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a b s t r a c t
Dewatered sludge (DS) from wastewater treatment plants has been widely studied for protein 
extraction using alkaline thermal treatment to prepare foam extinguishers or foamed concrete. 
To explore the protein extraction effects of other types of sludge generated in different treatment 
stages, this study compared the protein recovery from sludge from the primary settling tank, sludge 
from the secondary settling tank (SS), thickened mixed sludge (TS), anaerobically digested sludge 
and DS under the same optimized alkaline thermal hydrolysis conditions (pH = 12, reaction time 
4 h, temperature 120°C, moisture content 92%–93%). The results showed that the protein contents 
in the hydrolysates of TS and SS were approximately 30% higher than that of the commonly used 
DS, and the protein extraction rate exceeded 90%. The polypeptide content, which is associated with 
foaming performance, produced by TS and SS was also 30% higher than that of DS. The specific 
resistance of sludge after hydrolysis of TS was the lowest, which was more beneficial to the subse-
quent separation of sludge protein. In addition, the moisture content of 95%–96% of TS was closer 
to the required moisture content of 92%, which was beneficial to the pre-regulation of moisture 
content. Therefore, TS could be used to replace the commonly used DS for sludge protein recovery.
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1. Introduction

During urban sewage treatment, biological treatment 
based on the activated sludge process often produces a 
large amount of excess activated sludge, and its treatment 
and disposal have become major problems in sewage treat-
ment plants. Excess sludge is mainly composed of micro-
organisms, microbial oxidation residues, and organic and 
inorganic substances on the surface of activated sludge [1]. 
Excess activated sludge contains 20%–60% protein, and 
it can be extracted to prepare foam extinguishing agents, 
foamed concrete and other products with high added value 

[2,3]. Therefore, the hydrolytic extraction of proteins from 
excess activated sludge has aroused widespread interest.

At present, protein can be extracted from excess acti-
vated sludge by acid-thermal [4], alkaline-thermal [5], and 
biological enzyme methods [6]. Alkaline-thermal treat-
ment has been widely studied and applied because of its 
high protein extraction rate (RP), simple equipment and 
convenient operation [7]. Dai et al. [8] found that alka-
li-thermal treatment could effectively hydrolyse proteins 
of different molecular weights. Many studies have revealed 
that the suitable moisture content of sludge for protein 
extraction is 92%–94% [9,10]. However, the commonly used 
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sludge for protein extraction is dewatered sludge (DS), 
whose moisture content is usually approximately 80% 
[11,12]. Therefore, the moisture content must be adjusted 
in advance to meet the requirements of alkaline-thermal  
hydrolysis.

In municipal sewage treatment plants, in addition to 
DS, excess sludge can be obtained from the primary set-
tling tank (PS, moisture content 95%–97% [13]), secondary 
settling tank (SS, moisture content 99%–99.5% [14]), thick-
ening tank/equipment (TS, moisture content 94%–96% 
[15]) and anaerobic digestion tank (AS, moisture content 
94%–98% [16]). The moisture contents of these sludge sam-
ples are higher than 92%. If the samples could be directly 
dehydrated to a 92% moisture content, this would greatly 
simplify the commonly used protein extraction process, 
in which moisture must be added in advance to adjust the 
DS moisture content from 80% to 92%, and the energy and 
chemical consumption of the sludge dewatering process 
could be effectively reduced.

Sludge protein extracted by the alkaline thermal method 
is suitable for preparing foaming agents. The foaming per-
formance of the sludge hydrolysate mainly depends on the 
protein content and degree of hydrolysis. Generating more 
polypeptides by controlling incomplete protein hydrolysis 
is a key factor in foam formation and the stability of protein 
solutions [17]. In addition, the dewatering performance of 
hydrolysed sludge is a critical index with respect to the 
subsequent separation of extracted proteins. The specific 
resistance of sludge (SRS) is a comprehensive index used 
to represent the filtration performance of sludge. Its phys-
ical meaning is the resistance of sludge per unit mass per 
unit filtration area when filtering is conducted under a 
certain pressure. According to the SRS value, the dewater-
ing performance of different sludge samples can be com-
pared. The higher the SRS value is, the worse the sludge 
filtration performance [18].

