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ABSTRACT: Persulfates ((peroxymonosulfate (PMS) and peroxydisulfate (PDS)) can disintegrate waste activated sludge (WAS), but
their inﬂuence on volatile fatty acid (VFA) production during
anaerobic fermentation is largely unclear. Particularly, it is unknown
whether persulfates can improve fermentation without any preactivation. This study investigated how the direct addition of PMS and PDS
into the fermenter inﬂuences VFA production from WAS, and
uncovered possible mechanisms of improved VFA production. At the
PMS dosage of 1.0 mM/gVS, maximum VFA yield (1025 ± 55 mg
COD/L) was observed in 5 days of fermentation, which was 24%
higher than that with an equimolar addition of PDS and 132% higher
than that without persulfate addition. However, the cost-eﬀectiveness
of PMS in enhancing VFA production is lower than that of PDS. The
in situ generated hydroxyl and sulfate radicals from persulfates in the
fermenter enhanced not only WAS disintegration and solubilization but also the formation of biodegradable substances for
acidiﬁcation. Moreover, the direct addition of persulfates into the fermenter shifted the microbial community toward hydrolysisacidiﬁcation such as Clostridium_sensu_stricto_10 and Fonticella. Results of this study also suggest that preactivation is not necessary
when persulfates are applied to improve WAS fermentation.
KEYWORDS: Waste activated sludge (WAS), Anaerobic fermentation, Volatile fatty acids, Peroxymonosulfate (PMS),
Peroxydisulfate (PDS)
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INTRODUCTION
Waste activated sludge (WAS) is the main byproduct of
wastewater treatment plants (WWTPs). The large volume of
WAS is a major issue to be handled in WWTPs because its
management requires relatively high operation cost (up to 50%
in WWTPs) and energy consumption (approximately 14%).1
Anaerobic digestion is one of the most commonly applied
approaches in WWTPs to eﬀectively treat WAS and recover
energy in the form of biogas. The biogas is a low-value
product. In contrast, intermediate fermentation products such
as volatile fatty acids (VFA) have higher values as stock
chemicals.2 For example, Kleerebezem et al.3 reported that the
revenue of polyhydroxyalkanoates (PHA) in the fermentative
VFA is 5 times higher than that of methane produced from
anaerobic digestion. The VFA production via anaerobic
fermentation of WAS attracted increasing research interest in
recent years.3,4
However, the application of anaerobic digestion or
fermentation to WAS treatment is often limited by the low
hydrolysis rate, which is due to the complexity of the organic
matter of WAS.5 To overcome this limitation, substantial work
has been done to improve the disintegration of WAS, applying
© 2021 American Chemical Society

