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This study compared the three wastewater pretreatments of ozonation, Fe2þ-S2O8
2� and freeze-thawing

(F/T) in the disintegration, anaerobic digestion (AD) and final disposal of the sludge. The F/T pretreatment
increased the dewaterability and settleability of the sludge by 7.8% and 47.1%, respectively. The ozonation
pretreatment formed more volatile fatty acids (VFAs), with a peak value of 320.82 mg SCOD/L and
controlled the release of sulfides. The Fe2þ-S2O8

2� pretreatment removed heavy metals through the ab-
sorption and flocculation of ferric particles formed in-situ. During the anaerobic digestion of the sludge,
the ozonation pretreatment accelerated the hydrolysis rate (k) rather than the biochemical methane
potential (B0) of the sludge due to the high VFA content in the supernatant. Comparatively, the F/T
pretreatment facilitated the B0 with great economic efficiency by enhancing the solubilisation of the
sludge. Although Fe2þ-S2O8

2� pretreatment decreased the methane production, the ferric particle was a
unique advantage in the disintegration and harmless disposal of the sludge. The digested sludge had
more VFAs after ozonation pretreatment, which contributed to the recycling of carbon. In addition, the
lower sludge volume could save the expense of transportation and disposal by ozonation pretreatment.
Different pretreatments had different characteristics. The comparative study provided information
allowing the selection of the type of pretreatment to achieve different objectives of the treatment and
disposal of sludge.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The amount of waste activated sludge generated from waste-
water treatment plants (WWTPs) has increased dramatically,
currently exceeding 50 million tons/year (80% moisture content
sludge) [1,2]. Direct disposal of excess sludge without effective
treatment poses numerous threats to the environment (including
soil, air, underground water, etc.) and human health [3,4].
Achieving the reduction of excess sludge, rendering it harmless and
enhancing resource recovery is crucial for eliminating environ-
mental contaminations caused by the accumulation of sewage
sludge. Waste sludge is usually comprised of organics, microbial
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cells and solid particles, with the dominant segment being water
(>90%) [5]. But dewatering sludge is challenging due to the com-
plex sludge floc and rigid microbial cell wall which contribute to
the formation of a biological gel structure and impede the release of
interstitial water and intracellular water [6,7]. Anaerobic digestion
has been proven to be an effective method for sludge reduction,
stabilization and resource recovery [8,9], but it is restricted due to
the relatively low-efficiency of the hydrolysis caused by the com-
plex sludge flocs. For these reasons, it has been necessary to adopt
pretreatment methods for decomposing the sludge floc, damaging
microbial cells and prompting the sludge hydrolysis toward a
higher efficiency-anaerobic digestion with the goals of reduction,
harmlessness and reclamation [10]. At present, sludge pretreat-
ment methods are mainly divided into physical, chemical, biolog-
ical and coupling.
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The physical methods mainly consist of ultrasound treatment
[11], microwave treatment [12], thermal hydrolysis [13,14] and F/T
pretreatment [15]. Among them, F/T pretreatment can effectively
destroy sludge flocs and microbial cells, improving anaerobic
digestion [15,16]. After F/T pretreatment, the sludge volume index
could decrease from 16.4 mg/L to 4.0 mg/L, and the acidogenic
activity improve by 20% [16].

Chemical methods, such as Fenton reagent treatment [17],
persulphate treatment [2,18], ferrate (VI) treatment [19,20] and
ozonation treatment [21,22] are attractive for their highly-efficient
operation and their high reaction rate. Ozonation treatment is an
effective and green method for sludge disintegration. It can reduce
the suspended solids by 49.1% and volatile suspended solids by
45.7% [22]. Ozonation pretreatment influenced the process of
anaerobic digestion, by means of which pretreatment the methane
production increased by 2.11 times after 30 days of digestion [23].
Persulfate pretreatment is another widespread method for sludge
disintegration. It can be activated forming SO�

4 $ that is a kind of
strong oxidative species for degrading some kinds of organic pol-
lutants [24]. Fe2þ is generally used to activate persulfate because its
ferric particle formed in-situ is useful for improving the dewater-
ability and settleability of the sludge [25]. The capillary suction
time of the sludge decreased by 88.8% within 1 min after 1.5 mmol
Fe2þ/g VSS and 1.2 mmol S2O8

2�/g VSS pretreatment [26]. The
extracellular polymeric substance (EPS) structure andmicrobial cell
were both destroyed, leading to the release of intracellular organic
matter after Fe2þ-S2O8

2� pretreatment [27].
Ozonation pretreatment has been widely investigated and has

achieved great performance in the disintegration of sludge due to
its strong oxidizing property. The function of ozonation is simple,
unlike Fe2þ-S2O8

