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Introduction
A large amount of waste activated sludge (WAS) is continuously produced in the rural areas of China with an increasing number of sewage treatment facilities and discharge standards for rural wastewater treatment (Li et al., 2020). Due to
existence of hazardous substances in the sludge, WAS needs
proper treatment and disposal; otherwise, it easily causes secondary pollution to natural water bodies and soil (Fang et al.,
2019).
As an effective technology for WAS treatment and resource recovery, the anaerobic digestion of WAS for production of volatile fatty acids (VFA) has attracted considerable interest because, the produced VFAs have a higher commercial
value and wider application range as compared to methane
(Agler et al., 2011; Fang et al., 2020). For example, the produced
VFAs appear to be a good alternative carbon source for biological nitrogen and phosphorus removal in some wastewater
treatment facilities, particularly in the rural areas of China,
which usually have a shortage of influent organic carbon
sources (Huang et al., 2016). If the VFA generated from anaerobic fermentation of WAS efficiently works in nitrogen removal, it will achieve the simultaneous treatment of sludge
and wastewater. However, the efficiency of sludge hydrolysis
and acidification is generally limited by the disintegration and
solubilization of WAS owing to the complexity of the sludge.
Various pretreatment methods using physical, chemical,
and biological methods and their combination to decompose
WAS have been extensively studied (Barber, 2016; Fang et al.,
2019; Gonzalez et al., 2018). Among the pretreatments, the employment of low temperatures (< 100°C) is widely accepted, as
it can enhance the disintegration and solubilization of organic
components in WAS (Nazari et al., 2017). Most studies came to
the general consensus that a sufficient increase in the anaerobic biodegradability of WAS already occurred at 60-75°C, with
an application time between a few to 15 hr (Wan et al., 2020).
However, a higher temperature (a range of 80-95°C) and longer
application time occasionally resulted in some deviating results and reduced digestibility. This is because the conditions
at higher application temperatures and increased application
times potentially increase the generation of refractory products from the Malliard reaction (Fang et al., 2020). Currently,
the main drawback of the low temperature pretreatment is
the long pretreatment time (more than a few hours), compared with other pretreatment methods (Nazari et al., 2017).
This not only reduces treatment efficiency but also increases
energy costs and the risk of the generation of refractory compounds, greatly decreasing the overall profitability of the process.
As a solid peroxide, calcium peroxide (CaO2 ) slowly decomposes to form H2 O2 and Ca(OH)2 , improving the dissolution of particulate organic matter in WAS. Recently, CaO2 has
been used as an additive for the pretreatment of WAS to enhance VFA production (Li et al., 2015; Wang et al., 2019). Moreover, CaO2 was integrated with other pretreatment methods,
such as free nitrous acid (FNA), to enhance VFA production
(Wang et al., 2018). For example, Wang et al. (2016) revealed
that VFA production was highest (338.6 mg COD/g VSS) in the
anaerobic fermentation of WAS when the sludge was pre-

treated with 180 mg/L FNA combined with 0.05 g/g TS CaO2
for 3 days. The value obtained with this pretreatment was
2.5-fold higher as compared to the sole pretreatment with
CaO2 or FNA. Heating can promote the decomposition of CaO2
and the generation of hydroxyl radicals from hydrogen peroxide. Moreover, as an effective oxidant, CaO2 can effectively
remove non-biodegradable refractory contaminants in WAS
that are potentially produced during the heating pretreatment
(Kaewdee et al., 2016). Therefore, we hypothesize that the pretreatment of WAS with CaO2 under low temperatures could
promote its disintegration and solubilization, thereby achieving more efficient hydrolysis and acidification results. To the
best of our knowledge, although some studies have reported
the effect of either low-thermal or CaO2 pretreatment on VFA
production during the anaerobic fermentation of WAS, the
combined pretreatment effect on improving VFA production
has seldom been studied, let alone the application of VFAs as
a carbon source for nutrient removal.
Herein, the main objectives were: (1) to investigate the efficiency of the combined CaO2 and low-thermal pretreatment
on enhancing the fermentative VFA production; and (2) to clarify the feasibility of the fermentative liquor as a carbon source
to enhance nitrogen removal. The findings obtained in this
study may help to develop an efficient method to properly
treat WAS.

1.

Materials and methods

1.1.