physical, chemical, biological or combined, pretreatment
approaches.6−8 According to these studies, oxidation processes
generating hydroxyl radicals (•OH) are eﬀective in destroying
the complex organic matter of WAS. During the past decade,
wet-oxidation, ozone, Fenton and Fenton-like processes, and
UV-assisted oxidation have been investigated to improve the
anaerobic biodegradability of WAS.9−11
Recently, sulfate radicals (SO4•−) generated through
activating persulfates (peroxymonosulfate (PMS) and peroxydisulfate (PDS)) received much attention, because SO4•− is a
powerful and selective radical (2.5−3.1 V) with a relatively
long lifetime (t1/2 = 30−40 μs).12 During the last several years,
eﬀorts have been made to enhance WAS disintegration and
dewatering ability through persulfate activation (Liu et al.
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20181). It was found that more VFA was yielded from the
anaerobic fermentation of WAS when pretreated with PMS at
room temperature than that without PMS pretreatment.13 For
example, Yang et al. (2019) pretreated WAS by the addition of
0.09 g PMS/g TSS at room temperature for 150 min. Next, the
pretreated WAS was subjected to the anaerobic fermentation
to obtain a maximum VFA yield of 312 mg COD/g VSS,
which was approximately 10.5 times greater than that obtained
from WAS without pretreatment. It was further revealed that
the free radicals, such as SO4•−, •OH, and 1O2, produced
during the anaerobic fermentation promoted the sludge
disintegration and improved the biodegradability of organics
released, thereby providing more biodegradable substrates for
subsequent VFA production. Besides, the removal of several
nonbiodegradable organics in WAS such as humic substances
was also contributed to the VFA production. Additionally,
PMS positively enriched microbial community structure and
activities of enzymes responsible for hydrolysis and VFA
production.13 It was worth notice that PMS rarely decomposes
in WAS in the absence of PMS activators.14 There will be
limited decomposition of PMS during the pretreatment phase
if no activator was introduced. The remaining PMS might
inﬂuence VFA production during the following anaerobic
fermentation phase. In the presence of activators such as iron
minerals, PMS and PDS can induce cell damage and
extracellular polymeric substances (EPS) decomposition.15 In
fact, if persulfates are directly introduced into the fermenter
without any preactivation and reaction, it will be easy to see
the direct functions of persulfates. If the direct introduction of
persulfates into the fermenter works well in improving WAS
disintegration and VFA production, the pretreatment step (i.e.,
the artiﬁcial activation of persulfate) will be unnecessary. In
addition, although PDS is much cheaper than PMS ($0.74/kg
vs $2.2/kg),16 it is not as reactive as PMS due to its stable
symmetric structure. Unlike those that studied PMS, few works
investigated how PDS inﬂuences VFA production from WAS.
This work investigated whether and how direct introduction
of PMS and PDS without any preactivation can enhance VFA
production from WAS anaerobic fermentation. Speciﬁcally, the
direct introduction of the two persulfates were compared for
their inﬂuences on the composition and yields of VFA and
volatile suspended solids (VSS). The disintegration, solubilization, and biodegradability of the WAS treated in this way were
analyzed. Reactive oxidant species were identiﬁed to better
understand the mechanism.
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Microbial Community Analysis. Samples collected from
fermenters were harvested by centrifugation and stored at −80 °C
for DNA extraction. The DNA was extracted using the DNeasy
UltraClean Microbial Kit (Qiagen, Hilden, Germany). The quantity
and quality of extracted DNA were checked using Qubit3.0 DNA
detection (dsDNA HS Assay Kit, Life Technology, USA) and agarose
gel electrophoresis. The isolated DNA was subjected to a ﬁnal quality
check using a bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA), and then bacterial (V3−V4) 16S rRNA genes were ampliﬁed
and subjected to high throughput sequencing using the Illumina
MiSeq platform. The high-quality sequences were analyzed at NCBI
Sequence Read Archive following the procedure described by
Ghasimi et al.17
Radical Identiﬁcation. Reactive radicals generated from
persulfate were characterized with electron paramagnetic resonance
(EPR) spectra recorded on an EMXNano electron paramagnetic
resonance spectrometer (A300, Bruker, USA) after trapping with 5,5dimethyl-1-pyrolin-N-oxide (DMPO). The WAS (1 mL) and DMPO
(2 mL, 100 mM) were mixed and stirred in centrifuge tubes for 30 s,
and then the mixture was transferred into a quartz capillary
immediately. ESR parameters were set as follows: 20.004 mW of
microwave power, 9.862 GHz of microwave frequency, 1.25 G of
modulation amplitude, and 100 kHz of modulation frequency. The
analysis of spin characters and quantiﬁcation were performed using
the Bruker software.
Other Analyses. Total solids (TS) and volatile solids (VS) were
determined based on weight following the Standard Methods.18 After
ﬁltration with 0.45 μm syringe ﬁlters, the samples were analyzed for
soluble chemical oxygen demand (COD), volatile fatty acids (VFA),
protein, and polysaccharide. Soluble COD was measured using Hach
kits. VFA was measured using gas chromatography equipped with a
ﬂame ionization detector (FID) (Agilent 7890A, USA) and a DBFFAP column (30 m × 0.25 mm × 0.25 mm). Details of VFA
detection were described in one of our previous works.19 Proteins
were measured with bovine serum albumin as standards as proposed
by Frølund et al.20 Polysaccharides were quantiﬁed as glucose
equivalents using the phenol−sulfuric acid method.21
Particle size distribution and surface area of the samples were
determined using a Mastersizer 2000 particle analyzer (Malvern, UK).
The elemental composition of the sludge was analyzed with an X-ray
ﬂuorescence spectrometer (XRF, Thermo, USA). Element mapping
images of the sludge were obtained with a scanning electron
microscope (SEM, ARM200F, Japan). The concentration of dissolved
metal ions was determined with inductively coupled plasma
spectrometry (ICP, Agilent 720ES, USA). Three-dimensional
excitation and emission matrix ﬂuorescence (3D-EEM) was analyzed
on a luminescence spectrometer (Hitachi, Japan). The PMS
concentration was determined with an ABTS colorimetric method,22
and PDS was analyzed with iodometry.23

■

RESULTS AND DISCUSSIONS
Inﬂuence on Anaerobic Fermentation of WAS. VFA
Production. Figure 1a shows the evolution of VFA
concentration during anaerobic fermentation of WAS. The
VFA concentration increased both with and without persulfate
addition. A peak VFA concentration of 442 ± 21 mg COD/L
was observed in 5 days without persulfate addition. The
addition of PMS and PDS obviously improved VFA
production all over the anaerobic fermentation. The maximum
VFA concentration in the case of PMS addition was 1025 ± 55
mg COD/L on the ﬁfth day of anaerobic fermentation, which
was 132% higher than that in the absence of persulfate. This
result is consistent with other studies which applied PMS for
the pretreatment of WAS.13,24 After 8 days, the VFA
production signiﬁcantly decreased possibly due to VFA
conversion to methane.19 Direct addition of PDS into the
fermentor improved VFA production by 87.6%, but the
maximum VFA yield was somewhat lower than PMS addition