2�, which combines oxidation and flocculation
[21,24]. F/T was considered a promising pretreatment to elevate the
performance of the disintegration and anaerobic digestion of
sludge by ice crystal and layer [28]. However, the disintegration of
the sludge by chemical and physical pretreatment might release
some undesirables from the cytoplasm to the supernatant by
chemical that were harmful to further treatment and disposal of
the sludge [29]. Considering the advantages and disadvantages of
the different pretreatments, the effect of ozonation, Fe2þ-S2O8

2� and
F/T pretreatment on the disintegration, anaerobic digestion and
final disposal of sludge were comparatively investigated, with the
following goals: (1) demonstrating the advantages of the three
different pretreatment methods on the disintegration of sludge
flocs and the lyssis of microbial cells; (2) investigating the influence
of the three pretreatment methods on the anaerobic digestion of
sludge; (3) studying the characteristics of digested sludge from an
economic perspective; (4) evaluating the harmlessness, stabiliza-
tion and reduction of treated sludge.
2. Materials and methods

2.1. Sludge characteristics

The raw sludge sample was secondary sludge from the anaer-
obic/oxic process of Wenchang Municipal WWTPs, Harbin, China.
The collected sludge was stored at 4 �C in the refrigerator before
being used. The major characteristics of the raw sludge are pre-
sented in Table S1. All the experiments were completed within 48 h
of sampling.
2.2. Experimental process

The study of the effect of ozonation and Fe2þ-S2O8
2� (i.e., FeS-

O4$7H2OeK2S2O8 in this study) pretreatment on the disintegration
2

of the sludge was carried out in a 500 mL flask filled with a 400 mL
sludge sample. The oxidant was added to the reacting system. The
concentration ratio of Fe2þ to S2O8

2� was constant at 4:5 (molar
mass ratio) based on the previous study [26]. The ozonation system
is shown in Fig. S1. The concentration of ozone (gas) was measured
by sodium thiosulfate titration [30]. The dosage of the oxidant was
0.05, 0.1, 0.15, 0.2, 0.3, 0.4 and 0.5 mmol/g VS. All the samples were
pretreated at the initial pH (i.e., the pH of raw sludge). During the
reaction process, the sample was stirred by a magnetic stirrer at a
rough speed of 600 rpm for 30 min. All the tests were analyzed in
triplicate at 25 ± 1 �C.

For the F/T pretreatment, 2 L raw sludge was frozen in a plastic
bottle at�20 �C for 12 h and thawed at room temperature. That was
recorded as one cycle of F/T pretreatment [31,32]. After each cycle
of pretreatment, a 400 mL sludge sample was collected and stored
at 4 �C for the following analysis.

2.3. Biochemical methane potential (BMP) assay

The anaerobic digestion of the different samples of sludge was
analyzed by BMP assay [33]. 300 mL pretreated sludge and 500 mL
seed sludge were added into a 1 L thread bottle. The seed sludge
was cultivated at 37 ± 1�C for 30 days before being used. The pH of
the pretreated sample was adjusted to 7.0 ± 0.5, and then the
sample was added to the anaerobic digestion reactor. After purging
N2 for 10 min, the bottle was capped and stirred at a speed of
800 rpm at 37 ± 1�C (a diagram of the equipment is shown in
Fig. S2). The volume of biogas was recorded every day by fluid-
discharge. A gas chromatograph equipped with a thermal con-
ductivity detector (Agilent-7890 A, USA) was used to detect the
content of methane recording as mL CH4/g VS. The collected data
was analyzed as in the previous study [33]. The detailed expression
of B0 and k are shown in Text S1.

2.4. Analytical methods

The pretreated sample was first centrifuged at 3000 rpm for
10 min. Then the collected supernatant was filtered by a 0.45 mm
cellulose acetate membrane. The filtrates were used to analyze the
total nitrogen (TN), total phosphorus (TP), soluble chemical oxygen
demand (SCOD), and VFAs according to the American Public Health
Association (APHA) method [34]. The total solids (TS) and volatile
solids (VS) were measured by the gravimetric method. The sol-
ubilisation of the sewage sludgewas expressed as the SCOD content
divided by the VS of the sludge. The settlement ratio for 30 min
(SV30) was used to describe the settleability of the pretreated
sample, which was the ratio of the total volume of precipitation
formation to 100 mL of the sludge mixture for an undisturbed
30 min. The water content of the sludge solid was measured after
the pretreated sample was centrifugated at 2000 r/min for 15 min,
and then the collected solid was dried at 103e105 �C for 12 h to
calculate its water content [35]. The molecular weight (MW) dis-
tribution was analyzed by the method of membrane separation in
which the collected supernatant was filtrated by an ultrafiltration
membrane with a molecular cutoff of 300 kDa, 100 kDa and 10 kDa,
respectively (Mosu, China).