At present, researchers always use DS to extract sludge 
protein, but PS, SS, TS, and AS, which are also rich in pro-
tein, are seldom considered. After adjusting the moisture 
contents of PS, SS, TS and AS to 92%, the alkaline-thermal 
method was used to extract protein, and the protein 
extraction effect was compared with that of DS (moisture 
content adjusted to 92%). The optimal sludge source was 
determined by comparing the protein extraction rate, poly-
peptide content and dehydration performance of hydro-
lysed sludge obtained by alkaline thermal hydrolysis of each 

kind of sludge. This study may provide a reference for the 
practical application of sludge protein recovery processes.

2. Materials and methods

2.1. Experimental sludge samples

The sludge samples used in the experiment were PS, SS, 
TS, AS and DS from a municipal sewage treatment plant 
in Zhengzhou that uses an anaerobic-anoxic-oxic (A2/O) 
process (as shown in Fig. 1), and the moisture contents of 
all sludge samples were adjusted to 92% before hydrolysis. 
TS was a mixture of PS and SS that was centrifugally con-
centrated after the addition of 0.1% polyacrylamide (PAM). 
The properties of the raw sludge samples are shown in 
Table 1.

2.2. Hydrolysis reactor

The alkali-thermal reaction was carried out in a cus-
tom-made fast-open miniature reactor (TSZ-GF series). 
The equipment is shown in Fig. 2, and the equipment 
parameters are shown in Table 2.

2.3. Experimental process

The experiment was carried out under optimized con-
ditions (pH = 12, reaction temperature: 120°C, reaction 
time: 4 h, sludge moisture content: 92%) based on a previ-
ous experiment [5] using TS. First, the moisture contents of 
PS, SS, TS, AS and DS were adjusted to 92%, and then, the 
pH of each sample was adjusted to 12 with 10 M NaOH. 
Then, 1 L of each adjusted sludge sample was added to 
the preheated hydrolysis reactor at 120°C for 4 h. During 
this reaction, the stirring speed of the preheated hydroly-
sis reactor was maintained between 50 and 100 rpm. Then, 
the reactor stopped heating, and the valve was opened to 
reduce the pressure to 0 MPa when the reactor had cooled 
to approximately 60°C. After cooling to room temperature, 
the hydrolysed sludge and its supernatant were analysed.

2.4. Analytical methods

The pH was measured by a pH meter (model: PHSJ- 4A, 
Shanghai Precision Scientific Instrument Co., Ltd., China). 
Mixed liquor suspended solids (MLSS) and total Kjeldahl 
nitrogen (TKN) were determined by the determination 

Table 1
Properties of sludge samples

Sludge  
type

Before adjustment After adjustment

Moisture content (%) TCOD (mg/L) Moisture content (%) MLSS (g/L) TKN (g/L)

PS 93.7 24,000 92.4 65.86 21,428.9
SS 98.8 9,000 92.5 48.93 22,232.03
TS 95.5 30,000 92.8 51.34 23,215.62
AS 96.0 15,000 92.3 43.65 16,946.09
DS 81.6 98,000 92.1 56.9 21,160.94

TCOD – Total chemical oxygen demand; MLSS – Mixed liquor suspended solids; TKN – Total Kjeldahl nitrogen
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method for municipal sludge in wastewater treatment 
plants [19].

The protein concentration in the supernatant was mea-
sured using a BCA kit (Beijing Pulilai Gene Technology Co., 
Ltd., China) [20]. Bovine serum albumin (BSA) was taken 
as the standard sample. Protein was subjected to a complex 
reaction with Cu2+ under alkaline conditions to reduce Cu2+ 
to Cu+, after which the combination of Cu+ with the BCA 
reagent formed a relatively stable purple complex. The 
absorbance at 562 nm was measured using a UV-visible 
spectrophotometer, and the protein concentration was cal-
culated according to the standard curve. After this BCA reac-
tion proceeded for 30 min at 60°C, the sensitivity increased 
to a high level within the range from 5 to 250 µg/mL.

