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• Low dosage of Ca(ClO)2 greatly en-
hances the VFAs production from WAS
fermentation.

• The ClO− and generated radicals pro-
mote theWAS solubilization and hydro-
lysis.

• The functional anaerobes for VFAs yield
are enriched with low dosage of Ca
(ClO)2.

• Phosphorus fixation and pathogens in-
activation are achieved simultaneously.
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An efficient approach for synchronous volatile fatty acids (VFAs) promotion, phosphorus fixation and pathogens in-
activation during waste activated sludge (WAS) anaerobic fermentation was achieved with optimal calcium hypo-
chlorite (Ca(ClO)2) stimulation. The maximal VFAs were 3.6 folds of control in reactors with 0.01 g Ca(ClO)2/g TSS
addition. The low dosage of Ca(ClO)2 enhanced WAS solubilization and hydrolysis by disrupting the extracellular
polymeric substance (EPS) effectively. Sufficient substrates for fermentative bacteria were thereby provided with
the maintenance of acceptable microbial activity and viability. However, high dosage of Ca(ClO)2 deteriorated the
performance of anaerobic fermentation due to its strong oxidative ability, resulting in cell lysis greatly. Moreover,
the largely released phosphorus duringWAS fermentation was effectively precipitated and removed by the combi-
nation of Ca2+ at 0.01 g Ca(ClO)2/g TSS dosage. In addition, Ca(ClO)2 had distinguished effects on pathogens inacti-
vation. The simultaneous phosphorus fixation and pathogens reduction during VFAs production increased the
utilization value of fermentation liquid and benefitted the further disposal of fermented sludge.
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1. Introduction

Waste activated sludge (WAS) is one of major byproducts in waste-
water treatment plants (WWTPs). The large amounts of WAS genera-
tion has becoming a significant problem for WWTPs in recent years
(Li et al., 2018; J. Yang et al., 2019; Q. Yang et al., 2019). For example,
the WAS production in China is reported to be approximately 30 mil-
lion tons (80%moisture content) in 2016, and it is supposed to increase
continuously at an annual average rate of 4.75% (Luo et al., 2020). The
unsafe disposal ofWASwould result in severe secondary environmental
pollution considering the widespread hazardous materials (i.e. pollut-
ants and pathogens) inWAS (Luo et al., 2019a; Luo et al., 2018). The cur-
rent main approaches for WAS disposal (i.e. landfills and incineration)
are quite expensive, which are estimated to account for approximate
30–60% of the total operating cost in WWTPs. Moreover, it would lead
to a great waste of potential biomass and nutrients in WAS. Therefore,
it is quite necessary and urgent to explore newly efficient strategies
for WAS treatment.

Anaerobic fermentation is a promising technology for the treatment
of organicwastes, duringwhich a large number of valuable products can
be recovered (Li et al., 2015; Luo et al., 2019). WAS is rich of biodegrad-
able organic matters (such as proteins, carbohydrates and etc.), and is a
potential ideal substrates for anaerobic fermentation with the genera-
tion of highly valuable products (e.g. volatile fatty acids (VFAs), H2 and
CH4) (Luo et al., 2018). Among the products, the efficient production
of VFAs, which include acetic, propionic, isobutyric, n-butyric, isovaleric
and n-valeric acids, fromWAS has recently attracted great attention due
to its wide applications, such as the external carbon sources for biolog-
ical nutrient removal (BNR) in WWTPs (J. Yang et al., 2019; Q. Yang
et al., 2019), generation of electricity through microbial fuel cells
(Chen et al., 2013), and synthesis of complex polymers (Jiang et al.,
2009).

However, WAS is generally cemented and flocculated together by
extracellular polymeric substances (EPS), whichwould block the acces-
sibility of fermentation substrates to functional bacteria. WAS solubili-
zation and hydrolysis are therefore quite significant for the efficient
operation of anaerobic fermentation, and are generally considered as
the rate-limiting steps during the overall process (Luo et al., 2019b).
In order to improve the efficiency ofWAS fermentation, numerous stud-
ies have previously focused on the strategies of solubilization enhance-
ment and hydrolysis acceleration. For example, Luo et al. have once
concluded that mechanical pretreatment (i.e.microwave and ultrasonic
irradiation), chemical pretreatment (i.e. alkaline, ozonation, surfactants,
zero-valent iron), enzymatic additives and etc. were all effective ap-
proaches to promote the VFAs generation from WAS (Luo et al., 2019).
However, the large application of these approaches might be limited
by their drawbacks of high energy demands, large doses of additives
with secondary environmental pollution, operational complexity, and
etc. (Liu et al., 2018; Wang et al., 2019; Yu et al., 2008). Moreover,
most of the previous investigationsmightmainly focus on the VFAs pro-
motion but fail to improve the characteristics of fermentation mixture
and residues, which also exhibit great influences on the downstream
application (Zheng et al., 2018). For example, large amounts of ortho-
phosphate (PO4

3−-P) would be released from the biomass cells and
EPS during WAS fermentation (Wu et al., 2019). Their presence in
VFAs-enriched fermentation liquids would reduce the utilization value
as external carbon sources in WWTPs due to the extra loads of PO4

3−-P
in biological nutrient removal systems. In addition, the amount of path-
ogens (i.e. Escherichia coli) in WAS is required to be strictly controlled
before further disposal (i.e. land application) (Navab Daneshmand
et al., 2012; Yu et al., 2019). Obviously, the attempts of stimulating
VFAs productionwith synchronous reduction of PO4

3−-P in fermentation
liquids and pathogens amounts in fermented sludge would bemore at-
tractive in WAS disposal.