The pH of the sludge was measured by a pH analyzer (Leici,
China). A particle size analyzer (Mastersizer 2000, UK) was used to
analyze the particle size. For heavy metal analysis, the supernatant
was first filtrated by a 0.22 mm cellulose acetate membrane, and
then the filtrate was acidized by nitric acid and digested at 105 �C
for 2 h to remove the organic matter. Next, the digestion liquid was
detected by an inductively coupled plasma optical emission spec-
trometer (Agilent 5110 ICP-OES, USA) to measure the heavy metal
concentration. The concentration of sulfides was detected by the
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methylene blue method using sodium sulfide as the standard [36].
The capillary suction time (CST) was calculated by a CST analyzer
(Triton, UK).
3. Results and discussion

3.1. Sludge dewaterability and settleability

Fig. 1a shows that F/T pretreatment exhibited a higher efficiency
in promoting sludge settleability compared with ozonation and
Fe2þ-S2O8

2� pretreatment. After one cycle of pretreatment, the SV30
decreased from 99.1% to 52.0%. The intracellular microbial matter
swelled, and the sludge floc might be destroyed during the process
of freezing. Then, microbial cell lysis reduced the volume of the
sludge after thawing [5,16]. In comparison, the SV30 merely
decreased to 82.3% and 88.6% in ozonation and Fe2þ-S2O8

2� pre-
treatment (0.5 mmol O3 or S2O8

2�/g VS), respectively. In Fe2þ-S2O8
2�

pretreatment, the ferric particle formed in-situ could flocculate
sludge flocs and inorganic particles, leading to a greater settle-
ability than in the ozonation pretreatment [26].

The water content of the sludge solid was used to indicate the
amount of dehydration for the sludge mixture [35]. In Fig. 1b, Fe2þ-
S2O8

2� pretreatment ([S2O8
2�]0 > 0.3 mmol/g VS) had more dehy-

dration than that in the ozonation pretreatment. The E0 of ozone
and SO�

4 $ was 2.07 eV and 2.5e3.1 eV, respectively, but SO4
�$ was

more selective for reacting with organic matter [5,37,38]. So, the
ozone might be consumed by released intracellular material,
resulting in low dehydration [3]. For F/T pretreatment, the water
content rapidly decreased to 82.3% after one cycle, but therewas no
further decrease with increasing operation cycles.

The particle size distribution was related to dewaterability and
settleability [8,39]. The particle size of the raw sludge was mainly
1e300 mm, and ozonation pretreatment was feeble for changing it
(Fig. 1c). Extracellular polymeric substances connected the particle
and microorganism in the sludge mixture [40,41]. This
Fig. 1. The change of SV30 (a) and water content of solid (b) after different pretreatmen
pretreatment.

3

phenomenon was changed by Fe2þ-S2O8
2� pretreatment in which

the particle size increased at 0.5 mmol S2O8
2�/g VS (Fig. 1d). The

formed SO�
4 $ degraded the extracellular polymeric substances to

destroy the sludge floc forming some fine flocs (or particles)
(supported by Fig. 1b). The ferric particle was an advantage of Fe2þ-
S2O8

2�, which favored particle flocculation, enhancing the dew-
aterability and settleability of the sludge, compared with other
methods of persulfate activation, such as alkali-activated persulfate
and alkali-activated persulfate [26,42,43].

In Fig. 1e, there are two peaks (i.e., 0e150 and 150e1200 mm)
after one cycle of pretreatment. Microbial cell lysis could release
intracellular material which contained much protein (PN) and
polysaccharide (PS) after F/T pretreatment [26]. The protein coag-
ulated and flocculated cell debris and sludge flocs because of its
tackiness, forming the peak of 150e1200 mm [44]. Meanwhile,
some particles or flocs of sludge mixture were gathered and com-
pacted by the promotion of the ice layer during the process of
freezing, which increased the particle size of the sludge flocs
[45,46]. The previous investigation also discovered a similar phe-
nomenon that freezing pretreatment elevated the particle size of
landfill sludge [46]. As cycles increased to five, the particle size
distributionwas similar to that of raw sludge. The new flocs formed
in cycle 1 might be destroyed in the following cycles of F/T pre-
treatment. As mentioned above, the three pretreatments changed
the physicochemical properties of the sludge (Fig. 1), influencing
the components of the supernatant of the sludge, to some extent.
3.2. The release of intracellular substances

3.2.1. Sludge solubilisation
The solubilisation of raw sludge was only 0.035 mg SCOD/g VS.

However, it increased to 0.291 mg SCOD/g VS after 0.1 mmol O3/g
VS pretreatment because sludge flocs and microbial cells were
destroyed by the oxidability of ozone, releasing organic matter into
the supernatant and sequentially elevating the solubilisation of the
ts; and the particle size distribution after ozonation (c), Fe2þ-S2O8
2� (d) and F/T (e)
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sludge (Fig. 2a) [33]. The excessive ozone degraded the released
substances and caused a moderate rise in the solubilisation of the
sludge when the ozone dosage exceeded 0.1 mmol/g VS [47]. The
Fe2þ-S2O8