MATERIAL AND METHODS

Source of Materials. WAS used in this study was collected from a
sedimentation tank of a municipal WWTP in Beijing, China. It was
concentrated by settling for 24 h and then stored at 4 °C for use. The
WAS has a pH of 6.9 ± 0.1, total solids (TS) of 10.9 ± 0.2 g/L, and
volatile solids (VS) of 6.0 ± 0.2 g/L. The elemental composition is
shown in the Supporting Information in Figure S1.
Analytical grade PMS and PDS were purchased from SigmaAldrich. Other chemicals were reagent grade and purchased from
Sinopharm Chemical Reagent Company.
Anaerobic Fermentation of WAS. Batch tests were carried out
in identical fermentative bottles with a working volume of 250 mL.
Each bottle was initially fed with 200 mL of WAS and 1.0 mM/gVS of
persulfate. Then, the bottles were capped and ﬂushed with N2 at 0.3
L/min for 5 min to remove oxygen. During anaerobic fermentation,
the bottles were placed on a shaker rotating at 140 rpm, keeping the
temperature at 35 ± 1 °C. Control tests without persulfate addition
were also performed. All the batch tests were conducted in triplicates.
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that adding persulfates before and during fermentation resulted
in no signiﬁcant diﬀerence in VFA production.
In terms of VFA composition, Figure 1c shows the
proportion of each VFA in three tests as calculated at the
maximum VFA yields. Acetate, propionate, butyrate, and
valerate were all detected. Acetate was the dominant
component, accounting for 73.5% ± 1.6% (in the absence of
persulfate), 69.8% ± 1.3% (in the presence of PMS) and 70.8%
± 2.6% (in the presence of PDS) of total VFA production.
PMS addition increased the proportion of propionate, being
approximately 1.7 and 2.0 times of that without persulfate
addition and with PDS addition, respectively. Meanwhile, the
lowest proportion of n-valerate (7.7%) was observed with PMS
addition. The results can be probably explained by reduction in
chain length elongation of propionate to valerate with the
addition of PMS. On the other hand, with the addition of PDS,
the percentages of acetate and propionate did not change
signiﬁcantly compared with the control group. In contrast, Luo
et al. (2020)25 observed that the dominant VFA in the control
reactor was propionate, and the addition of PMS and PDS with
diﬀerent metal catalysts activators into fermenters greatly
improved acetate and signiﬁcantly reduced the proportions of
propionate. The diﬀerent VFA compositions contributed to
the variations of metabolic pathways and microbes by the
addition of the PMS and PDS. However, detailed information
regarding the inﬂuence of persulfate-assistant treatment on the
pathway of VFA production is still missing, which should be
further studied.
The total n-butyrate and iso-butyrate accounted for less than
8% of the total VFA yields for all the three tests. Iso-valerate
composed a minor part of VFA (less than 2%) produced from
the anaerobic fermentation.
Sludge Reduction. Sludge reduction by anaerobic digestion
can be evaluated by VSS.6 As measured at the end of anaerobic
fermentation (on day 10), the VSS was reduced by 19.5%,
31.3%, and 28.2% without persulfate addition and with the
addition of PMS and PDS, respectively. This result suggests
that more organic matter of WAS was solubilized with the
addition of PMS and PDS.
The VSS reduction in the presence of PMS and PDS (by
30%−50%) was comparable with conventional anaerobic
digestion with and/or without pretreatment,5,19 but the solid
retention time was signiﬁcantly reduced as compared with
conventional anaerobic digestion (10 d vs 20−30 d). The
acceleration in VSS reduction can be ascribed to the
degradation of organic substances during hydrolysis and
acidogenesis.5
Inﬂuence on WAS Hydrolysis. WAS Disintegration. The
particle size distribution (PSD) of WAS usually reﬂects ﬂoc
disintegration.5 The PSD of the raw WAS and that collected
after 24 h digestion are depicted in Figure 2a.
The size of WAS distributed in a relatively wide range of 0.1
to 1000 μm. Mikkelsen and Keiding26 reported that the
particles of WAS normally can be classiﬁed as primary particles
(∼2.5 μm), microﬂocs (∼13 μm) and macro-ﬂocs (∼100 μm).
In the control test, the PSD of WAS after 24 h digestion was
similar to that of the raw WAS. In contrast, the size of ﬂocs was
signiﬁcantly reduced upon the addition of PMS and PDS in
anaerobic fermentation. Flocs with size above 100 μm
disappeared in the case of PMS-assisted anaerobic fermentation, and the average size (by volume) was reduced from 50 to
10 μm. Small particles with average size of 1 μm apparently
appeared. The particle median size (D0.5) after PMS-assisted

Figure 1. Inﬂuence of PMS and PDS on VFA production during
anaerobic digestion: (a) VFA concentration, (b) comparison to
persulfate pretreatment (PMS and PDS = 1 mM/gVS), and (c) VFA
composition. Note: “iso-” and “n-” means “isomer-” and “normal-”,
respectively.

(829 ± 65 mg COD/L vs 1025 ± 55 mg COD/L). The peak
yield of VFA in the presence of PMS occurred 4 days earlier
than that of PDS, indicating that the VFA production was
accelerated more signiﬁcantly by PMS than by PDS. The same
amounts of persulfates were also tested for the pretreatment of
the sludge for 150 min before fermentation.13 Figure 1b shows
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Table 1. Soluble Protein and Carbohydrate Concentrations
Observed after 24 h Fermentation
control
group
soluble proteins (mg COD/L)
soluble carbohydrates
(mg COD/L)
SCOD (mg/L)