Currently, the chlorination is considered as a low cost and highly ef-
ficient oxidizing process, which has beenwidely applied inWWTPs (i.e.
Tertiary treatment or sludge dewaterability) (Cho et al., 2010; Zhu et al.,
2018). When the hypochlorite dissolved in water, hypochlorite acid
(HOCl) would be rapidly generated (Eq. (1)). On one hand, the formed
hypochlorous acid is unstable in the liquid phase, which would be fur-
ther decomposed into OCl− (Eq. (2)). On the other hand, the one-
electron reduction of HOCl could generate •OH and Cl− (Eq. (3)).

Ca ClOð Þ2 þ 2H2O→Ca OHð Þ2 þ 2HOCl ð1Þ

HOCl→Hþ þ OCl− ð2Þ

HOClþ e−→˙OHþ Cl− ð3Þ

In the chlorine process, the OCl− and •OHwith strong oxidative abil-
ity are considered as the key contributor to pollutants decomposition
(Cho et al., 2010;Watts and Linden, 2007). For example, the decoloriza-
tion of aqueous solutions in wastewater treatment was achieved effec-
tively by the reaction of hypochlorite at a wide range of pH values
(Kałużna–Czaplińska et al., 2010). The organic pollutants (such as tri-
methoprim, toluene diisocyanate) in real wastewater were also rapidly
degradation by chlorination (Behin et al., 2017; Wu et al., 2016). Be-
sides, Zhu et al. have investigated the chlorination effects on sludge dis-
posal and found that it could improve the dewaterability of WAS
effectively. The presence of OCl− and •OH played the major role in
disintegrating the EPS structure and destroying the microbial cells
(Zhu et al., 2018). However, no information is currently available on
their potential influences on VFAs production and the microbial activi-
ties during WAS fermentation. In addition, the calcium ions have once
been used as an alternative dephosphorization reagent (Hosni et al.,
2008). Whether it could serve to reduce the PO4

3−-P in WAS fermenta-
tion liquids is unknown.

Therefore, the main purpose of this study is to investigate the feasi-
bility of utilizing Ca(ClO)2 as an additive to improve the performance of
WAS fermentation. The influence of Ca(ClO)2 on VFAs production de-
rived from WAS is firstly explored. The underlying mechanisms are
then comprehensively clarified from the perspectives of bioavailable
substrates promotions, changes ofmicrobial activities and structures. Fi-
nally, the effectiveness of Ca(ClO)2 on phosphorus fixation and patho-
gens inactivation in fermentation residues are also demonstrated. It
provides a novel way to enhance the VFAs production with simulta-
neous phosphorus removal in fermentation liquids and pathogens re-
duction in fermented residues during WAS fermentation, which might
show more benefits and wider application in future.

2. Materials and methods

2.1. Source of WAS and chemicals

The WAS employed in this work is collected from the secondary
sedimentation tank of a municipal WWTP (Nanjing, China). The with-
drawn WAS is further concentrated by settling at 4 °C for 24 h, and
the main characteristics after settlement are shown as follows: total
suspended solids (TSS) 20,300 ± 170 mg/L, volatile suspended solids
(VSS) 12,400 ± 180 mg/L, total chemical oxygen demand (TCOD)
19,032 ± 170 mg/L, soluble chemical oxygen demand (SCOD) 150 ±
17 mg/L, total proteins 9006 ± 170 mg/L, total carbohydrates 1000 ±
170 mg/L, lipids and oils 190 ± 17 mg/L, pH 6.8 ± 0.1.

Calcium hypochlorite (Ca(ClO)2, with a 65% active chlorine), which
is a kind of disinfectant and bleaching agent with strong oxidizability,
is purchased from Aladdin Industrial Inc., Shanghai, China. Spin trap
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) is purchased fromSigmaAl-
drich (St. Louis, USA).
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2.2. Influences of Ca(ClO)2 addition on the performance of WAS
fermentation

The batch fermentation experiments are carried out in 5 identical
serum bottles with a working volume of 600 mL. The reactors were
firstly fed with 350 mL concentrated WAS, and then supplemented
with 0, 0.01, 0.05, 0.1, and 0.2 g Ca(ClO)2/g TSS in each reactor, respec-
tively. All fermentation reactors are purgedwith nitrogen gas (5min) to
keep anaerobic conditions and tightly sealed prior to the incubation in
air bath shaker (180 rpm, 35 ± 1 °C). By analyzing the changes of
VFAs concentration during the fermentation process in different sys-
tems, the correlations of Ca(ClO)2 dosage and VFAs production are
determined.