Polypeptides were determined by the biuret method 
[21], amino acids were stained with ninhydrin [22], total 
chemical oxygen demand (TCOD) and soluble chem-
ical oxygen demand (SCOD) were determined by the 
dichromate method [23], and SRS was determined by the 
Baermann funnel method [24]. The device diagram and pro-
cess flow of the experimental method are shown in Fig. 3. 
The viscosity of the filtrate was measured by a viscometer 
(Changji Geological Instrument Co., Ltd., NDJ-5S, China)

The specific experimental process was as follows: 
after the filter paper was placed in the Baermann funnel 
(diameter 65–80 mm), the vacuum pump was turned on, 
and the vacuum pump valve was closed when the vac-
uum pressure reached 0.03 MPa. Then, 100 mL sludge 
was added to the Baermann funnel, and the pressure 
of the vacuum pump was adjusted. When the pressure 
reached 0.05 MPa, timing started, and the volume of fil-
trate in the graduated cylinder was recorded. The volume 
and viscosity of the filtered liquid were also recorded at 

intervals until the vacuum environment was destroyed. 
Then, the vacuum pump valve was closed, and the 
wet weight of the filtered sludge was determined. The 
sludge was then placed in an oven at 105°C, and the dry 
weight was measured after drying. The SRS (s2/g) was 
calculated as shown in Eqs. (1) and (2) [25].

2 22PFSRS s b
g c

 
= ×  µ 

 (1)

b t V
V
/  (2)

where P and F denote the vacuum degree (g/cm2) and 
filtration area (cm2), respectively; µ and b denote the 

Fig. 1. Process flow diagram of the A2/O wastewater treatment plant.

Table 2
Reactor parameters

Parameters Values

Volume (mL) 1,500
Heating power (W) 300–3,000
Temperature (°C) 400
Working pressure (MPa) 0–22
Stirring speed (rpm) 0–100

Fig. 2. Fast-open miniature reactor (1 – motor strut; 2 – motor; 
3 – conveyor belt; 4 – stirring rod; 5 – pressure gauge; 6 – valve; 
7 – temperature sensor; 8 – cover; 9 – reactor body; 10 – polytet-
rafluoroethylene; 11 – heating ring; 12 – insulating layer; 
13 – temperature control system).
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viscosity of the filtrate (g/cm s) and the slope of the curve 
of t/V vs. V, respectively; C denotes the dry weight of sludge 
obtained per unit volume of filtrate (g/mL); V and T denote 
the volume of filtrate (mL) and the time (s), respectively.

2.5. Calculation methods

The protein extraction rate (RP) was calculated as 
shown in Eq. (3) [20].

R
M
MP = ×1

2

100%  (3)

where M1 is the protein content in the supernatant of 
the hydrolysed sludge, mg/g VSS and M2 is the protein 
content in the raw sludge (RS), mg/g VSS.

2.6. Statistical analysis

All analyses were conducted in three groups of par-
allel tests, the results of which were expressed as the 
means. The calculations were performed with the statis-
tical program SPSS 20.0 (SPSS Inc., Chicago, USA) and 
Excel 2013 (Microsoft Office Standard). Analysis of vari-
ance was used to determine whether there were any sig-
nificant differences among the different sludge samples 
in terms of the protein extraction rate, and differences 
were considered significant if p < 0.05.

3. Results

3.1. Protein contents extracted from different sludge samples

The protein extraction effects of different sludge sam-
ples under the same conditions are shown in Fig. 4.

Fig. 4 shows that the protein concentrations of 
the hydrolysates of TS and SS were relatively high, at 
22,019.37 and 19,128.14 mg/L, respectively, and the RP of 
TS exceeded 90%. However, the hydrolysed protein con-
tents of PS, AS and DS were relatively low, all of which 
were between 12,000 and 15,000 mg/L. The RP of DS, which 
is commonly used in the protein recovery process, was 

approximately 30% lower than that of TS. In addition, 
Fig. 4 shows that although the hydrolysed protein con-
tent of DS was higher than that of AS, the RP of DS was 
lower than that of AS (p < 0.05). Similarly, the difference 
in protein extraction content between PS and AS was 
not as significant as that of RP (p < 0.05). This is because 
PS mainly comprises settleable substances that contain 
between 40% and 80% organic matter. The quality of the 
protein extracted from PS was relatively low. The protein 
content of AS decreased greatly after the stabilization 
process, but the hydrolysis effect was better.

3.2. Changes in the SCOD of different sludge samples 
after hydrolysis

SCOD represents the dissolved chemical oxygen demand. 
The amount of dissolved organic matter in sludge hydro-
lysate mainly depends on SCOD. SCOD has become the 
main index to characterize the hydrolysis of sludge and 
the degree of cell wall breakage [5,7,10].