PMSassisted

PDSassisted

22 ± 1
22 ± 2

1097 ± 22
131 ± 3

636 ± 29
62 ± 4

217 ± 11

1767 ± 21

1486 ± 2

supernatant after 24 h PMS-assisted anaerobic fermentation,
which was about 1.7 and 50 times of those detected in PDS
addition and the control test, respectively. Similarly, 131 ± 3
mg COD/L of soluble carbohydrate was detected in the
supernatant of PMS-assisted fermentation, which was about 2
and 6 times of those detected in PDS addition and the control
test, respectively. The literature also reported higher protein
production than carbohydrates in some fermentations,29,30
which can be ascribed to the higher percentage of proteins
than carbohydrates in WAS.27
Figure 3 shows 3D ﬂuorescence spectra of the supernatants
obtained from the three tests. As compared to the control test,
the addition of PMS and PDS increased ﬂuorescence
intensities indicating that more soluble organic matter was
released into the liquid phase. This result is consistent with
what was presented in Table 1. The ﬂuorescence spectra
usually can be divided into ﬁve regions, representing diﬀerent
ﬂuorophores.31 As shown in Table S2 in the Supporting
Information S9, the total percentage of ﬂuorescence corresponding to biodegradable substrates (Region I, Region II, and
Region IV) in the fermenter was 66.2% for PMS addition,
71.9% for PDS addition, and 60.1% for that without persulfate
addition (i.e., the control test). Correspondingly, the nonbiodegradable substances such as the humic-like were largely
degraded in the case of PMS and PDS addition. Previous
studies conﬁrmed that persulfates can decompose humic-like
substrates due to their oxidation capability. For instance,
hydroxyl and sulfate radicals were observed eﬀective for the
degradation of fulvic-like substances.13,32 The above results
suggest that the direct addition of PMS and PDS into the
fermenter enhanced biodegradability of WAS.
Decomposition of Persulfate and Generation of Radicals
during Anaerobic Fermentation. Generally, PMS and PDS
themselves are not reactive toward WAS, only radical species
generated through persulfate activation are reactive.14 In this
study, radical formation from PMS and PDS during
fermentation was conﬁrmed with electron spin resonance
(ESR) spectroscopy. Figure 4 shows the signals of DMPO−
OH (αN = αH = 14.9 G) and DMPO−SO4− (αN = 13.2 G, αβ‑H
= 9.6 G, aγ‑H1 = 1.48 G, and αγ‑H2 = 0.78 G) in the supernatant
of the WAS during fermentation. These two DMPO adducts
are signatures of ·OH and SO4•− formation during anaerobic
fermentation.
In addition, the radical formation patterns for PMS and PDS
were somewhat diﬀerent. In the case of PMS addition, the
signals of ·OH appeared in 2 h of anaerobic fermentation, and
the intensities signiﬁcantly increased in 9 h. As the anaerobic
fermentation further proceeded, the intensity decreased and
was not be obviously detected after 18 h. This result is
consistent with the previous study of Yang et al.13 who
reported that no free radicals were detected after 24 h in the
sludge fermenter with 0.09 g PMS/g TSS.
In contrast to that of PMS, the signals of ·OH and SO4•−
radicals detected in PDS addition were weaker and delayed.

Figure 2. Inﬂuence of PMS and PDS addition on the size distribution
of WAS ﬂocs: (a) particle size distribution and (b) particle size and
surface area.

fermentation was 10.2 μm, which is 39.6% and 25.1% lower
than the raw sludge and the fermentation without persulfate
addition (i.e., the control test), respectively. The particle size
reduction of WAS upon PDS addition was less signiﬁcant than
that of PMS addition (Figure 2a). There was also no apparent
formation of the small particles (around 1 μm) (Figure 2a).
The average surface area of WAS followed the order of PMS
addition (1065 m2/kg) > PDS addition (588.4 m2/kg) > the
control group (416.8 m2/kg) > the raw WAS (327.1 m2/kg)
(Figure 2b and Table S1 in the Supporting Information S8).
The reduction in particle size and the increase in surface area
of WAS could improve the eﬃciency of enzymatic attack on
particulate organic matter, leading to enhanced hydrolysis and
biodegradation of WAS in anaerobic digestion. 5 The
accelerated release of organic matter from WAS into water
will provide more substrates for VFA production.27
Inﬂuence of Persulfate Addition on WAS Solubilization
and Biodegradability. Hydrolyzing solid substrates to convert
them into soluble substances is the ﬁrst and the rate limiting
step for anaerobic fermentation of sludge.28 Proteins and
carbohydrates are the main components of WAS, thus the
increase of their concentrations in the liquid phase usually is an
indicator for the extent of WAS hydrolysis.8 As shown in Table
1, soluble proteins and carbohydrates in the supernatant
increased when PMS and PDS were added. For instance, 1097
± 22 mg COD/L of soluble protein was detected in the
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Figure 3. Fluorescence EEM spectra of the soluble organic matter of WAS after 24 h of anaerobic fermentation with (a) no persulfate addition, (b)
PDS addition, (c) PMS addition. All samples were diluted by 150 times before analysis.

Figure 5. Decomposition of PMS and PDS in pure-water and WAS at
35 °C.

40% PMS in the ﬁrst several minutes, then followed by slow
decomposition. Nearly all the PMS was decomposed in 24 h.
The initial fast decomposition of PMS indicates that some
WAS constituents consumed PMS through direct reactions.14
The initial fast decomposition was not observed for PDS.
About 80% of PDS decomposed in 24 h. This phenomenon is
consistent with the retarded radical formation from PDS as
compared with PMS during the WAS fermentation.
Normally, the generation of free radicals such as SO4•− from
persulfate requires external activation such as heating,
transition metals, or UV irradiation, which can be expressed
in eqs 1−3.12
−
HSO5− + e− or heat → SO•−
4 + OH

(1)

S2 O82 − + heat → 2SO4•−
Figure 4. ESR spectra during 24 h anaerobic fermentation with (a)
PMS addition and (b) PDS addition.