At the end of fermentation, the main element components and frac-
tion of apatite as well as the quantities of Escherichia-Shigella (as typical
pathogens) in fermented sludge are determined to test the positive ef-
fects of Ca(ClO)2 on phosphorus fixation and pathogens inactivation.
2.3. Mechanism investigations for VFAs promotion driven by Ca(ClO)2

2.3.1. The release of soluble substrates during WAS fermentation with Ca
(ClO)2 stimulation

It is well known that the efficiency ofWAS anaerobic fermentation is
closely related to the solubilization and hydrolysis rate of fermentation
substrates. In order to disclose the effects of Ca(ClO)2 onWAS solubiliza-
tion and hydrolysis, the soluble proteins and carbohydrates, which are
the main ingredients of WAS, are firstly detected at the fermentation
of 2 d. Meanwhile, the disruptive effects of Ca(ClO)2 onWAS are further
analyzed by the changes of sludge flocs sizes and variation of loose-EPS
and tight-EPS concentrations in different reactors.

In order to test the generation of free radicals in the presence of Ca
(ClO)2 with/without Fe2+, three sets of experiments are conducted:
(1) 3.6 mL tap water with no addition; (2) 3.6 mL H2O with 10 mg Ca
(ClO)2 addition; (3) 3.6 mL H2O with 10 mg Ca(ClO)2 & 2.5 mg
FeSO4·7 H2O addition (approximate to the ratio of Ca(ClO)2 and Fe2+

observed in WAS fermentation systems). 100 mM DMPO are added as
the spin trap in reactors and conduct the tests in 5 min (J. Yang et al.,
2019; Q. Yang et al., 2019).
2.3.2. Response of microbial activities and communities duringWAS anaer-
obic fermentation with Ca(ClO)2 stimulation

The WAS anaerobic fermentation is primarily a biological process
which is mainly accomplished by a variety of anaerobes. The microbial
activities are therefore of vital to the fermentation performance (Luo
et al., 2016; Luo et al., 2019d). The adenosine 5′-triphosphate (ATP)
and lactate dehydrogenase (LDH) release are therefore detected at fer-
mentation time of 4 d to indicate the general microbial activities and
cell membrane disruption at different dosage of Ca(ClO)2. The total
quantities of microbes in WAS fermentation systems are determined
by RT-PCR at the end of fermentation.

Semi-continuous-flow reactors are operated to investigate Ca(ClO)2
impacts on the evolution of anaerobic community. Four reactors with a
working volume of 600 mL are fed with 360 mL WAS, 360 mL
WAS + 0.01 g Ca(ClO)2/g TSS, 360 mL WAS + 0.05 g Ca(ClO)2/g TSS,
360 mL WAS + 0.2 g Ca(ClO)2/g TSS, respectively. The fermentation
conditions are the same as described in the batch tests. Based on the re-
sults obtained from batch tests, the sludge retention time is all set at 9 d.
Itmeant that about 40mL fermentedWASwas taken out in each reactor
every day. Then, the same volume of raw WAS and corresponding Ca
(ClO)2 amounts is added to each of the four reactors. Afterwards, nitro-
gen is introduced into the fermentation reactors to remove oxygen be-
fore they are re-capped and re-sealed. The assay of microbial
community is performed by Illumina Misque technique when the sys-
tems reach steady.
2.4. Analytical methods

The determinations of TSS, VSS, COD and orthophosphate (PO4
3−-P)

are in accordancewith standardmethods (APHA, 1998). The concentra-
tion of soluble carbohydrate was measured by the phenol-sulfuric
methodwith glucose as the standard and the analysis of soluble protein
was determined by the Lowry-Folin method with BSA as the standard
(Luo et al., 2019d). VFAs are measured using gas chromatography
(Agilent 6890, USA) and are expressed as mg COD/L. The COD conver-
sion factors for VFAs are 1.07 mg COD/mg acetic acid, 1.51 mg COD/
mg propionic acid, 1.82 mg COD/mg butyric acid, and 2.04 mg COD/
mg valeric acid (Cao et al., 2019a).

EPS characterization is analyzed by three-dimensional excitation-
emission-matrix (EEM) fluorescence spectrometry (F7000, Hitachi,
Japan). The specific extraction methods of loose-EPS and tight-EPS are
referred (Yu et al., 2019). The flocs sizes of fermented sludge are deter-
mined with Mastersizer 3000 (Malvern, UK) (Feng et al., 2019). The
concentration of iron ion (Fe2+) is determined by ortho phenanthroline
spectrophotometry at 510 nm (UV1800, Shimadzu, Japan) (Cao et al.,
2019b). The analysis of phosphorous forms in solid phase of fermented
sludge is determined via the SMT protocol (Xu et al., 2015). Energy
dispersive spectroscopy (EDS) of the fermented sludge is analyzed by
an X-Max 80T detector (Oxford Instrument Ltd., UK) with proper treat-
ments (Xu et al., 2018). The analysis of reactive oxygen species is con-
ducted by electron paramagnetic resonance (EPR) measurement
(Bruker, Germany) (Li et al., 2015). The quantification of pathogens
was conducted via real-time quantification PCR (Shannon et al., 2007).

The ATP and LDH detection are respectively determined by ATP
assay kits (Beyotime, China) and LDH cytotoxicity assay kits (Beyotime,
China) following the manufacturers' procedures (Luo et al., 2019c). The
evolution of microbial community in fermentation systems triggered by
Ca(ClO)2 is evaluated on RNA (active community) level via 16S rRNA
amplicon sequencing. The RNA is extracted with E.Z.N.A.® Soil RNA
Mini Kit. The purified RNA is subsequently converted to cDNA using
the cDNA Synthesis Kit and sent for sequencing on the Illumina Miseq
platform (Biozeron, China). The detailed procedures are according to
the literature (Luo et al., 2019b).