2� pretreatment achieved a similar change with ozonation
pretreatment. However, the oxidative pretreatment was limited by
the unwanted consumption of oxidants with released organic
substances. The ferrate (VI) pretreatment also presented an anal-
ogous phenomenon inwhich the solubilisation of the sludge slowly
increased when the concentration of ferrate (VI) exceeded 100 mg/
L [8]. However, the solubilisation of the sludge increased to
0.457mg SCOD/g VS after one cycle and then rose steadily in the F/T
pretreatment. That result indicated one cycle pretreatment was
enough to disintegrate the sludge floc.

3.2.2. The release of N/P substance
Nitrogen (N) and phosphorus (P) were abundant in the excess

sludge, so analyzing the difference among the three pretreatments
by detecting their concentration of nitrogen and phosphorus was
beneficial. The F/T pretreatment had the most TN release among all
pretreatments, while the ozonation pretreatment released more TP
into the supernatant (Fig. 2b ~ 2c). F/T pretreatment could effec-
tively destroy sludge flocs and microbial cells to improve the
dewaterability and settleability (Fig. 1a ~ 1b), and the N-containing
substance would transfer from cytoplasm to the supernatant
(Fig. 2b). The P-containing substance mainly existed in the cell
membrane [3,48]. The formed ice crystal disrupted the cell mem-
brane by frozen expansion rather than melting it by a chemical
approach. So, there was a lower concentration of TP in the F/T
pretreatment compared with in the ozonation pretreatment.
Additionally, the ferric particle formed in-situ absorbed and floc-
culated the N/P-containing substance in the Fe2þ-S2O8

2� pretreat-
ment [8]. Therefore, the concentration of TN and TP in the Fe2þ-
S2O8

2� pretreatment was even lower than in the F/T pretreatment.
The release of the N/P-containing substance was connected with
the change of PN and PS in the supernatant that was a nutriment of
the microorganism and contributed to enhancing the following
sludge treatment and disposal, such as anaerobic digestion.

3.2.3. PN, PS and VFAs
As shown in Fig. 3a ~ 3b, among all pretreatments, the best

release of PN and PS was achieved in the F/T pretreatment. After
one cycle of pretreatment, the concentration of PN and PS was
2105 mg/L and 197 mg/L, respectively. One cycle of F/T pretreat-
ment could effectively destroy sludge floc and microbial cells
leading to the release of intracellular matter such as N/P-containing
substance (Fig. 2b ~ 2c). The PN and PS were major components of
the cytoplasm and the EPS, which was composed of a double-layer
structure, containing tightly bound EPS (TB-EPS) and loosely bound
EPS (LB-EPS) [49]. Then, the process of releasing intracellular
Fig. 2. The solubilisation of sludge (a); the concentration of TN (b

4

material might be from the cytoplasm to the TB-EPS/LB-EPS to the
supernatant. Although the sludge flocs and microbial cells were
disrupted by one cycle of pretreatment (Fig. 1a ~ 1b and 2a), the
complete release of PN and PS into the supernatant needed more
cycles of pretreatment by ice crystal (Fig. 3a ~ 3b).

Meanwhile, the concentration of PN and PS in the ozonation
pretreatment was greater than in the Fe2þ-S2O8

2� pretreatment at
the same applied dosage (Fig. 3a ~ 3b). As shown in Fig. 2a, the
ozonation treatment was more effective in disrupting sludge flocs
andmicrobial cells at the same applied dosage. Therefore, therewas
a high content of PN and PS in the ozonation treated sample.
Moreover, the ferric particle formed in-situ could absorb and floc-
culate the released PN and PS [49]. As mentioned above, the oxida-
tion treatmentwas limited by the unexpected consumption, applied
dosage and species of the oxidant. However, the F/T pretreatment
would entirely destroy sludge flocs and inactivatemicrobial cells by
ice crystal (i.e., physical method) without excessive restriction.