Fig. 5 shows that the SCOD results for the five kinds 
of sludge hydrolysate after alkali-thermal hydrolysis were 
roughly the same as the protein results shown in Fig. 4. The 
SCOD concentrations of TS and SS were relatively high, 
36,372.8 and 32,447.2 mg/L, respectively. However, the SCOD 
concentration of PS was higher than that of AS and DS, 
which was different from the concentration distribution of 
protein. The SCOD concentration of AS was close to that of 
DS, approximately 19,000 mg/L, which was approximately 
50% lower than that of TS.

3.3. Contents of polypeptides and amino acids extracted from 
different sludge samples

In sludge protein extraction, the obtained protein solu-
tion can be used as a foaming agent. Therefore, controlling 
incomplete protein hydrolysis to facilitate conversion to 
more peptides is a key factor for foam formation and sta-
bility. Fig. 6 shows the amount of peptides and amino acids 
produced by the hydrolysis of different sludge samples.

It can be seen from Fig. 6 that regardless of what kind 
of sludge was used, the content of polypeptides obtained 

Fig. 3. Device diagram for the determination of SRS.
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by hydrolysis was much higher than that of amino acids, 
indicating that the alkali-thermal conditions used could 
effectively control the degree of protein hydrolysis and 
produce hydrolysis products dominated by polypeptides, 
which are beneficial to the foaming properties of extracted 
protein. The contents of polypeptides produced by TS and 
SS were approximately 6,500 mg/L, and they were 30% 
higher than those produced by AS and DS.

3.4. Dewatering performance of different sludge 
samples after hydrolysis

The dewatering performance of sludge after hydrolysis 
has a direct impact on the subsequent protein separation 
process. The dewatering performance of the sludge was 
characterized by SRS. A low SRS value indicates that the 
sludge has a high dewatering performance.

Fig. 7 shows that the SRS values of different sludge 
samples after hydrolysis varied greatly. Overall, the SRSs 
of PS and AS were higher than those of SS and DS. The 
minimum SRS (1.40 × 109 s2/g) of TS was 50% lower than 
that of PS, indicating that the dewatering performance 
of TS was 50% higher than that of PS. It is generally con-
sidered that sludge with an SRS value of 109 to 1010 s2/g is 
difficult to filter, sludge with an SRS value of 0.5 × 109 to 
0.9 × 109 s2/g has a moderate filtration difficulty, and sludge 
with an SRS value lower than 0.4 × 109 s2/g is easy to fil-
ter [26]. In this test, the SRS of hydrolysed TS was close to 
the moderate filtration difficulty level and was more than 
10 times lower than that of raw TS (SRS = 1.7 × 1010 s2/g). 
Thus, it could be concluded that the dewatering perfor-
mance of TS increased 10 times after hydrolysis, which was 
beneficial to subsequent protein separation.

4. Discussion

This experiment focused on the suitability of different 
kinds of sludge for protein extraction. Under the action 
of NaOH and hydrothermal treatment, the floc structure 
and microbial cell structure of sludge are destroyed, and 
intracellular substances can be released [27]. As shown in 
Fig. 4, the protein contents obtained by hydrolysis of SS and 

TS were the highest. SS and TS contained a large number 
of microorganisms and were rich in protein content, so the 
protein extraction effect was the best. PS mainly comprised 
settleable substances that contained between 40% and 80% 
organic matter. The quality of the protein extracted from 
PS was relatively low, so its RP was the lowest among the 
five kinds of sludge. The protein contents of AS and DS 
decreased greatly after the stabilization process [28], so 
the extracted protein concentrations were lower than those 
of SS and TS. Further comparison between SS and TS 
showed that the protein concentration and RP of TS were 
slightly higher than those of SS. SS consists of flocculent 
sludge particles with a high moisture content produced in 
the process of biological sewage treatment and is mainly 
composed of suspended matter in sewage, organic matter 
adsorbed by microorganisms and microbial metabolic prod-
ucts. Therefore, under the condition of the same moisture 
content, the content of microbial protein in SS should be 
higher than that in TS. However, the experimental results 
showed that the protein content of TS after hydrolysis was 
higher than that of SS. Therefore, it could be inferred that 
the addition of PAM to TS interferes with the determination 
of protein [29]. Similar results were also obtained for AS and 
DS. Both AS and DS were stabilized sludge, and their pro-
tein contents should be similar. However, the addition of 
0.3% PAM containing amidogen to DS induced an increase 
in the measured protein concentration and a decrease in the  
calculated RP.