2.5. Statistical analysis

All tests are conducted in triplicates. An analysis of variance is used
to evaluate the significance of results, and p b 0.05 is considered to be
statistically significant.

3. Results and discussion

3.1. Correlations of Ca(ClO)2 dosage and VFAs production during WAS
fermentation

As shown in Fig. 1(A), the low dose of Ca(ClO)2 significantly acceler-
ated and promoted the VFAs production. The maximal VFAs was ob-
served to increase from 595 mg COD/L in the control to 2156 and
2081 mg COD/L with 0.01 and 0.05 g/g TSS Ca(ClO)2 addition, respec-
tively. However, the promoting effects are greatly weakened along
with the further increase of Ca(ClO)2 dosage. The highest accumulation
of VFAs is reduced to 1060 mg COD/L at the concentration of 0.10 g Ca
(ClO)2/g TSS, and only 271 mg COD/L of VFAs is found in the reactor
with 0.20 g Ca(ClO)2/g TSS, which is evenmuch less than that in control
reactor.

Moreover, the presence of Ca(ClO)2 exhibits evident influences on
the composition of produced VFAs (shown in Fig. 1(B)). Acetic and
propionic acids are the main products in the control reactor, which oc-
cupies 30.6% and 35.8%of the total VFAs, respectively. However, thepro-
portions of propionic acid are remarkably reduced with the addition of
Ca(ClO)2 while the acetic acid is all improved. For example, the ratio
of acetic acid is increased to 46.3 and 47.3% with 0.01 and 0.05 g Ca
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Fig. 1. Effects of Ca(ClO)2 on (A) the production and (B) composition of VFAs with different dosage during WAS anaerobic fermentation.
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(ClO)2/g TSS. Previous studies have reported that acetic acid was the
most preferred carbon source in biological nutrient removal systems,
and the key precursor for methanogenesis (Elefsiniotis and Li, 2006).
Thereby, the higher ratio of acetic acid derived fromWAS fermentation
would provide more benefits to their downstream application.

Notably, the addition of Ca(ClO)2 during WAS fermentation show
great influences on both the VFAs production and composition, but
the effects are dose-dependent. In this study, the optimal dose of Ca
(ClO)2 for VFAs production from WAS fermentation is 0.01 g/g TSS.
3.2. Improvement of bioavailable substrates in WAS fermentation systems
triggered by Ca(ClO)2 treatment

Commonly, the solubilization and hydrolysis of WAS are considered
as the rate-limiting steps during anaerobic fermentation as the organic
matters in WAS are mainly cemented and flocculated by EPS, which
have to befirst solubilized. The proteins and carbohydrates that account
for approximately 80% of the total activated sludge mass (Luo et al.,
2014), could be used to demonstrate the effects of Ca(ClO)2 on the sol-
ubilization efficiency (Feng et al., 2009).

As shown in Fig. 2(A), the soluble proteins and carbohydrates are
significantly improved in reactors with Ca(ClO)2 addition and exhibit
close correlationswith the dosage of Ca(ClO)2. For example, the concen-
trations of soluble proteins and carbohydrates in fermentation liquids
increment from 593 and 104 mg/L respectively in the control to 714
and 229mg/L in the reactor with 0.01 Ca(ClO)2 g/g TSS, and further pro-
mote to 930 and 471 mg/L with 0.20 Ca(ClO)2 g/g TSS at the fermenta-
tion of 2 d. Compared with other advanced oxidation process (AOPs),
the positive effect of Ca(ClO)2 on the improvement of bioavailable sub-
strates inWAS fermentation systemswasmore significant. For example,
the maximal concentrations of soluble protein and carbohydrate were
only 86.83 and 146.48 mg/L with the stimulation of 0.04 g PMS/g TSS
(optimal dosage). Besides, the fermentation time needed to achieve
the maximum concentration of soluble substrates was much longer
than this study (Jin et al., 2018). The improvement of bioavailable sub-
strates might be mainly attributed to the release of biomass from EPS
due to the disruptive effects of Ca(ClO)2. On one side, the mean particle
sizes ofWAS are evidently decreased in the presence of Ca(ClO)2, which
is observed to be respectively 46.6, 44.0, 38.2 and 36.5 μm in the control,
0.01, 0.05, 0.2 g Ca(ClO)2/g TSS-added reactors (Fig. 2(B)). On the other
side, the contents of organic matters in both LB-EPS and TB-EPS ofWAS
are greatly reduced (Fig. 2(C)). The fluorescence intensities in regions I,
II, IV, which mainly refer to the proteins and humic-like substances
(Chen et al., 2003), are much lower in Ca(ClO)2-fed reactors compared
with that of control.