SO4

•−

+ H 2O → SO4

2−

+ •OH + H

(2)
+

(3)

In the present study, the fermentation temperature was
maintained at 35 ± 1 °C, and this temperature is not eﬀective
for persulfate activation (Figure 5, curves obtained for pure
water). Some trace transition metal ions and minerals, and/or
components released from WAS probably caused the
decomposition of the persulfates. As can be seen from Figure

These signals were detectable in 2 h of digestion but their
intensities did not obviously increase until 18 h of digestion.
Figure 5 shows the decomposition of PMS and PDS during
the WAS fermentation. The decomposition of PMS can be
separated into two stages, that is, the fast decomposition of
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52.3% along with a sharp reduction of Bacteroidetes to 1.6%.
However, only 31.2% of Proteobacteria and 18.5% of
Bacteroidetes were detected in the PMS-assisted fermentation.
PDS seems to lead to the enrichment of Proteobacteria and
inhibit the growth of Bacteroidetes. Compared to PDS, PMS
showed the opposite eﬀect on Proteobacteria and Bacteroidetes.
Additionally, Acidobacteria decreased from 15.5% to less than
2.0% in the persulfate-assisted fermentation.
A phylogenetic tree of the top 100 genera found in the three
tests (Figure 7) was constructed with iTOL;39 the genera are
colored by phylum. The length of the outer bars represents the
relative abundance of the bacteria in the genus level. This
result demonstrates that the fermenters consist of various
anaerobes that play signiﬁcant roles in hydrolysis, acidogenesis,
nitrogen cycle, and sulfate-reduction. The bacteria community
compositions were not signiﬁcantly changed by the addition of
persulfate, but the relative abundances of certain key
populations were aﬀected.
For example, although hydrolytic bacteria such as
norank_c__Bacteroidetes_vadinHA17, Ferruginibacter, and
Woodsholea were detected in all groups, their relative
abundances decreased in the presence of PMS and PDS. In
contrast, other important hydrolytic bacteria such as Bacillus
were enriched in PMS- and PDS-assisted fermentation. It has
been reported that Bacillus is capable of degrading various
organic matter and also have high tolerance to environmental
stresses.40
The relative abundance of acidogenesis such as Clostridium_sensu_stricto_10, Fonticella, and Macellibacteroides were
higher in persulfate-assisted fermentation. In particular, the
genus Clostridium_sensu_stricto_10 which was reported to be
one of VFA producers in anaerobic fermentation was highly
enriched in the PMS- and PDS-assisted fermentation with
relative abundances of 3.6% and 13.8%, respectively. Moreover,
Fonticella which degrades organic substances producing VFA
via acidogenesis and acetogenesis,41 was strengthened by the
addition of PMS (2.4%) and PDS (1.4%). The total abundance
of acidiﬁers increased from 6.9% to 22.7% and 24.2%,
respectively, in the case of PMS and PDS addition. Therefore,
the change of these genera can explain why more VFAs were
produced in the presence of PMS and PDS.
Some types of denitriﬁers such as Thioclava,42 Acinetobacter,43 and Desulfotomaculum44 were detected in all groups,
which suggests the coexistence of denitriﬁcation during WAS
fermentation.38,45 In addition, PMS and PDS addition enriched
the sulfate-reduction bacteria. For example, Thioclava
increased from 0.05% to 0.2% and 1.9% for the PMS- and
PDS-assisted fermentation, respectively.

S1 in Supporting Information S2, the WAS comprises 3.0% of
iron, which might be a catalyst for SO4•− and •OH generation
from persulfates.33 The iron concentration in the supernatant
of the raw WAS was only 0.06 ± 0.01 mg/L. However, after 24
h of anaerobic digestion, the iron concentration increased to
1.28 ± 0.24 mg/L, 5.32 ± 0.49 mg/L, and 6.56 ± 0.46 mg/L
in the control test, PDS addition, and PMS addition,
respectively. Therefore, the addition of persulfates improved
iron release from WAS to the supernatant as compared to the
control test, which also can be related to the accelerated WAS
dissolution in the presence of persulfate. The released iron
could activate PMS and PDS to produce SO4•− and •OH.15
According to the literature,34,35 some humic substances and
quinones can also activate persulfate to produce SO4•−.
Actually, WAS itself usually contains 10%−20% of humic
substances in terms of COD.5 These humic-like substrates
might also contribute to the activation of persulfate during the
anaerobic fermentation.36 More insight information on radical
formation during the anaerobic fermentation should be carried
out in the future.
Microbial Community. To better understand the inﬂuence
of persulfate on anaerobic microbes and the microbial
mechanism of VFA production in these tests, the microbial
community at phylum and genus levels were analyzed using the
Illumina sequencing. The Alpha diversity analysis showed that
the Simpson index in the control test was greater than that in
the PMS and PDS addition (as shown in Figure S2 in the
Supporting Information S7), revealing that the addition of
PMS and PDS reduced the microbial diversity but did not
largely change the microbial structure. As shown in Figure 6,

Figure 6. Relative abundances of the microbial community at the
phylum level.