Nevertheless, the interaction between the oxidant and the
released substance was prone to form VFAs that methanogens
could directly utilize to elevate the anaerobic digestion of the
sludge but was scarce in raw sludge [4,50,51]. The VFA content only
increased from the 25.10 mg SCOD/L of raw sludge to 60.49 mg
SCOD/L after five cycles of F/T pretreatment, so there were only a
few VFAs in the EPS and cytoplasm (Fig. 3c). In the Fe2þ-S2O8

2�

pretreatment, the VFA concentration increased to 114.17mg SCOD/L
at the condition of 0.5 mmol S2O8

2�/g VS. Although the improve-
ment in dewaterability, settleability and solubilisation of the sludge
by Fe2þ-S2O8

2� pretreatment was lower than in the F/T pretreat-
ment (Fig. 1a ~ 1b and 2a), the SO�

4 $degraded the macromolecular
organics forming more VFAs in the Fe2þ-S2O8

2�. The concentration
of VFAs even increased to 320.82 mg SCOD/L by 0.5 mmol O3/g VS
pretreatment. The non-selective oxidation of ozone, which was
more prone to destroy microbial cells and degrade organic matter,
was a key reason [52]. Ozonation and Fe2þ-S2O8

2� pretreatment for
the molecular weight distribution could degrade the macromo-
lecular substances into small molecular substances (Fig. 3d). For
instance, the percentage of 10e100 kDa substances increased from
13.68% of raw sludge to 38.21%. The chemical pretreatment
decreased the molecular weight of the organic substances, gener-
ating more small molecular substances such as VFAs [51].

Therefore, the improvement of the VFA content in the super-
natant might be superior in chemical pretreatment compared with
physical pretreatment. According to previous study, ultrasound,
microwave and high-pressure homogenization pretreatment were
all incapable of changing the characteristic of released substances
such as VFAs and small molecular substances [53e55]. In theory,
high VFA content commonly indicated better anaerobic digestion of
sludge, while some hazardous substance, such as heavymetals, was
also released into the supernatant with the cell lysis.
) and TP (c) in the supernatant after different pretreatments.
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3.2.4. Heavy metals and sulfides
Heavy metal was poisonous for the anaerobic digestion of

sludge and influenced its final disposal, so the heavy metal content
was analyzed after different pretreatment methods, as shown in
Fig. 4a ~ 4c [56,57]. The total concentration of detected primary
heavy metals (>0.3 mg/L) gradually increased with the dosage of
ozone (Fig. 4a). It suggested microbial cell lysis and sludge floc
disintegration occurred, with the release of heavy metals. Accord-
ing to previous study, the ozonized sludge achieved higher direct
toxicity of copper (Cu) and zinc (Zn), which was a disadvantage of
the ozonation pretreatment [22]. The content of heavy metal
increased from 4.79 mg/L to 11.49 mg/L after one cycle of F/T pre-
treatment, while its content was scarcely 11.80 mg/L after five cy-
cles (Fig. 4c). That confirmed one cycle of F/T pretreatment was
effective in destroying sludge flocs and microbial cells. Other
physical pretreatments, including hydrothermal pretreatment, ul-
trasound and microwave, were also incompetent at controlling the
release of heavy metals [58,59]. The Fe2þ-S2O8

2� pretreatment
induced microbial cell lysis (Fig. 2a ~ 2b), but only 6.00 mg/L heavy
metal was in the supernatant after 0.5 mmol S2O8

2�/g VS pretreat-
ment (Fig. 4b). This was attributed to the ferric particles formed in-
situ that absorbed or removed the released heavy metal. So, there
was a lower heavy metal content in the supernatant, which
contributed to the harmless disposal of the sludge [60].

Additionally, sulfide was considered the source of the offensive
odor of sludge and a critical parameter for harmless and stable
sludge treatment [8]. The sulfide concentration in the supernatant
of the ozonation treated sludge sample reached a peak of 5.34 mg/L
when the applied ozone dosage was 0.2 mmol/g VS (Fig. 4d). This
process might be caused by the release of cytoplasm frommicrobial
cells. However, the sulfide content was gradually reduced to
0.19 mg/L by oxidative degradation when the dosage of ozone was
increased to 0.2 mmol/g VS. A similar trend of the sulfide content
was found in the Fe2þ-S2O8

2� pretreatment, which first increased to
4.15 mg/L at the condition of 0.3 mmol S2O8

2�/g VS and then
dropped to 2.18 mg/L at 0.5 mmol S2O8

2�/g VS. Ferrate (VI) could
also control the release of sulfide, but the concentration of sulfide
by 1.25 mmol Fe (VI)/g VS pretreatment was just lower than that in
raw sludge [8].
5

The F/T pretreatment could release lots of organic matter, such
as PN and PS, by one cycle (Fig. 3a ~ 3b), but it was powerless to
control the sulfide content in the supernatant, which increased to
8.00 mg/L after five cycles of pretreatment (Fig. 4d). Although the
sludge floc and microbial cell could be effectively destroyed by F/T
pretreatment to improve the solubilisation and reduce the volume
of the sludge, there was no change in the feature of the released
substance, such as the formation of VFAs and the removal of sulfide.
In contrast, the Fe2þ-S2O8

2� pretreatment was better at removing
heavy metal and sulfide, and ozonation pretreatment enhanced the
VFA content in the supernatant of the sludge. The release of harmful
substances and the formation of VFAs were connected with the
anaerobic digestion of the sludge [61].