The underlyingmechanisms for the disruptive effects of Ca(ClO)2 on
WAS could bemainly ascribed to the following two aspects. Onone side,
the Ca(ClO)2 itself is a weaker oxidant, which possesses the oxidative
potential to cause the lysis of WAS and organics release (Yu et al.,
2019). On the other side, the presence of OCl− might trigger the gener-
ation of some free radicals under certain conditions. As shown in Fig. 3,
the reactive oxygen species of •OH(with the signal intensity of 29.1 a.u.)
is identified by EPR technique in Ca(ClO)2 solutions. Moreover, the sig-
nals are remarkably enhanced and reach to 84.6 a.u. in the presence of
Fe2+ as catalyst, which is consistent with previous study (Yu et al.,
2019). Fe saltswere frequently dosed intoWWTPs as coagulants and ul-
timately concentrated in WAS. The Fe salts would be reduced to Fe2+

under anaerobic fermentation conditions (Lin et al., 2017). Indeed, the
concentration of Fe2+ is found to be approximate 50–60 mg/L in the
WAS fermentation systems of this study. Therefore, the large generation
of •OH activated by Fe2+ in Ca(ClO)2 added reactors is feasible. The in-
duced •OHhas strongoxidation ability (2.8 V),which can effectively dis-
integrate the EPS structure and result in the release of organics.

Overall, theWAS solubilization and hydrolysis steps are enhanced in
the presence of Ca(ClO)2. The disintegration of WAS contributes to the
large release of organic matters in WAS (soluble proteins and carbohy-
drates), which could provide sufficient bioavailable substrates to stimu-
late the activities of acidogenic bacteria in acidification process.
Therefore, the VFAs production is benefitted.
3.3. Effect of Ca(ClO)2 on the microbial activities during WAS anaerobic
fermentation

The production of VFAs is mainly a biological process and thereby it
largely depends on the activities of functional microorganisms (Cao
et al., 2019a). In this study, the microbial activities in all Ca(ClO)2 reac-
tors are found to show a decreasing tendency. The concentration of ATP,
which is widely applied to estimate the general microbial activity
(Wang et al., 2013), decreases from 0.70 μM/L in the control reactor to
0.66, 0.60 and 0.21 μM/L in the reactors with 0.01, 0.05 and 0.2 g Ca
(ClO)2/g TSS, respectively (shown in Fig. 4(A)). Besides, the amount of
LDH release, which is a direct indicator of the cell membrane disruption
(He et al., 2017), is observed to be respectively 121, 149 and 220% of
control at the dosage of 0.01, 0.05 and 0.2 g/g TSS Ca(ClO)2 (shown in
Fig. 4(B)). These results indicate that the Ca(ClO)2 additives with strong
oxidative ability are able to cause cell lysis, especially at high levels.



Fig. 2. Effects of Ca(ClO)2 on (A) the concentrations of soluble proteins and carbohydrates; (B) particle size distributions; and (C) EEM analysis of EPS in different fermentation reactors at
the fermentation of 2 d (EEM spectra of LB- and TB-EPS with 0, 0.01, 0.05, 0.2 g Ca(ClO)2/g TSS treatment are respectively presented in (a–d) and (e–h), and regions I and II represent
aromatic protein, regions III–V represent fulvic acid-like substances, soluble microbial by-product-like substances and humic acid-like substances, respectively).
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The negative influences of Ca(ClO)2 on themicrobial activities can be
further confirmed by the reduction of microbes in fermentation reac-
tors. The gene copies of fermentative bacteria is observed to (1.19 ±
0.21) × 107 copies/g TSS in the control reactor while the corresponding
quantity is decreased to (8.66 ± 0.13) × 106, (5.55 ± 0.11) × 106 and
(6.05 ± 0.15) × 105 copies/g TSS in the 0.01, 0.05 and 0.2 g Ca(ClO)2/g
TSS-added reactors, respectively. These results clearly indicate the
dose-dependent damaging effects of Ca(ClO)2 on the cell viability and
activity. The higher Ca(ClO)2 addition causes much severer inhibition.
The extremely strong inhibition of Ca(ClO)2 on microbial activities
might account for the quite low VFAs production in the high-dosed Ca
(ClO)2 (0.2 g/g TSS) reactors, in despite of the high concentrations of
soluble fermentation substrates. The balance between sufficient fer-
mentation substrates and high microbial activity should be kept for
the efficient VFAs production. Though the ATP and gene copies also
slightly decrease in the reactors with 0.01 and 0.05 g Ca(ClO)2/g TSS,
the promotion of fermentation substrates could partly alleviate the neg-
ative effects by providing sufficient substrates to those still active fer-
mentative microorganisms. It could be the one of main reasons for
VFAs enhancement in the presence of low-dose Ca(ClO)2.



Fig. 3. The EPR spectrum of DMPO-OH generated in Ca(ClO)2 and Ca(ClO)2/Fe2+ solutions.

Table 1
Summary of pyrosequencing data in reactors with different dosage of Ca(ClO)2.

