludge can indicate the potential for resource reutilization and 
energy recovery. The ratio of FA16 + FA18 with respect to total FFAs in the USAS sludge with 0.5 d SRT (69.47%) 
was even higher than that of the PST sludge (66.89%); therefore, the PST sludge and USAS sludge (0.5 d SRT) 
have the potential to be used as a source for biodiesel through extraction and purification or through biological 
enrichment by microorganisms, such as the cultivation of oil-producing microalgae with a substrate of sludge33. 
However, USAS sludge with a 2.0, 3.0, and 4.0 d SRT may not be a good raw material for resource recovery due 
to the small ratio of FA16 + FA18 or low concentration of FFAs.

Potential for resource reutilization and energy recovery.  The content of cellular lipids in the PST 
sludge (7.65 wt%) was greater than the highest content found in the USAS sludges (6.53 wt%, 0.5 d SRT), and 
the CAS sludge contained only 1.93 wt% (Fig. 5). The concentrations of Cer, So, PE, and PC in the PST sludge 
and the USAS sludge (0.5 d SRT) were high; these compounds can be extracted to produce high value-added 
products, such as cosmetics and biodiesel. For instance, Cer, an important ingredient in cosmetics34,35, can be 
extracted for reutilization, especially from the PST sludge and USAS sludge (0.5 d SRT), which had favorable 
amounts of Cer (2.50 wt% and 1.99 wt%, respectively, dry basis). Triglycerides (TG), a good raw material for 
biodiesel production36–38, were abundant in the three sludges (PST sludge: 0.53 wt%, CAS sludge: 0.30 wt%, 
USAS sludge (0.5 d SRT): 0.55 wt%, dry basis); therefore, the sludges had the potential for resource and energy 
recovery. In addition, other studies21,39 have proven the possibility of producing biodiesel with phospholipids 
as the raw materials; the glyceride phospholipids in sludge include phosphatidylcholine (PC), cardiolipin (CL), 
phosphatidylethanolamine (PE), and phosphatidylglycerol (PG). The glyceride phospholipid contents in the 
PST sludge, CAS sludge, and USAS sludge (0.5 d SRT) were 2.53 wt%, 0.58 wt%, and 2.08 wt% (dry basis), 
respectively, and the glyceride phospholipid contents in the PST sludge and USAS sludge (0.5 d SRT) were high, 
indicating that the PST sludge and USAS sludge (0.5 d SRT) were promising for producing biodiesel.

Figure 4.   FFA distribution of PST sludge, CAS sludge, and USAS sludge (0.5 d SRT).
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As shown in Fig. 6, the PST sludge and USAS sludge (0.5 d SRT) had a higher concentration of lipids, espe-
cially cellular lipids and FFAs. Ceramide (Cer) and phospholipids (PC + CL + PE + PG) accounted for a large part 
(~ 32% and ~ 34%, on average) of the cellular lipids, and FA16 + FA18 (~ 65%, on average) was the most abundant 
species in the FFAs. The possible pathways for resource reutilization and energy recovery were mainly the pro-
duction of biodiesel and valuable products. Both the glyceride phospholipids and triglycerides in cellular lipids 
and FA16 + FA18 in FFAs are favorable raw materials for biodiesel production. Cer in sludge can be extracted to 
manufacture cosmetics. Moreover, sludges with abundant FFAs are suitable for fermentation, providing VFAs 
as carbon sources for WWTPs.

Economic analysis7,40 has shown that with a 10% yield of biodiesel production from sludge, biodiesel will be 
able to compete with traditional fossil fuel. The yield of biodiesel from municipal WWTP sludge as a raw material 
is 1.8–6%41,42; given that the lipid content of the USAS sludge (9.29%, on average) was approximately twice that 
of the CAS sludge (4.30%), the production of biodiesel from the USAS sludge would probably be competitive, 
with a considerable yield higher than 10%. Compared with the other sludges, the PST sludge and USAS sludge 
(0.5 d SRT) were more suitable for resource reutilization and energy recovery. However, the relative content of 
lipids in sludge can only represent the efficiency of biodiesel production per unit amount of sludge, given that the 
MLSS of CAS sludge (usually 3,000–5,000 mg/L) is much larger than that of USAS sludge (less than 1,100 mg/
L26). Considering that most of the excess sludge in the world is from conventional activated sludge systems and 
the amount of CAS sludge is extremely large, it can be deduced that CAS sludge can yield a considerable amount 
of biodiesel.

Conclusion
This study investigated the lipid characteristics and reutilization potential of sludges from different activated 
sludge processes. The following conclusions were drawn:

(1)	 Most of the lipids contained in the sludges were cellular lipids, FFAs, wax and gum, accounting for more 
than 90% of the total lipids. The total concentration of lipids varied among the three types of sludge, and 

Figure 5.   Relative content of lipids in PST sludge, CAS sludge, and USAS sludges.
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the highest lipid content was found in the PST sludge (156.8 ± 11.9 mg/g, dry basis), followed by the USAS 
sludges (67.9 ± 11.0–132.2 ± 11.8 mg/g) and the CAS sludge (46.0 ± 16.5 mg/g).

(2)	 In the PST sludge, the content of cellular lipids was the highest (7.65%, dry basis), followed by the contents 
of FFAs (4.00%) and wax and gum (3.97%). In the USAS sludges, the average contents of cellular lipids, 
FFAs, and wax and gum were 4.59%, 2.20%, and 2.21%, respectively, while in the CAS sludge, the content 
of cellular lipids (1.93%) was similar to that of wax and gum (1.89%), and the FFA content was only 0.48%.

(3)	 In these sludge samples, lipid species such as Cer, So, PE, PC, and TG were relatively abundant (over 80%). 
Among the species of FFAs, FA16 and FA18 accounted for approximately 70% of the total FFAs. The ratio 
of FA16 + FA18 to total FFAs in the PST sludge, CAS sludge, and USAS sludge (0.5 d SRT) was 66.89%, 
59.99%, and 69.47%, respectively.

(4)	 Lipids from these sludges have the potential for resource reutilization and energy recovery. In particular, 
the PST sludge and USAS sludge (0.5 d SRT) were more favorable raw materials for resource reutilization 
and energy recovery due to their higher lipid contents (15.68% and 13.22%, dry basis) than the other sludge 
samples. Moreover, given the large amount of excess sludge, the CAS sludge with a lower lipid content was 
also promising for resource reutilization and energy recovery.
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