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A B S T R A C T

The effects of three kinds of waste activated sludge (WAS) thermo-chemical pretreatments, including thermo-
NaOH, thermo-mixed alkali and thermo-CaO2 pretreatments, on volatile fatty acids (VFAs) production and
sludge dewaterability were investigated in a large-scale WAS anaerobic fermentation project. Performances of
VFAs production of sludge pretreated with thermo-NaOH (7.48 ± 0.64 g VFAs/L) and thermo-CaO2

(7.91 ± 0.56 g VFAs/L) were proved to be better than that with thermo-mixed alkali (6.93 ± 0.63 g VFAs/L).
Sludge pretreated with thermo-CaO2 presented the best dewaterability and the moisture content of the sludge
cake could be reduced to as low as 63.4 ± 4.4% after dewatering by plate-and-frame filter press. Conversely,
the dewaterability of sludge pretreated with thermo-NaOH was significantly deteriorated and the VFAs were
hard to be recovered. Furthermore, the economic feasibility comparison of thermo-NaOH, thermo-mixed alkali
and thermo-CaO2 pretreatments for WAS anaerobic fermentation showed that the net profits were 1.55, 34.44
and 38.69 USD/ton dewatered sludge, respectively. Thermo-mixed alkali and thermo-CaO2 pretreatments are
promising pretreatment methods for the wide application of WAS anaerobic fermentation.

1. Introduction

A large amount of WAS was produced during the operation of
wastewater treatment plants (WWTP). The resource recovery is the
optimal choice and inevitable trend for WAS treatment and disposal
because the WAS still contains a large number of available substances.
WAS anaerobic fermentation for VFAs production is a kind of WAS
resource recovery technology developed in recent years (Huang et al.,
2015b; Li et al., 2016; Xin et al., 2017). The VFAs obtained from WAS
anaerobic fermentation can be used as an economical carbon source for
enhancing biological nutrient removal (BNR) in WWTP (Elefsiniotis
et al., 2004), and they can also be used as raw materials for the pro-
duction of bioenergy (Choi et al., 2011) and bioplastics (Mengmeng
et al., 2009).

Generally, anaerobic digestion is considered to consist of three
steps: hydrolysis, acidification and methanogenesis (Li et al., 2018). In
the hydrolysis stage, both the solubilization of particle matters and
biological decomposition of organic polymers to monomers/dimers
occur slowly, thus making it the rate-limiting step of the overall pro-
cesses (Sun et al., 2016). For purpose of promoting the dissolution of
organic particles and the hydrolysis of organic matters, various

pretreatment methods have been developed, such as microwave (Gao
et al., 2017), ultrasonic (Liu et al., 2015), thermo Liao et al., 2016),
alkaline (Ahmadi-Pirlou et al., 2017), thermo-alkaline (Guo et al., 2015;
Abudi et al., 2016), oxidation (Pilli et al., 2016) and enzyme (Arun and
Palani, 2015; Yin et al., 2016) pretreatments. Because of the simple
process and relatively low cost, thermo-alkaline pretreatment has been
applied in many studies. For example, Tan et al. (2012) reported that
after 6-day fermentation, VFA accumulation was 1.63 times higher than
that of untreated sludge when sludge was treated at pH 11 and 60 °C.
Ma et al. (2016) reported that in the fermentation with thermo-alkaline
pretreated sludge, the VFAs yield (240.14 mg chemical oxygen demand
(COD)/g volatile solid (VS)) was much higher than un-pretreated
sludge (175.77mg COD/g VS).