Sample ID α = 0.03

Reads OTUs Coverage Chao1a Shannonb

Raw sludge 37,538 1174 0.99 1291 5.80
Control 39,827 1280 0.99 1400 5.78
0.01 47,095 1353 0.99 1546 5.80
0.05 43,705 557 0.99 657 4.23
0.2 54,378 174 0.99 237 2.05

a Chao1 richness estimator: the total number of OTUs estimated by infinite sampling. A
higher number indicates higher richness.

b Shannon diversity index: an index to characterize species diversity. A higher value
represents more diversity.
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3.4. Shifts of microbial community with Ca(ClO)2 additives inWAS anaero-
bic fermentation

As is well-known, the biochemical metabolism for VFAs production is
mainly drivenby the functionalmicroorganisms. Themicrobial structures
in WAS fermentation systems are highly correlated with anaerobic per-
formance (Xu et al., 2019). As shown in Table 1, the analysis of Illumina
Misque indicates that the diversity and richness of anaerobes are evi-
dently altered by Ca(ClO)2. The microbial richness slightly increases in
the reactor with 0.01 g Ca(ClO)2/g TSS compared to that of control (con-
sidering the OTUs and Chao1 index). The reason might be attributed to
the stimulating effects of Ca(ClO)2 on the increase of bioavailable sub-
strates in reactors, which is important for the maintenance of microbial
populations. However, the richness and diversity of microorganisms are
dramatically reduced due to the excessive Ca(ClO)2 addition. The Chao1
and Shannon index are respectively 237 and 2.05 at 0.20 g Ca(ClO)2/g
TSS, which is much lower that of control. The results further confirm
the damaging effects of high dose Ca(ClO)2 on the fermentative bacteria,
which is undoubtedly disadvantageous to the VFAs production.

The dominant phyla in the WAS fermentation systems consist of
Proteobacteria, Bacteroidetes, Firmicutes, Chloroflexi, Acidobacteria,
Nitrospirae (shown in Fig. 5(A)), which are all frequently detected in
Fig. 4. Effects of Ca(ClO)2 addition on (A) the ATP concentrations and (B)
the conventional anaerobic digesters (Zhao et al., 2019). However, the
abundances of particular phylum vary greatly in the presence of different
Ca(ClO)2 dosage. The hydrolytic and acidified bacteria related to VFAs
production are enriched in reactors with low level of Ca(ClO)2 addition.
For example, the abundance of Bacteroidetes phylum, which is typically
proteolytic bacteria (Jaenicke et al., 2011; Li et al., 2015), increases from
19.6% in the control reactor to 30.9 and 62.5% with 0.01 and 0.05 g Ca
(ClO)2/g TSS-added reactors, respectively. Firmicutes, which have the
ability of excreting hydrolases to degrade those complex organics with
the propionic and acetic acids as main metabolites, is also greatly in-
creased in the low-dosed Ca(ClO)2 reactors (Feng et al., 2009; Luo et al.,
2019c). The enrichment of these fermentative bacterial would undoubt-
edly contribute to the WAS solubilization and hydrolysis and then
enhance the VFAs generation, which are actually observed in the corre-
sponding Ca(ClO)2-assisted fermentation systems. Moreover, the abun-
dance of Proteobacteria is found to be significantly decreased from
39.1% in control to 30.9 and 5.0% in the 0.01 and 0.05 g Ca(ClO)2/g TSS-
added reactors, respectively. Proteobacteria has been reported to be the
main consumer of acetate during anaerobic simultaneous denitrification
and methanogenesis (Wong et al., 2013). Their decrease is actually ben-
eficial to the accumulation of VFAs inWAS fermentation systems. Surpris-
ingly, the abundance of Proteobacteria increased sharply to 91.6% at the
dose of 0.2 g Ca(ClO)2/g TSS, and the reasons require further exploration.

The functional evolution of microbial community correlating with
VFAs production is also illustrated at genus level. It can be seen in
Fig. 5(B) that the dominant fermentative bacteria with the ability of uti-
lizing various organic substrates for VFAs production are greatly
enriched in reactors with low dose of Ca(ClO)2. For instance, Petrimonas
and Macellibacteroides, which belong to the phylum Bacteroidetes and
have the ability of metabolizing carbohydrates and proteins with
LDH release in WAS fermentation reactors at the fermentation of 4 d.



Fig. 5. Variations of microbial community in reactors with different dosage of Ca(ClO)2 (A) phylum level; (B) genus level; and (C) RDA analysis of the quantitative correlations of
influencing factors and VFAs production.
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acetate as the main fermentation product (Jabari et al., 2012), are in-
creased from 0.01 and 0.09% in control reactors to 1.79 and 8.42%, 9.34
and 27.60% in the 0.01 and 0.05 g Ca(ClO)2/g TSS-added reactors,
respectively. Ruminococcaceae, which has been reported to hydrolyze
a variety of polysaccharides (Ziganshin et al., 2013), is found to be re-
spectively 3.9 and 5.0% in the 0.01 and 0.05 g Ca(ClO)2/g TSS-added re-
actors while it is only 0.7% in the control. Moreover, the Sedimentibacter,
which is proven to be able to ferment proteins through Stickland-type
reactions to produce VFAs (Maspolim et al., 2015), and the typical
acidogenic bacteria Acinetobacter and Acetobacteroides (Liu et al., 2018;
Zhang et al., 2015), are also highly enriched in the reactors with low-
dose Ca(ClO)2. Generally speaking, the enrichment of these typical fer-
mentative bacteria could be one of the important reasons for the high
VFAs production in low-dose Ca(ClO)2 treatment reactors.