■

the most abundant phyla in the control and experimental
groups were Proteobacteria (31.2%−52.3%), Firmicutes (1.2%−
44.7%), Bacteroidetes (1.5%−18.5%) and Chloroflexi (2.0%−
10.0%), which is consistent with the literature.37,38
Compared to the control test, the abundance of Firmicutes
was enriched from 1.2% to 25.5% and 44.7% in the case of
PMS and PDS addition, respectively. It was widely reported
that Firmicutes can degrade a wide range of organic matter in
WAS under anaerobic condition, and its enrichment is
beneﬁcial to organic matter degradation during hydrolysis as
shown in Table 1. Proteobacteria and Bacteroidetes are
important phyla in the anaerobic digestion, which accounted
for 40.5% and 12.4% of the total sequences in the control and
experimental groups, respectively. For the sample collected
from PDS-assisted fermentation, Proteobacteria increased to

DISCUSSION
To improve VFA production from anaerobic fermentation of
WAS, the ideal technology means a short treatment period and
low cost for high VFA production. Compared to previous
studies, which applied complex PMS activation as pretreatment,13,24,33 this study revealed that direct addition of PMS
and PDS at the beginning of the anaerobic fermentation
without any preactivation allowed substantial improvement of
the hydrolysis rate of WAS in anaerobic fermentation. It was
worth noticing that this method obtained similar VFA
production from WAS as the method of pretreatment by
PMS and PDS before anaerobic fermentation. PMS has a
higher eﬃciency in WAS hydrolysis and VFA production than
10078
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Figure 7. Evolutionary tree of the top 100 genus in diﬀerent fermenters.

promote hydrolysis.5 The increased soluble proteins and
carbohydrates in the supernatant also provide more biodegradable substrates for acidiﬁers and the associated enzymes
for subsequent VFA production.
More biodegradable substrates were available due to the
enhanced WAS disintegration and solubilization by persulfate
addition, and thereby functional microorganisms converting
the soluble substrates to VFA played a key role in
fermentation. Although addition of PMS and PDS did not
substantially aﬀect the microbial structure, it substantially
increased the relative abundance of certain key bacterial phyla,
such as Firmicutes and Bacillus. The versatile anaerobes are
capable of degrading proteins, polymeric carbohydrates, and
lipids. Their enrichment might result from the increased
solubilization of protein and carbohydrates observed at 24 h of
anaerobic fermentation with the addition of PMS and PDS.
The result implies that the addition of PMS and PDS also

PDS during the anaerobic fermentation (Figure 1). However,
the latter has advantages in its relatively low cost.
On the basis of further analysis, reactive oxygen species such
as hydroxyl and sulfate radicals were detected during the initial
24 h of anaerobic fermentation as the consequence of the
decomposition of PMS and PDS. Hydroxyl and sulfate radicals,
which are strong oxidants, are capable of decomposing a
number of organic substances in WAS via oxidation.13,14 Yang
et al.13 observed that ·OH and SO4•− can improve the diﬀusion
of EPS from the inner layer to the outer layer of the sludge,
thus releasing remarkable organic components into the liquid
phase. Besides, Li et al.46 reported that ·OH produced by CaO2
addition improved WAS disintegration and the removal of
refractory organic contaminants. It is reasonable to infer that
the released hydroxyl and sulfate radicals improved WAS
disintegration and its dissolution. The consequent decrease in
particle size and the increase in surface area of WAS can
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contributed to the biodegradation of complex substrates in
sludge, such as proteins. Besides, persulfate-assisted fermentation increased the proportion of VFA producers. But, the
inﬂuences of PMS and PDS addition on the enrichment of
VFA producers in the genus level were diﬀerent. The addition
of PDS enriched Clostridium_sensu_stricto_10, belonging to
Phylum Firmicutes from 0% in the control group to 13.8% in
the PDS group, whereas this value was only 3.6% in the PMS
group. On the other hand, the addition of PMS mainly
enriched Macellibacteroides, belonging to Phylum Bacteroidetes
from 0.08% in the control to 16.7% in the PMS group. It can
be calculated that the total abundance of acidiﬁers with PMS
and PDS addition increased to 2.2 times of that without
persulfate addition. Therefore, persulfate addition enriched
hydrolytic and VFA-forming bacteria, which was another one
of the main reasons for improved VFA yield. Additionally,
some genera such as Thioclava was enriched with the presence
of persulfate, reﬂecting that the addition of PMS and PDS
stimulated the sulfate reducing bacteria during anaerobic
fermentation. This result might be attributed to the increased
sulfate from the decomposition of persulfates.
A brief cost-eﬀectiveness evaluation was also performed. As
mentioned above, the maximum VFA concentration obtained
from the PMS-assisted fermentation was only 1.24 times that
of the PDS-assisted. However, the commercial price of PMS
($2.2/kg) is nearly three times of PDS ($0.74/kg).12 The
additional cost of PMS was not compensated by its higher VFA
production as compared with PDS. However, it should be
stated that this comparison did not consider the cost of VFA
recovery. In contrast to methane production, anaerobic
fermentation for VFA production could avoid the competition
between sulfate-reducing bacteria and methanogenic archaea.
From the view of resource recovery, the residual sulfate could
be recovered through precipitation,47 or further treated by
novel technology such as Sha Tin sewage treatment.48 More
detailed investigation (e.g., the inﬂuences of pH, temperature,
and persulfate dosage) is still needed to optimize the
persulfate-assisted WAS fermentation.

AUTHOR INFORMATION

Corresponding Author

Tao Zhang − State Key Laboratory of Environmental Aquatic
Chemistry, Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, Beijing 10085, P. R. China;
orcid.org/0000-0003-3708-7755; Email: taozhang@
rcees.ac.cn
Authors

Wei Fang − State Key Laboratory of Environmental Aquatic
Chemistry, Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, Beijing 10085, P. R. China;
orcid.org/0000-0003-4445-2298
Xuedong Zhang − Department of Environmental Engineering
Faculty of Environment and Civil Engineering Jiangnan
University, Wuxi 214122, P. R. China
Henri Spanjers − Department of Water Management, Section
Sanitary Engineering, Delft University of Technology, 2600
GA Delft, The Netherlands
Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.1c01781
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
The authors acknowledge the “Major Science and Technology
Program for Water Pollution Control and Treatment
(2018ZX07110-002)” and State Key Lab for Aquatic
Chemistry (18Z01ESPCR) for funding of this research. Dr.
Ning Jiang and Dr. Jichen Wang at RCEES, CAS, are gratefully
acknowledged for fruitful discussions on generation of free
radicals and microbial community analysis.