Source and characteristics of WAS

The sewage sludge was collected from an integrated wastewater treatment facility (Xiongan New Area, China), which uses
an Anaerobic-Anoxic-Oxic process. The collected sludge was
settled for 24 hr and stored at 4°C for further use. The basic
characteristics of the concentrated sludge were as follows: a
pH of 6.7 ± 0.2, total solids (TS) of 13.5 ± 0.1 g/L, volatile solids
(VS) of 9.3 ± 0.1 g/L, a total chemical oxygen demand (TCOD)
of 11.5 ± 0.2 g/L, a soluble COD of 69 ± 2 mg/L, a total polysaccharide content of 1.2 ± 0.1 g COD/L, a total protein content of
5.9 ± 0.1 g COD/L.

1.2.

Pretreatment of WAS

Each pretreatment was applied in a beaker having a working
volume of 1 L and was mixed in a water-bath at a speed of 400
rpm using magnetic stirrers. Different amounts of CaO2 stock
solution (2.0 mol/L) were added into the beakers, resulting in
the initial CaO2 dosages of 0, 0.05, 0.1, 0.2, and 0.3 mg/g VS,
respectively. For the low-thermal pretreatment, the temperature was set to 70 °C for 1 hr, according to our pre-test results,
and the combined pretreatment was applied at the same temperature. For the control group and sole CaO2 group, the tests
were carried out at room temperature for 1 hr.

1.3.

Anaerobic fermentation tests

The anaerobic fermentation of WAS was conducted in the
identical serum bottles with a volume of 500 mL. A total of
380 mL of pretreated sludge was added into each fermentation
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bottle. All bottles with sludge were flushed with nitrogen gas
for 2 min to remove oxygen and sealed with rubber plugs. Afterwards, the sealed bottles were placed in an air-bath shaker
with a temperature of 37 ± 1°C and a mixing speed of 150
r/min. During pretreatment and anaerobic fermentation, the
pH was uncontrolled. In each bottle, a sample of 25 mL was
extracted and monitored on a daily basis. All tests were conducted in triplicate.

1.4.
Sequencing batch reactor (SBR) sewage treatment
system
Two identical lab-scale SBRs with a height of 180 cm, a total
volume of 5.6 L, and an operational liquid volume of 2.8 L were
operated under the process of the aerobic-anoxic model. After a start-up period, a total operational cycle of 4.5 hr was
applied, consisting of a 10 min feed phase, a 3.5 hr reaction
phase, a 45 min settling phase, and a 5 min decanting phase.
To test the effect of the fermentative liquid on nitrogen removal, different denitrification carbon sources were added in
the anoxic stage. The disintegrated sludge liquor (SLD) was
produced from raw sludge under the combined pretreatment
at 70°C and a CaO2 content of 0.2 g/g VS, and the disintegrated
sludge mixture was harvested by filtration through a 0.45 μm
polyether sulfone membrane after centrifugation at a speed
of 12,000 r/min. Disintegrated sludge liquor and hydrolytically
acidified disintegrated sludge liquor (SLDHA) was produced
from the sludge pretreated by combined pretreatment (70°C
for 60 min + 0.2 gCaO2 /gVS) with anaerobic hydrolysis and
acidification. The produced fermentative mixtures were all
separated and filtered under the same conditions. Hydrolytically acidified sludge liquor (SLHA) was produced from raw
sludge without pretreatment.
The artificial wastewater medium contained the following
(mg/L): C6 H12 O6 250; NH4 Cl 132; NaHCO3 532; KH2 PO4 11. The
trace element contains of (mg/L): ZnCl2 0.85; CoCl2 .6H2 O 0.83;
MnCl2 .4H2 O 0.17; NiCl2 .6H2 O 0.2; CuCl2 .2H2 O 0.53; FeCl2 .4H2 O
6.1; Na2 SeO3 1.02; HBO3 0.032; CaCl2 .2H2 O 125. According to
calculation, different carbon sources were added to the SBR in
the anoxic stage to obtain a COD/N ratio of about 9:1.

1.5.

Analysis method

Total solids (TS) and volatile solids (VS) were determined using standard methods (APAH, 2005). After filtration through
cellulose membrane filters with a diameter of 0.45 mm, the
soluble chemical oxygen demand (SCOD), soluble polysaccharides and proteins, NO2 -N and NO3 -N as well as VFA were
detected. The SCOD was measured using the Hach COD kit.
NO2 -N and NO3 -N in the filtrate were detected using a UVspectrophotometer (HI 83,200, Hanna Instruments Inc., USA).
Polysaccharides were determined by the anthrone-sulfuric
acid method, with glucose as the standard (DuBois et al., 1956).
Proteins were measured by the Lowry-Folin method (Lowry
et al., 1951), using bovine serum albumin (BSA) as the standard
substance. Detailed information about the VFA measurement
can be found in Fang et al., (2020). Extracellular polymeric
substances (EPS) extraction and detection was conducted according to the modified heat method (Wang et al., 2019). The

Fig. 1 – Variations in EPS concentrations after different
pretreatments: (a) polysaccharides and (b) proteins.

methane production during anaerobic fermentation was detected according to Fang et al. (2014). The pH was measured
with a pH meter (Thermo Scientific Orion FE28, USA).