The commonly alkali chemicals used in thermo-alkaline pretreat-
ment are NaOH, KOH, Ca(OH)2 and Mg(OH)2, but they all have some
limitations. For instance, although the addition of NaOH and KOH can
significantly promote sludge hydrolysis, they also lead to the dete-
rioration of sludge dewaterability due to the release of extracellular
polymeric substances (EPS) from the microbial cells of sludge (Zhu
et al., 2015). Ca(OH)2 and Mg(OH)2 have no negative effects on sludge
dewaterability, but their efficiencies in sludge hydrolysis are lower than
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those of NaOH and KOH (Jin et al., 2016). Unlike anaerobic digestion
for biogas production, anaerobic fermentation for VFAs production
requires more attentions to sludge dewaterability since VFAs need to be
separated from fermented sludge. Therefore, the mixed alkali was used
in this study to investigate whether it is possible to obtain high sludge
hydrolysis efficiency without degrading sludge dewaterability. CaO2 is
a classic and efficient oxidant. It slowly degrades in water to produce
H2O2, O2 and Ca(OH)2 as shown in equation (1) and equation (2). In
recent years, CaO2 has attracted more attentions due to its high effi-
ciency in promoting sludge hydrolysis and dewatering. For example, Li
et al. (2015) found that the total short-chain fatty acids (TSCFAs)
production was 3.9 times higher than the control tests and acetic acid
comprised 60.2% of TSCFAs after anaerobic fermentation of sludge
with the addition of 0.2 g CaO2/g volatile suspended solid (VSS). Chen
et al. (2016) reported that sludge filtration performance was enhanced
by CaO2 with the optimal dosage of 20mg/g total suspended solid
(TSS). CaO2 seems to have the potential to simultaneously increase
acidification performance and dewaterability of WAS. WAS anaerobic
digestion for biogas production has been applied for many years. But
large-scale application of WAS anaerobic fermentation to produce VFAs
has not been reported yet. Until now, most studies about the effects of
various pretreatments on WAS anaerobic fermentation were conducted
at the laboratory-scale. Unfortunately, these lab-scale studies couldn't
provide enough information of technique and economic feasibility, thus
limiting the industrial applications of these technologies.

CaO2 + 2H2O→H2O2 + Ca(OH)2 (1)

2CaO2 + 2H2O→O2 + 2Ca(OH)2 (2)

In this study, a large-scale WAS anaerobic fermentation project was
constructed, and different WAS pretreatment methods were adopted to
obtain a reasonable method for simultaneously enhancing VFAs pro-
duction by anaerobic fermentation and upgrading the dewaterability of
the fermented sludge. The purposes of this study were to investigate (1)
the effects of thermo-NaOH, thermo-mixed alkali and thermo-CaO2

pretreatments on sludge hydrolysis performance; (2) the effects of the
three pretreatment methods on sludge anaerobic fermentation for VFAs
production; (3) the effects of the three WAS pretreatment methods on
sludge dewaterability; (4) the technique and economic feasibility of
these methods for large-scale WAS anaerobic fermentation to produce
VFAs.

2. Materials and methods

2.1. Waste activated sludge and seed sludge

2.1.1. Waste activated sludge
The large-scale WAS anaerobic fermentation project was located in

a municipal WWTP in Wuxi city, China. The WAS from the WWTP was
dewatered by belt filter press and the moisture content was
85.2 ± 1.4%. And it was adjusted to the TSS at 70 g/L with hot water
of about 95 °C. After adjusting, the characteristics of the sludge were
shown in Table 1.

2.1.2. Seed sludge
The acclimation steps of seed sludge were as follows: Firstly, the

WAS from the same WWTP was adjusted to the TSS at 70 g/L and
treated at 95 °C for 4 h to kill most of the methanogens that cannot form
spores (Park et al., 2005). The total volume of sludge was 2.1 m3;
Secondly, the nutrients were added when the sludge was naturally
cooled to about 35 °C; Finally, the sludge was acclimatized at 35 °C and
a stirring speed of 50 revolutions per minute (rpm) for 12 days. The
concentrations (g/L) of nutrients in sludge were: glucose 14.40, CaCl2
3.20, yeast extract 3.20, NaHCO3 0.96, KH2PO4 0.56, MnCl2·4H2O 0.11,
MgSO4·7H2O 0.96, FeSO4·7H2O 0.12, NH4Cl 2.40.