3.3. Sludge anaerobic digestion performance

Fig. 5a ~ 5b show the production of biogas and the methane
accumulation of ozonation pretreated samples. After ozonation
treatment, the production of biogas was higher than in raw sludge
(245.82 mL/g VS). Interestingly, the biogas production was steady
even when the dosage of ozone varied from 0.05 mmol/g VS to
0.5 mmol/g VS and only increased from 279.93 mL/g VS to
290.01 mL/g VS. The content of nutrient substance, including PN
and PS (Fig. 3a ~ 3b), rose with the applied dosage of ozone, that, in
theory, might produce more biogas. However, the percentage of
methane in the biogas gradually increased after ozonation pre-
treatment. The ozonation treated sample had more VFAs (Fig. 3c)
that were easily utilized by methanogens so that methanogens
became the dominant bacteria leading to an increase in the per-
centage of methane in the biogas [62]. Additionally, the released
heavy metal influenced the microorganism metabolism and
declined biogas production [63]. Therefore, a high concentration of
PN and PS might achieve an inconspicuous variation in biogas
production at a particular time.

In the Fe2þ-S2O8
2� pretreatment, the biogas production gradu-

ally increased when the content of S2O8
2�was lower than 0.5 mmol/

g VS (Fig. 5c). The sludge flocs and microbial cells were destroyed,
releasing organic matter into the supernatant (Fig. 2 ~ 3), which
promoted microorganism metabolism, forming more biogas.



Fig. 4. The content of primary heavy metal (>0.3 mg/L), including Zn, Cu, Pb, Ni and Cd after ozonation (a), Fe2þ-S2O8
2� (b) and F/T (c) pretreatment; the variation of sulfides in the

supernatant after different pretreatments (d).
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However, the biogas production decreased from the 334.62 mL/g
VS of 0.3 mmol S2O8

2�/g VS treated sample to 232.94 mL/g VS at the
concentration of 0.5 mmol/g VS. It might be ascribed to the greater
number of potassium ions in the sludge mixture, which inhibited
biological activity in anaerobic digestion [8]. Nevertheless, the
oxidative product of SO4

2� in the Fe2þ-S2O8
2� treated sample can be

utilized as a nutriment by sulfate-reducing bacteria, forming H2S
that was toxic for methanogens, so that Fe2þ-S2O8

2� pretreatment
achieved the lowest methane production (Fig. 5d) [2,64].

The biogas production and methane production increased by
28% and 52%, respectively, after one cycle of F/T pretreatment
(Fig. 5e ~ 5f). However, the biogas production and methane pro-
duction were not significantly changed after five cycles of pre-
treatment compared with in one cycle. Interestingly, the
concentration of VFAs in the F/T treated sample after one cycle was
far lower than that in the 0.1 mmol O3/g VS treated sample, but it
achieved a more excellent methane production. Therefore, it was
imperative to further research the characteristics of the anaerobic
digestion of different samples of sludge.

Model analysis was performed to evaluate the B0 and k of
different samples (Fig. 6). The substrate model generally fitted all
samples with the R2 exceeding 0.9600 (Fig. 5 and Table S2). The
ozonation treatment was unable to change the B0 when the ozone
dosage increased from 0.05 mmol/g VS to 0.3 mmol/g VS, but the k
value rose from the 0.225/day of raw sludge to 0.354/day at the
condition of 0.3 mmol O3/g VS. So, ozonation pretreatment was
prone to enhance the speed of methane production rather than the
biochemical methane potential due to the high content of VFAs in
the treated sample (Fig. 3c) [65]. The applied ozone also induced
the hydroxylation of organic substance that caused the malad-
justment of methanogens, leading to a steady B0 [29]. In the Fe2þ-
S2O8

2� pretreatment, the B0 and k were both suppressed, which
might be ascribed to the toxicity of H2S formed by sulfate-reducing
bacteria on methanogens [2,66].

In comparison, the F/T pretreatment enhanced the B0 with a
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plateau of the k value. The B0 increased by 51.15%, 56.90% and
58.69% in the cycle 1, cycle 3 and cycle 5 treated sample, respec-
tively. The disintegration of sludge flocs and microbial cells lysis
contributed to the release of nutriments (i.e., PN and PS) into the
supernatant (Fig. 3a ~ 3b), achieving a higher B0 in the F/T treated
sample. Nonetheless, the ice crystals could not generate VFAs
during the process of freezing (Fig. 3c), which may account for its
being unable to increase the k value. Although the ozonation and F/
T pretreatment improved the anaerobic digestion of the sludge, the
characteristic of the digested sludge was relative to the final sludge
disposal.