Overall, the efficient VFAs production from WAS is the coordinated
results of various factors, including the amounts of bioavailable sub-
strates, microbial activities, abundances of functional microorganisms,
and etc. (Fig. 5(C)). Redundancy analysis (RDA) notes that the concen-
trations of fermentation substrates are highly correlated the high
dosage of Ca(ClO)2. But it also caused severe cell damage (strong corre-
lation with LDH release but negative with ATP). Therefore, the produc-
tion of VFAs is quite inefficient. On the contrary, the bioavailable
substrates, key fermentative bacteria involved in VFAs production and
the corresponding microbial activities (indicated by ATP) are clustered
together in the lowCa(ClO)2-dosed reactors,which shows good correla-
tions of VFAs concentration in these systems.
3.5. Phosphorus fixation and pathogens inactivation in the fermented WAS
with Ca(ClO)2

The PO4
3−-P release is always accompanied with WAS fermentation,

and the releasing amount is directly correlated with the efficiency of
WAS hydrolysis and acidification (Chen et al., 2007). The high concentra-
tion of PO4

3−-P in the fermentation liquid might reduce its utilization
value. For example, the PO4

3−-P enriched fermentation liquids would in-
crease the PO4

3−-P load of WWTPs when serving as external carbon
sources in biological nutrient removal systems. In this study, the varia-
tions of PO4

3-P are observed during the whole fermentation process,
which show remarkable difference among the reactors with different Ca
(ClO)2 dosage. The contents of soluble PO4

3-P in the control reactors are
found to increase gradually from 5.8 mg/L at 2 d to 25.6 mg/L at 10 d
due to the low efficiency of WAS fermentation. But much more soluble
PO4

3-P is quickly released into fermentation liquids in the Ca(ClO)2
added reactors. The soluble PO4

3-P concentration is up to 123.5 mg/L at
the fermentation time of 4 d with the dosage of 0.01 g Ca(ClO)2/g TSS
(shown in Table 2), resulting from the rapid WAS hydrolysis and acidifi-
cation. Theoretically, it would keep increasing due to the on-going biolog-
ical metabolisms of phosphorus-containing substrates. However, the
soluble PO4

3−-P concentration is found to decrease rapidly during the
later fermentation process and only 13.3 mg/L is detected in the end.
EDS analysis indicates that the intensities of both phosphorus and calcium
in sludge are strengthened in the presence of Ca(ClO)2 (Fig. 6(A)). The
content of PO4

3− is increased from 1.14% in the control to 1.46 and 1.55%



Table 2
Variation of PO4

3−-P concentration (mg/L) during WAS anaerobic fermentation with dif-
ferent dosage of Ca(ClO)2 addition.

Reactors Fermentation time (d)

2 4 6 9 10

Control 5.8 10.8 17.2 22.7 25.6
0.01 g Ca(ClO)2/g TSS 111.1 123.5 95.8 55.3 13.3
0.05 g Ca(ClO)2/g TSS 93.4 105.7 65.9 43.3 9.7
0.2 g Ca(ClO)2/g TSS 15.8 20.2 15.6 10.7 6.5
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in reactorswith 0.01 and 0.20 g Ca(ClO)2/g TSS addition, respectively. The
significant reduction of soluble PO4

3− in fermentation liquids is likely to
precipitate into fermented sludge with the combination of Ca2+ derived
from Ca(ClO)2. The assumption is confirmed by the changes of inorganic
P components (IP) (Fig. 6(B)). The proportion of apatite (AP) in sludge,
which is mainly consisted of the Ca2+ and PO4

3− complexation (Xu
et al., 2015), is found to increase from 41.1% in the control reactor to
50.1% with 0.01 g Ca(ClO)2/g TSS, and further promotes to 85.4% with
0.2 g Ca(ClO)2/g TSS. The increase of AP in fermented sludge accounts
for the decrease of soluble PO4

3− concentration in fermentation liquids,
and demonstrates the positive effects of Ca(ClO)2 on PO4

3− fixation.
Additionally, the fermented WAS can be utilized in agricultural lands

with the strict control of pathogens in biosolids (Navab Daneshmand
et al., 2012). The Ca(ClO)2 also shows excellent disinfection of pathogens
due to its distinguished ability of cell membrane penetration (Cho et al.,
2010). The abundances of pathogens, such as Aeromonas, Bacillus, Staphy-
lococcus and etc., are found to be significantly decreased in the Ca(ClO)2
added reactors. Particularly, the quantity of Escherichia-Shigella (typical
pathogens in WAS) in the fermented sludge is about (1270 ± 110) cop-
ies/g TSS in the control. But it decreases to (231 ± 15) copies/g with
0.01 g Ca(ClO)2/g TSS addition,which ismuch lower than the required re-
strictions for land application (Navab Daneshmand et al., 2012).

Overall, the addition of Ca(ClO)2 contributes greatly to the PO4
3− re-

moval in fermentation liquids and the inactivation of pathogens which
might bring extra benefits to the WAS fermentation.

3.6. Potential implication in WWTPs

On one hand, the low COD in influents of WWTPs is widely
embarrassing the performance of biological nutrient removal, especially
in developing countries (Wang et al., 2017). On the other hand, the
Fig. 6. (A) EDS analysis and (B) proportion of apatite (AP)
public are gradually realizing that WAS can be an important source of
valuable resources. Anaerobic fermentation is a promising approach
for valuable products production fromWAS, such as VFAs. This method
might reutilize the in-situ “source (WAS)” in WWTPs to address the
problem of insufficient carbon sources and simultaneously achieve the
reuse and reduction of WAS. However, the efficiency of direct WAS an-
aerobic fermentation for VFAs production is quite low, and most of the
previously reported pretreatment strategies (such as ultrasonic and
chemical surfactants addition) for VFAs promotion are generally re-
quired high energy and/or substantial toxic chemicals input, which is
neither environmentally friendly nor not conducive to the large applica-
tions (Xu et al., 2018).