2.2. Outline of the project

The flow chart of this project was shown in Fig. 1. The main process
units of this project included adjusting tank, pretreatment tank, fer-
mentation tank, conditioning tank, hot water tank, tail gas absorption
tank and chemical tank. The effective volumes of these tanks were 1.5,
1.9, 30.0, 2.0, 3.6, 4.6 and 0.25m3 respectively. The adjusting tank,
pretreatment tank, fermentation tank and conditioning tank were
equipped with agitating vanes. Furthermore, the pretreatment tank and
fermentation tank were equipped with water jackets to adjust the tank
temperature. The chamber volume of the plate and frame filter press
was 60 L and the filter area was 5.0m3.

The WAS was adjusted by hot water from the hot water tank, then
the adjusted sludge was pumped into the pretreatment tank for pre-
treatment by hot water from the hot water tank and chemicals from the
chemical tank. The pretreated sludge was then pumped into the fer-
mentation tank for anaerobic fermentation. After fermentation, the
fermented sludge was pumped into the conditioning tank. Finally, it
was pumped into the plate and frame filter press for solid-liquid se-
paration to recover VFAs-rich fermentation liquid. The sludge cake
derived from this process was transported outside for further disposal.
The harmful gas in tail gas generated from the pretreatment tank, fer-
mentation tank and adjusting tank was absorbed by the tail gas ab-
sorption tank and then the treated gas was emitted into the atmosphere.

2.3. WAS pretreatment and fermentation

2.3.1. WAS pretreatment
The WAS was adjusted to about 70 g/L at the total volume of 2.1 m3

by hot water (95 °C), then the adjusted sludge was pumped into the
pretreatment tank. The thermo-chemical pretreatments were divided
into the following three ways: (1) Thermo-NaOH pretreatment: NaOH
solution with a concentration of 5.0 mol/L from the chemical tank was
added into the pretreatment tank to adjust the sludge pH to 12 and then
the sludge was pretreated at 70 °C for 2 h; (2) Thermo-mixed alkali
pretreatment: mixed alkali solution with a concentration of Ca(OH)2 of
4.0 mol/L and a concentration of NaOH of 1.0mol/L was added into the
pretreatment tank to adjust the sludge pH to 12 and then the sludge was
pretreated at 70 °C for 2 h; (3) Thermo-CaO2 pretreatment: 4.0mol/L of
CaO2 was added to the pretreatment tank at a dosage of 8% (weight/
weight) of dry sludge (DS) and then the sludge was pretreated at 70 °C
for 2 h. The purity of NaOH, Ca(OH)2 and CaO2 was all industrial grade.

2.3.2. WAS fermentation
The anaerobic fermentation was operated semi-continuously. The

filling rate of fermentation tank was 70%, which meant the total vo-
lume of sludge was 21.0m3 during fermentation process. Firstly, 2.1 m3

of seed sludge was pumped into the fermentation tank, and then 2.1 m3

of pretreated sludge was pumped into the fermentation tank every day
until the total sludge volume reached 21.0m3. The sludge retention
time (SRT) was controlled for 10 days. 2.1 m3 of fermented sludge was

Table 1
Characteristics of sludge for pretreatment and anaerobic fermentation.

Parameters Values

pH 6.82 ± 0.51
TSS (g/L) 71.20 ± 6.65
VSS (g/L) 37.36 ± 4.16
Total protein (g/gVSS) 0.419 ± 0.031
Total carbohydrate (g/gVSS) 0.263 ± 0.019
SCOD (mg/L) 2566.42 ± 411.54
Soluble protein (mg/L) 131.90 ± 38.19
Soluble carbohydrate (mg/L) 256.38 ± 34.18
TN (mg/L) 197.75 ± 28.52
TP (mg/L) 14.44 ± 1.90
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