2.

Results and discussion

2.1.
Influence of pretreatment on EPS variation and WAS
solubilization
As a major component of the sludge matrix, the changes in
EPS concentrations in the sludge has been widely used to evaluate WAS solubilization. As shown in Fig. 1, the results indicate that the TB-EPS (inner layer) was the dominant EPS matrix in raw sludge, which was similar to the results of previous
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studies (Wan et al., 2020). After different pretreatments, the
concentrations of TB-EPS significantly decreased, while the
concentration of LB-EPS and S-EPS simultaneously increased,
where S-EPS dominated the total amount of EPS in the WAS.
It indicated that the EPS matrix was largely disrupted and
more soluble EPS produced. In other words, the organic matter in EPS became more readily accessible to anaerobic bacteria, which certainly could enhance the process of hydrolysis
(Yin et al., 2014). Specifically, the content of soluble proteins
and polysaccharides remarkably increased after the pretreatment, and their maximal concentrations in S-EPS in the WAS
was obtained after the combined pretreatment at 70°C and a
CaO2 content of 0.2 g/g VS. The content of soluble polysaccharides and proteins increased from 3.2 ± 0.8 mg COD/L and 12.2
± 0.3 mg COD/L to 253 ± 4 mg COD/L and 569 ± 14 mg COD/L,
respectively. Interestingly, the low-thermal pretreatment had
a strong influence on proteins and polysaccharides. For the
low-thermal pretreatment alone, 430 ± 14 mg COD/L of soluble proteins and 217 ± 5 mg COD/L of soluble polysaccharides
were obtained in the S-EPS in the WAS, which was approximately 14% and 20% lower than their maximal results, respectively. Moreover, the concentration of solubilized proteins was
higher than that of polysaccharides, which is in accord with
the organic composition of WAS reported earlier (Cesaro and
Belgiorno, 2014).

2.2.
Influence of pretreatment on the hydrolytic
acidification of WAS
2.2.1.

VFA production

After WAS solubilization and hydrolysis, the solubilized organic matter was further bio-converted to VFA by acidogenic
bacteria (Rajagopal et al., 2014). The VFA production in terms
of the COD concentration during anaerobic fermentation of
WAS is shown in Fig. 2. In all tests, the total VFA concentrations rapidly increased with fermentation time and then
gradually reached a plateau. For the sludge without pretreatment, VFA accumulation was obviously lower as compared to
that with pretreatment. For the low-thermal pretreatment at
70 °C alone, the maximal VFA concentration was 2384 ± 72
mg COD/L, which was 1.4-fold of that obtained in the control.
Moreover, the maximal VFA concentration was 3529 ± 188 mg
COD/L after the combined pretreatment (70°C + CaO2 of 0.2
g/g VS) on the 7th day, which was 2.1 and 1.4-fold of that obtained from the sole low-thermal pretreatment and the control test, respectively. To further evaluate the influence of induced CaO2 on VFA production, the fermentation of WAS with
CaO2 addition (0.2 g/g VS) was carried out. Its maximal VFA
yield was only 1892 ± 52 mg COD/L for 7 days, which was lower
22% and 46% that obtained in the sole low-thermal temperature pretreatment and combined pretreatment, respectively.
These results indicated that sole low-thermal temperature
pretreatment had greater influence than sole CaO2 addition
(0.2 g/g VS) on VFA production, and the combined pretreatment had a better performance than the low-thermal pretreatment alone, showing a synergistic effect. The highest VFA
production of 363 ± 12 mg COD/g VS in this study was comparable to that reported in other studies with different pretreatment methods, where around 270−370 mg COD/g VS were
achieved (Fang et al., 2020). It is worth noting that methano-

Fig. 2 – Effect of pretreatment on (a) VFA and (b) methane
production from WAS anaerobic fermentation.