The difference in the SCOD of each sludge sample 
(Fig. 5) was similar to that of protein concentration in Fig. 4,  
indicating that the alkaline-thermal hydrolysis process pro-
ceeded via cell wall breakage that dissolved protein and 
released organic matter. Therefore, the SCOD concentrations 
of TS and SS were similarly high. PS included a large num-
ber of settling organic compounds. Alkaline-thermal hydro-
lysis can promote the hydrolysis of complex polymers and 
dissolve them into small-molecular organic compounds, so 
the SCOD concentration of PS was also greatly increased. 
However, the organic matter contents of AS and DS 
were low, so the SCOD was relatively low after hydrolysis.

Fig. 4. Protein extraction effects of different sludge samples.
Fig. 5. Changes in SCOD after the hydrolysis of different sludge 
samples.



J. Gao et al. / Desalination and Water Treatment 262 (2022) 283–289288

During the protein hydrolysis process, various sec-
ondary bonds and cross-linking bonds in protein mole-
cules are gradually destroyed, inducing the dissolution 
of sludge proteins and breakage of peptide chains; thus, 
sludge proteins are gradually hydrolysed into polypep-
tides, and some proteins can be further hydrolysed into 
amino acids [30]. The recovery of sludge protein is mainly 
performed to obtain a substrate for the production of 
foaming agents. Therefore, alkaline thermal conditions 
should be controlled to hydrolyse proteins into poly-
peptides and inhibit their further hydrolysis into amino 
acids. As shown in Fig. 6, the polypeptide contents of 
these five kinds of hydrolysed sludge were much higher 
than the contents of amino acids. Further analysis showed 
that TS and SS had higher protein contents, as shown in 
Fig. 4, and the highest polypeptide contents, as shown in 
Fig. 6, so these sludge types would be more suitable than 
the other types for the preparation of foaming agents by  
hydrolysis.

For microbial-rich SS and TS, alkaline-thermal hydro-
lysis could promote the destruction of sludge flocs and 
microbial cell structure. This kind of damage could not 
only release interstitial water but also part of the intracellu-
lar water so that the dewatering performance of the sludge 
could be greatly improved. AS and DS were stable, and their 
hydrolysis effects were limited, so their SRSs were higher 
than those of TS and SS. However, the addition of PAM 
[29] to TS and DS increased the size of the sludge particles 
due to anion interactions, thus reducing SRS and improv-
ing the dewatering performance. This improvement mainly 
occurred because cationic groups on the branched chains 
of PAM can achieve highly efficient electrical neutraliza-
tion, adsorption bridging and intermolecular trapping. 
TS and DS exhibited obvious reductions in SRS, as shown 
in Fig. 7. For PS, alkaline-thermal hydrolysis hydrolysed 
and dissolved complex organic and inorganic matter, so 
the size of PS decreased, and the resultant fragments had 
a greater specific surface area, leading to the absorption of 
more free water. Therefore, the dewatering performance 

of the hydrolysed PS was the worst among the five kinds  
of sludge.

Overall, the commonly used DS was not a good 
choice for protein extraction regardless of the RP or poly-
peptide content, while TS and SS were obviously bet-
ter choices. Further analysis showed that the moisture 
content of SS was usually 99.2%–99.6%, while that of 
TS was usually 94%–96%, which is closer to the optimal 
moisture content of 92%. Therefore, considering the com-
plexity of moisture content adjustment prior to hydro-
lysis, TS would be a more suitable raw material for the 
recovery of protein as a foaming agent.

5. Conclusions

The extraction of proteins from PS, SS, TS, AS and DS 
under certain hydrolysis conditions was compared. The 
protein extraction rate reached more than 90% when SS 
and TS were used, which was 30% higher than that of the 
commonly used DS. The polypeptide content of approxi-
mately 6,500 mg/L produced by TS and SS was consider-
ably higher than those produced by other kinds of sludge, 
indicating that the protein solutions derived from TS and 
SS have better foaming ability. In addition, the dewatering 
performance of TS was improved 10 times after protein 
extraction, providing great convenience for subsequent 
protein separation. The moisture content of TS (95%–96%) 
was closer than that of DS to the moisture content required 
(92%) in alkaline-thermal hydrolysis. Therefore, TS is a 
more suitable raw material for protein recovery than the 
commonly used DS.

Residual sludge may also contain a variety of toxic and 
harmful substances [31]. Future research will explore the 
harmful substances in different types of sludge and the 
impact of these harmful substances on protein recovery.
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