In comparison, the application of Ca(ClO)2 for the VFAs enhancement
fromWASmight have evident benefits. The VFAs production increased to
2156mgCOD/L at quite lowdosage (0.01 g/g TSS), which could be served
as external carbon sources in WWTPs to reduce the costs of commercial
carbon addition largely. Also, the addition of Ca(ClO)2 to promote VFAs
production showed advantages over other AOPs. For example, the maxi-
mal VFAs production was approximately 2510 mg COD/L with a CaO2

dose of 0.136 g CaO2/g TSS. Clearly, the concentration of generated VFAs
is close, but the chemical dose in CaO2-assisted reactor is much higher
than that of Ca(ClO)2. Moreover, the price of Ca(ClO)2 is relatively low
(approximate 800–1000 USD/metric ton, data from http://www.alibaba.
com/). Hence, when taking the quite low dosage of Ca(ClO)2 into consid-
eration, the operational costs aremuch lower comparedwithother chem-
ical pretreatments, such as K2FeO4, Fenton and etc. (Bao et al., 2015; Li
et al., 2018). As shown in Table 3, for one gram COD of VFAs generation,
the approximately cost of additives required was 0.0261 USD/g COD
VFAs by CaO2, 0.0224 USD/g COD VFAs by K2FeO4 and 0.0031 USD/g
COD VFAs by PMS while it was only 0.00009 USD/g COD VFAs by Ca
(ClO)2, respectively.

Moreover, compared with other chemical additives (e.g. SDBS and
SDS, persistent in environment) with high inputs, the potential environ-
mental risks of Ca(ClO)2 are less significant. The Ca2+ salts could contrib-
ute to the decrease of PO4

3− in fermentation liquids by precipitation. It
would improve the application value of VFAs-enriched fermentation
products as carbon source for WWTPs by decreasing the phosphorus
loads. Also, the apatite precipitates in fermented sludge could be further
employed as a potential phosphoric slow-release fertilizer in agriculture
land with the effective disinfection of pathogens, which is observed in
this study (Chen et al., 2018). As to the potential influences caused by
Cl− bring-in, the theoretic increase of Cl− in WAS fermentation reactor
in fermented sludge with different Ca(ClO)2 addition.

http://www.alibaba.com/
http://www.alibaba.com/


Table 3
Economic analysis of using different AOPs for VFAs promotion.

Additives TSS (g/L) Optimal dosage (g/g TSS) VFAs (mg COD/L) Unit pricea (USD/kg) Unit cost (USD/g COD VFAs) Ref.

CaO2 13.0 0.136 2510.6 37 0.0261 (Li et al., 2015)
K2FeO4 15.0 0.056 2997.8 80 0.0224 (He et al., 2018)
PMS 11.0 0.08 716.7 2.5 0.0031 (Jin et al., 2018)
Ca(ClO)2 20.3 0.01 2156 0.96 0.00009 This study

a The data obtained from http://www.alibaba.com/.
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is 0.0655 g/L at the Ca(ClO)2 dosage of 0.01 g/g TSS (0.01 g/g
TSS × 20.3 g TSS/L × 0.65 (percentage of active chlorine) × (35.5 × 2) /
143 = 0.0655 g/L). However, Zhao et al. have indicated that up to 8 g/L
NaCl would not exhibit any negative influences on VFAs production dur-
ing anaerobic fermentation (Zhao et al., 2016). Also, the typical tolerance
limit of Cl− in biologicalwastewater treatment systems ranged from10 to
20 g/L, which is much higher than the amounts introduced by Ca(ClO)2
(Bassin et al., 2012). Therefore, the toxicity of Cl− at such level might be
insignificant. Moreover, this approach has so far been tested only in the
laboratory scale. The comprehensively technical optimization of eco-
nomic and environmental benefits might be further improved in full-
scale application in future. In fact, the chlorinated lime (with Ca(ClO)2
as the main component) has already been used inWWTPs with the sim-
ple aims of effluents disinfection and/orWAS stabilization. The addition of
Ca(ClO)2 in WAS fermentation systems was just to strengthen the posi-
tive effects of Ca(ClO)2 onWAS treatment withmore economic and envi-
ronmental benefits. Overall, this work might provide a potential
sustainable and eco-friendly way for WAS disposal.

4. Conclusion

The Ca(ClO)2 with optimal addition significantly promotes the VFAs
production duringWAS fermentation. Themain reasons could firstly at-
tribute to their positive effects on accelerating WAS solubilization and
hydrolysis. It provides sufficient bioavailable substrates for fermentative
bacteria, which is prerequisite for efficient VFAs production. Secondly,
the abundances of acidogenic anaerobes are enrichedwith favorable ac-
tivity and viability. Their synergistic efforts contribute to the remarkable
VFAs promotion. Moreover, the efficient removal of PO4

3− in fermenta-
tion liquids and the pathogens inactivation are simultaneously achieved
by Ca(ClO)2, which improves the quality of produced VFAs and is con-
ducive to further disposal of fermented sludge.
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