genesis may start to consume VFAs with a prolonged fermentation time, thus, the fermentation time should be shortened
to avoid, or at least minimize, methanogenesis (Fang et al.,
2018). In this study, the optimal fermentation time was 7 days,
which inhibited methanogenesis. Fig. 2b shows a maximal cumulative methane production of 20.3 ± 0.7 mL/g VS in the
control, which was 2.6 and 6.5-fold of that from the individual low-thermal and the combined pretreatment (70°C + 0.2 g
CaO2 /g VS), respectively. Besides, the methane production was
largely lower than other studies focusing on methane production. For example, Guo et al. (2020) obtained 357 mL CH4 /g VS of
methane production from anaerobic digestion of WAS. This
result shows that there was no obvious methane production
during the anaerobic fermentation in all tests, and the pretreatment significantly suppressed the consumption of VFAs
for methane production. When the dosage of CaO2 was further increased to 0.3 g/g VS, the VFA yield decreased, which
might be attributed to the toxic effects of higher CaO2 concentrations to acidogenic bacteria (Wang et al., 2019).
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Fig. 4 – pH variations during anaerobic fermentation.

Fig. 3 – Effect of pretreatment on VFA spectrum.

2.2.2.

VFA spectrum

It is necessary to analyze the composition of the produced
VFAs because the VFA composition in the fermentation broth
may affect their application downstream (Kleerebezem et al.,
2015). During anaerobic fermentation in this study, six types
of VFAs, acetate, propionate, iso-butyrate, n-butyrate, isovalerate, and n-valerate acid, were detected. When the VFA
production reached the peak value on the 7th day, the spectrum of individual VFAs in the different treatments was analyzed in detail. As shown in Fig. 3, acetate and propionate
were the top two VFA products in the fermenter broth, accounting for more than 60% of the total VFAs in all treatments. Moreover, it was observed that the pretreatment obviously influenced the VFA composition during fermentation.
For instance, the individual percentage of acetate increased
from 33.3% in the raw sludge without pretreatment to 39.4%
in the low-thermal pretreatment (70°C) and 59.3% in the combined pretreatment (70°C + 0.2 CaO2 g/g VS), respectively. It
is possible that methanogens converted acetate into methane
(as shown in Fig. 2b), resulting in a lower concentration of acetate in the control (Fang et al., 2020). Although there is no
strict limit in VFAs for wastewater treatment, low-molecular
weight VFAs, such as acetate and propionate, have been identified as the preferred carbon source for biological nutrient removal (Fang et al., 2017; Li et al., 2016). Thus, the fermentative
VFAs from pretreated sludge could be beneficial to nitrogen removal. The total amount of iso-butyric and n-butyric acid accounted for about 8%–19%, while n-valeric acid had the lowest
content, with less than 7% in all treatments.

2.2.3.

drop within the first day due to VFA production and accumulation, and a slow decrease afterwards. After 7 days of fermentation, the pH in the fermentative broth decreased from 5.9
to 6.3, ensuring suitable conditions for anaerobic fermentation (Fang et al., 2020). Obviously, the combined pretreatment
(70°C + CaO2 of 0.2 g/g VS) had the lowest pH during fermentation as compared to the other treatments, which is consistent with the VFA concentration during the WAS fermentation. A powerful VFA product chain requires a minimal input
of chemicals to regulate pH. In this study, the results indicated
that there was no need for the dosing of chemicals to monitor the pH for a comparable VFA production due to the correct
range of pH values.

2.2.4.

Ammonium variation

During the process of the anaerobic fermentation of WAS,
NH4 + -N is produced because of the bio-degradation of nitrogenous compounds, such as protein (Fang et al., 2016; Tan et al.,
2012). If VFAs are used as a carbon source for nitrogen removal,
the excessive NH4 + -N released may decrease treatment efficiency. As shown in Fig. 5, the NH4 + -N concentrations under
all conditions had similar trends, increasing rapidly and then
being stable after 3 days of anaerobic fermentation. At the end
of fermentation, the NH4 + -N concentration in the different
treatments was in the range from 301 ± 15 mg/L to 498 ± 21
mg/L. The combined pretreatment resulted in higher concentrations as compared to the individual pretreatments and the
control. Moreover, the higher dosage of CaO2 , the more NH4 + N was released. Thus, the sludge pretreated at 70°C and the
addition of 0.2 g CaO2 /g VS was more suitable for hydrolytic
acidification, where the maximum VFA production and a relatively low NH4 + -N release could be achieved.

pH variation

The pH is one of the most influential factors in anaerobic fermentation. Fermentative microorganisms can work in a wide
pH range between 5.0 and 8.5 (Lee et al., 2014). As shown in
Fig. 4, the initial pH in all tests was in the range of 6.8 to 7.0.
The pH changes in different tests were similar, with a quick

2.3.
Performance of denitrification with an external
carbon source
According to the above results, the VFA mixture of the WAS
in the combined pretreatment (0.2 g CaO2 /g VS + 70 °C for 60

150

journal of environmental sciences 108 (2021) 145–151

Fig. 5 – NH4 + -N variations during the anaerobic
fermentation of WAS with different pretreatments.