3.4. The property of the digested sludge

The concentration of VFAs in digested sludge was viable for
recovering valuables that could be recycled as nutrients of micro-
organisms in the WWTPs or considered as raw materials for costly
products [67]. After the anaerobic digestion of the sludge, the peak
value of the VFA content was achieved in the ozonation treated
sample, which was 605.69 mg SCOD/L at the condition of 0.5 mmol
O3/g VS (Fig. 7a). It indicated the ozonation pretreatment not only
improved the VFA content in the disintegrated sludge, it also pro-
moted the biological metabolism of forming VFAs during the
anaerobic digestion of the sludge. Some organic substances in the
sludge mixture might be oxidized into VFAs by ozone, and
macromolecular substances would be degraded to micromolecular
substances (Fig. 3d) that were more easily metabolized by micro-
organisms producing more VFAs in the anaerobic digestion of the
sludge [68].

In the F/T pretreatment, the VFA content only increased from
40.28 mg SCOD/L to 244.06 mg SCOD/L after five cycles. Although
more organics were released in the supernatant after the F/T pre-
treatment (Fig. 2 ~ 3), the freezing or thawing process was feeble for
changing the structure of the released organics, resulting in a lower
content of VFAs in the digested sludge compared with that in



Fig. 5. The biogas production and cumulative methane production (with simulated curves of BMP data by model analysis) of different samples after ozonation (a ~ b), Fe2þ-S2O8
2�

(c ~ d) and F/T (e ~ f) pretreatment.

Fig. 6. Hydrolysis rate (k) and biochemical methane potential (B0) of different samples.
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ozonation pretreatment [28]. There was also a lower content of VS
in the ozonation and F/T treated sample, in which the VS reduction
was 38.96% at the condition of 0.5 mmol O3/g VS and 32.25% after
five cycles of pretreatment, respectively (Fig. 7b). A low sludge
volume favored the following disposal, including transportation
and recycling, at a low cost [67].

Additionally, the CST of the digested sludge decreased after
three pretreatments, as shown in Fig. 7c. This indicated the pre-
treatment could promote the filterability of the digested sludge,
which was prone to deep dehydration in the process of final sludge
disposal [69]. Significantly, Fe2þ-S2O8

2� pretreatment improved the
filterability of the sludge when the applied dosage of S2O8

2� was
lower than 0.1 mmol/g VS, but it would deteriorate with further
increasing of the S2O8

2� dosage. As shown in Fig. 5d, the methane
production was not completed at the condition of
7

[S2O8
2�]0 < 0.1 mmol/g VS. The ferric particle formed in-situ and the

microbial effect might induce a low CSTof the digested sludge after
Fe2þ-S2O8

2� pretreatment [70]. However, the particle size distribu-
tion of the digested sludge (Fig. 7d ~ 7f) was similar to the treated
sample after different pretreatments (Fig. 1c ~ 1e). Therefore, the
sludge pretreatment elevated the dehydration and reduction of the
digested sludge, but was feeble for changing its particle size.
3.5. Correlation analysis

As mentioned above, the three pretreatments affected the
sludge disintegration (Fig. 1 ~ 3) and anaerobic digestion (Fig. 5 ~ 7).
Therefore, correlation analysis was used to investigate the mutual
relation among the detected parameters. As shown in Fig. 8a, the
RDA indicated chemical pretreatment (i.e., ozonation and Fe2þ-
S2O8

2� pretreatment) and physical pretreatment (i.e., F/T pretreat-
ment) had different advantages in sludge disintegration. Chemical
pretreatment, particularly ozonation pretreatment, was a benefit
for promoting VFA generation, resulting in accelerating the anaer-
obic digestion rate (k). Comparatively, physical pretreatment was
prone to enhance the release of organic substance and improve the
B0. The RDA analysis showed there was a correlation among the
detected parameters.

The VFA content in the disintegrated sludge affected the VS
reduction of the digested sludge in the three pretreatments
(Fig. 8b ~ 8d). A high concentration of VFAs suggested an
outstanding level of sludge floc disintegration and cell lysis which
was prone to the degradation of sludge solids during the anaerobic
digestion of the sludge [67]. The k had a positive correlation with
the solubilisation of the sludge, PN and PS, according to the results



Fig. 7. The concentration of VFAs (a), VS reduction (b) and CST (c) of the different treated samples after sludge AD; the particle size distribution of ozonation (d), Fe2þ-S2O8
2� (e) and

F/T (f) pretreatment treated sample after AD.