■

REFERENCES

(1) Liu, C.; Wu, B.; Chen, X. e. Sulfate radical-based oxidation for
sludge treatment: A review. Chem. Eng. J. 2018, 335, 865−875.
(2) Holtzapple, M. T.; Granda, C. B. Carboxylate Platform: The
MixAlco Process Part 1: Comparison of Three Biomass Conversion
Platforms. Appl. Biochem. Biotechnol. 2009, 156 (1−3), 525−536.
(3) Kleerebezem, R.; Joosse, B.; Rozendal, R.; Van Loosdrecht, M.
C. M. Anaerobic digestion without biogas? Rev. Environ. Sci. Bio/
Technol. 2015, 14 (4), 787−801.
(4) Agler, M. T.; Wrenn, B. A.; Zinder, S. H.; Angenent, L. T. Waste
to bioproduct conversion with undefined mixed cultures: the
carboxylate platform. Trends Biotechnol. 2011, 29 (2), 70−78.
(5) Gonzalez, A.; Hendriks, A. T. W. M.; van Lier, J. B.; de Kreuk,
M. Pre-treatments to enhance the biodegradability of waste activated
sludge: Elucidating the rate limiting step. Biotechnol. Adv. 2018, 36
(5), 1434−1469.
(6) Fang, W.; Zhang, P.; Zhang, G.; Jin, S.; Li, D.; Zhang, M.; Xu, X.
Effect of alkaline addition on anaerobic sludge digestion with
combined pretreatment of alkaline and high pressure homogenization.
Bioresour. Technol. 2014, 168, 167−172.
(7) Wahidunnabi, A. K.; Eskicioglu, C. High pressure homogenization and two-phased anaerobic digestion for enhanced biogas
conversion from municipal waste sludge. Water Res. 2014, 66, 430−
446.
(8) Wang, Q.; Ye, L.; Jiang, G.; Jensen, P. D.; Batstone, D. J.; Yuan,
Z. Free Nitrous Acid (FNA)-Based Pretreatment Enhances Methane
Production from Waste Activated Sludge. Environ. Sci. Technol. 2013,
47 (20), 11897−11904.
(9) Appels, L.; Houtmeyers, S.; Degreve, J.; Van Impe, J.; Dewil, R.
Influence of microwave pre-treatment on sludge solubilization and

■

CONCLUSION
This study shows that direct addition of persulfates during
anaerobic WAS fermentation without any preactivation steps
both substantially improved the hydrolysis rate and VFA yields.
The VFA yield was increased by 132% and 87.6% by PMS and
PDS addition at 1.0 mM/gVS, respectively. However, the costeﬀectiveness of PMS in enhancing VFA production was not
comparable to that of PDS. PMS and PDS added under this
condition was depleted in 24 h of fermentation, associated with
the generation of ·OH and SO4•−. The released radicals further
improved the disintegration, solubilization and biodegradability of WAS. ·OH and SO4•− generation from PDS addition
was weaker and delayed as compared with PMS addition. Both
PMS and PDS addition enriched the microbial community
which is responsible for VFA production.

■

Research Article

ASSOCIATED CONTENT

sı Supporting Information
*

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01781.
Two ﬁgures and tables as described in the text (PDF)
10080

https://doi.org/10.1021/acssuschemeng.1c01781
ACS Sustainable Chem. Eng. 2021, 9, 10073−10082