Fig. 6 – Effluent NH4 + -N, NO3 + -N, and TN concentration
with the addition of different denitrification carbon sources.
Wastewater COD/N ratio of about 9:1.

Table 1 – Characteristics of different external carbon
sources.

SLDHA
SLHA
SLD

+

+

VFA concentration
(mg/L)

NH4 -N (mg/L)

VFA/ NH4 -N

3529 ± 188
1672 ± 93
112 ± 7.2

498 ± 15
300 ± 13
56.1 ± 3.2

7.1 ± 0.3
5.6 ± 0.2
2.0 ± 0.1

min) was selected as the denitrification carbon source. To better evaluate the denitrification efficiency, SLD and SLHA were
also tested. The three different characteristics of the sludge
liquor are shown in Table 1. Clearly, the concentrations of VFA,
NH4 + -N, and VFA/NH4 + -N of SLHA and SLDHA were all significantly higher than those of SLD. In this study, the fermentative broth has maximal NH4 + -N concentration as high as 498
± 15 mg/L, but the VFA concentration is much higher than
NH4 + -N. The maximal VFA/NH4 + -N obtained by SLDHA was
7.08, which was more than 3 times of that in SLD. After adding
different denitrification carbon sources to the SBR system, the
effluent COD showed insignificant differences and was below
45 mg/L, which meets most of the discharge standards for rural wastewater treatment plants in China (Mayer et al., 2016;
Wilfert et al., 2018). It is worth noting that some studies raised
concerns about the addition of disintegrated sludge as denitrification carbon source into the reactor due to a potential
increase in the concentrations of effluent COD and NH4 + -N
(Boehler and Siegrist, 2007; Yoon et al., 2004). In practice, before using as supplementary carbon source, the fermentation
liquid could be flocculated by addition of MgCl2 and cationic
polyacryl amide to remove NH4+-N and soluble organic phosphorus to reduce a nitrogen load in mainstream wastewater
treatment plant (Huang et al., 2016).
Fig. 6 presents the concentrations of effluent TN, NH4 + -N,
and NO3 -N. After addition of an external carbon source, the effluent NO3 -N significantly decreased from 19.7 ± 0.8 mg/L in
the control group to 7.4 ± 0.3 mg/L in the SLDHA group, respec-

Table 2 – Comparison of main discharge standards for
pollutants in rural wastewater treatment plants in typical areas of China.
Area

COD

BOD5

SS

NH3 -N

TN

TP

Beijing
Zhejiang provinve
Hebei Province
Xiongan New Areaa
Chengdu

30
60
50
20
50

6
/
10
4
/

5
20
10
/
10

1.5 (2.5)
15(20)
5(8)
1.0 (1.5)
8 (15)

15
/
15
10
15

0.3
2
0.5
0.3
1

Note: a represnts central control district.

tively. In contrast, with the addition of denitrification carbon
sources, the effluent NH4 + -N increased, owing to SLHA and
SLDHA, which contained more NH4 + -N (as shown in Table 1).
At the same time, the NH4 + -N increase from sludge liquors
might have been offset by the excellent denitrification, which
finally led to a significant drop in the effluent TN. Specifically,
when using SLDHA as external denitrification carbon source,
compared to the control group, the TN removal rose by 57.3%,
with an effluent TN of up to 13.5 ± 0.3 mg/L, which meets local
Standard of Pollutants for Rural Wastewater Treatment Plants
(as shown in Table 2). It becomes clear from the results that
more readily biodegradable organics than SLHA and SLD, such
as SLDHA are much better choices for an external denitrification carbon source.

3.

Conclusions

The combined low-thermal and CaO2 pretreatment effectively
disintegrated and solubilized WAS and significantly improved
VFA production during anaerobic fermentation. The highest
VFA production of 3529 ± 188 mg COD/L was obtained at a pretreatment temperature of 70°C and an addition of 0.2g CaO2 /g
VS, with relatively lower NH4 + -N concentrations as compared
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to the other treatments. Thus, these optimal conditions were
selected for WAS pretreatment and further hydrolytic acidification. When SLDHA was applied as an external carbon
source, NO3 -N and TN were efficiently removed (7.4 ± 0.1 and
13.5 ± 0.3 mg/L as compared to 19.7 ± 0.8 mg/L in the control),
which met Class A of the discharge standard for pollutants in
rural wastewater treatment plants in most areas of China.
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