Fig. 8. The RDA result of different samples (a); the statistical correlation analysis of detected parameters after ozonation (b) Fe2þ-S2O8
2� (c) and F/T (d) pretreatment.
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shown in Fig. 3 ~ 4 in the ozonation pretreatment. The solubilisa-
tion of the sludge was still connected with the B0 of the F/T treated
8

sample (Fig. 8d). Therefore, the solubilisation of the sludge played a
key role in the anaerobic digestion of the sludge, and the VFA



Table 1
Economic analysis of different processes in methane production and VS reduction.

Parameters AD performance (CNY/L CH4) VS reduction (CNY/g VS)

Ozonation (mmol O3/g VS) 0.1 0.38 0.08
0.3 1.04 0.21
0.5 1.46 0.33

Fe2þ-S2O8
2�(mmol S2O8

2�/g VS) 0.1 0.03

0.3 0.10

0.5 0.22

F/T (cycle) 1 0.19 0.06

*Gray area indicates the methane production in the pretreated sample was lower than that in the raw sludge.
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content after disintegration might indicate the volume of the
digested sludge.

3.6. Economic analysis and prospects

The economic analysis of different pretreatments at the labo-
ratory scale evaluated their applicability and practicality (Table 1).
For ozonation pretreatment, the expense of pretreatment included
the electric charge of the ozonator (Rating: 80 w; Domestic elec-
tricity costs in China: 0.51 CNY/kilowatt hour) and high purity ox-
ygen (Liming Co., China, 300 CNY/40 L). The cost of Fe2þ-S2O8

2�

pretreatment was mainly composed of the FeSO4$7H2O (Aladdin,
99 CNY/500 g) and K2S2O8 (Aladdin, 84 CNY/500 g). Meanwhile, the
electric charge of the refrigerator (Rating: 150 w) was considered
the expense of the F/T process in this study. As can be seen from
Table 1, Fe2þ-S2O8

2� pretreatment had economic superiority in
sludge reduction at the same dosage of the applied oxidant,
compared with ozonation pretreatment. Although ozonation pre-
treatment achieved better VS reduction after anaerobic digestion of
the sludge (Fig. 7b), the cost of high purity oxygen was higher than
the cost of the reagents in the Fe2þ-S2O8

2� pretreatment. The F/T
pretreatment had the best economic efficiency in methane pro-
duction and VS reduction at the laboratory scale (Table 1), while the
freezing equipment and sludge storage container might be
expensive and complicated in practice.

The different pretreatments had different advantages in sludge
disintegration based on the analysis of economy and efficiency.
Ozonation pretreatment could effectively destroy the sludge floc
(Fig. 1 ~ 2) and then elevated the k of the anaerobic digestion of the
sludge and the VS reduction (Fig. 6 ~ 7). These characteristics of
ozonation pretreatmentmade it suitable for the treatment of excess
sludge by the urban sewage treatment plant because the amount of
excess sludgewas enormous, and the sludgewould be immediately
treated and disposed of to avoid accumulation [71,72]. The ferric
particle formed in-situ and the lower price were the advantages of
the Fe2þ-S2O8

2� pretreatment, but the induced SO4
2� restricted the

methane produced during anaerobic digestion of the sludge. So, the
Fe2þ-S2O8

2� pretreatment might be more applicable to industrial
sludge such as textile-dyeing sludge [73e75]. There was little
excess sludge in the village sewage treatment plant, so the F/T
pretreatment dominated to decrease the construction cost and
promote the convenience of biogas utilization [76e78].

4. Conclusions

F/T, Fe2þ-S2O8
2� and ozonation pretreatment were compara-

tively studied in regards to their ability to enhance the
9

disintegration, anaerobic digestion and final disposal of sludge. The
F/T pretreatment improved the dewaterability and settleability of
the sludge more than the other pretreatments. The ferric particle
formed in-situ in the Fe2þ-S2O8

2� pretreatment promoted the
sedimentation of sludge flocs due to its flocculation and absorption.
All the pretreatments could promote the disintegration of sludge
flocs and the lysis of microbial cells, leading to the release of
intracellular matter. However, ozonation and Fe2þ-S2O8

2� pretreat-
ment could oxidize organic substances, forming more VFAs and
small molecular substances, but F/T pretreatment was feeble for
that. Model analysis indicated ozonation pretreatment contributed
to an increased k value due to the high concentration of VFAs, but F/
T pretreatment easily improved the B0 with better economic effi-
ciency by great sludge solubilisation. Fe2þ-S2O8

2� pretreatment
caused the methane production to deteriorate, due to the poison-
ousness of H2S for methanogens. Ozonation pretreatment achieved
a lower sludge volume and generated more VFAs for the digested
sludge, which contributed to the reduction and harmlessness of the
sludge disposal and treatment. In contrast, Fe2þ-S2O8

2� pretreat-
ment was more economical in VS reduction than that in ozonation
pretreatment. Finally, all pretreatments improved the filterability of
the digested sludge, but failed to change the particle size
distribution.
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