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

pilot scale semi- continuous anaerobic digestion. Bioresour. Technol.
2013, 128, 598−603.
(10) Carrere, H.; Dumas, C.; Battimelli, A.; Batstone, D. J.;
Delgenes, J. P.; Steyer, J. P.; Ferrer, I. Pretreatment methods to
improve sludge anaerobic degradability: A review. J. Hazard. Mater.
2010, 183 (1−3), 1−15.
(11) Fang, W.; Zhang, X.; Zhang, P.; Wan, J.; Guo, H.; Ghasimi, D.
S. M.; Carol Morera, X.; Zhang, T. Overview of key operation factors
and strategies for improving fermentative volatile fatty acid
production and product regulation from sewage sludge. J. Environ.
Sci. 2020, 87, 93−111.
(12) Zhang, T.; Zhu, H.; Croue, J.-P. Production of Sulfate Radical
from Peroxymonosulfate Induced by a Magnetically Separable
CuFe2O4 Spinel in Water: Efficiency, Stability, and Mechanism.
Environ. Sci. Technol. 2013, 47 (6), 2784−2791.
(13) Yang, J.; Liu, X.; Wang, D.; Xu, Q.; Yang, Q.; Zerig, G.; Li, X.;
Liu, Y.; Gong, J.; Ye, J.; Li, H. Mechanisms of peroxymonosulfate
pretreatment enhancing production of short-chain fatty acids from
waste activated sludge. Water Res. 2019, 148, 239−249.
(14) Kim, M. S.; Lee, K.-M.; Kim, H.-E.; Lee, H.-J.; Lee, C.; Lee, C.
Disintegration of Waste Activated Sludge by Thermally-Activated
Persulfates for Enhanced Dewaterability. Environ. Sci. Technol. 2016,
50 (13), 7106−7115.
(15) Maqbool, T.; Cho, J.; Hur, J. Improved dewaterability of
anaerobically digested sludge and compositional changes in
extracellular polymeric substances by indigenous persulfate activation.
Sci. Total Environ. 2019, 674, 96−104.
(16) Zhang, T.; Chen, Y.; Wang, Y.; Le Roux, J.; Yang, Y.; Croue, J.P. Efficient Peroxydisulfate Activation Process Not Relying on Sulfate
Radical Generation for Water Pollutant Degradation. Environ. Sci.
Technol. 2014, 48 (10), 5868−5875.
(17) Ghasimi, D. S. M.; Aboudi, K.; de Kreuk, M.; Zandvoort, M.
H.; van Lier, J. B. Impact of lignocellulosic-waste intermediates on
hydrolysis and methanogenesis under thermophilic and mesophilic
conditions. Chem. Eng. J. 2016, 295, 181−191.
(18) Eaton, A. Standard Methods for the Examination of Water and
WasteWater; APHA, 2005.
(19) Fang, W.; Zhang, P.; Zhang, X.; Zhu, X.; van Lier, J. B.;
Spanjers, H. White rot fungi pretreatment to advance volatile fatty
acid production from solid-state fermentation of solid digestate:
Efficiency and mechanisms. Energy 2018, 162, 534−541.
(20) Frolund, B.; Griebe, T.; Nielsen, P. H. Enzymatic activity in the
activated-sludge floc matrix. Appl. Microbiol. Biotechnol. 1995, 43 (4),
755−61.
(21) DuBois, M.; Gilles, K. A.; Hamilton, J. K.; Rebers, P. A.; Smith,
F. Colorimetric Method for Determination of Sugars and Related
Substances. Anal. Chem. 1956, 28 (3), 350−356.
(22) Wang, Y.; Le Roux, J.; Zhang, T.; Croue, J.-P. Formation of
Brominated Disinfection Byproducts from Natural Organic Matter
Isolates and Model Compounds in a Sulfate Radical-Based Oxidation
Process. Environ. Sci. Technol. 2014, 48 (24), 14534−14542.
(23) Liang, C.; Huang, C.-F.; Mohanty, N.; Kurakalva, R. M. A rapid
spectrophotometric determination of persulfate anion in ISCO.
Chemosphere 2008, 73 (9), 1540−1543.
(24) Jin, B.; Niu, J.; Dai, J.; Li, N.; Zhou, P.; Niu, J.; Zhang, J.; Tao,
H.; Ma, Z.; Zhang, Z. New insights into the enhancement of
biochemical degradation potential from waste activated sludge with
low organic content by Potassium Monopersulfate treatment.
Bioresour. Technol. 2018, 265, 8−16.
(25) Luo, J. Y.; Zhu, Y.; Zhang, Q.; Cao, M.; Guo, W.; Li, H.; Wu,
Y.; Wang, H.; Su, Y. L.; Cao, J. S. Promotion of short-chain fatty acids
production and fermented sludge properties via persulfate treatments
with different activators: Performance and mechanisms. Bioresour.
Technol. 2020, 295, 122278.
(26) Mikkelsen, L. H.; Keiding, K. The shear sensitivity of activated
sludge: an evaluation of the possibility for a standardised floc strength
test. Water Res. 2002, 36 (12), 2931−40.

Research Article

(27) Vavilin, V. A.; Fernandez, B.; Palatsi, J.; Flotats, X. Hydrolysis
kinetics in anaerobic degradation of particulate organic material: An
overview. Waste Manage. 2008, 28 (6), 939−951.
(28) Yan, Y.; Feng, L.; Zhang, C.; Wisniewski, C.; Zhou, Q.
Ultrasonic enhancement of waste activated sludge hydrolysis and
volatile fatty acids accumulation at pH 10.0. Water Res. 2010, 44 (11),
3329−3336.
(29) Feng, Y.; Zhang, Y.; Quan, X.; Chen, S. Enhanced anaerobic
digestion of waste activated sludge digestion by the addition of zero
valent iron. Water Res. 2014, 52, 242−250.
(30) Nazari, L.; Yuan, Z.; Santoro, D.; Sarathy, S.; Ho, D.; Batstone,
D.; Xu, C.; Ray, M. B. Low-temperature thermal pre-treatment of
municipal wastewater sludge: Process optimization and effects on
solubilization and anaerobic degradation. Water Res. 2017, 113, 111−
123.
(31) Chen, W.; Westerhoff, P.; Leenheer, J. A.; Booksh, K.
Fluorescence excitation - Emission matrix regional integration to
quantify spectra for dissolved organic matter. Environ. Sci. Technol.
2003, 37 (24), 5701−5710.
(32) Xu, X.-Y.; Zeng, G.-M.; Peng, Y.-R.; Zeng, Z. Potassium
persulfate promoted catalytic wet oxidation of fulvic acid as a model
organic compound in landfill leachate with activated carbon. Chem.
Eng. J. 2012, 200, 25−31.
(33) Li, Y.; Yuan, X.; Wang, D.; Wang, H.; Wu, Z.; Jiang, L.; Mo, D.;
Yang, G.; Guan, R.; Zeng, G. Recyclable zero-valent iron activating
peroxymonosulfate synchronously combined with thermal treatment
enhances sludge dewaterability by altering physicochemical and
biological properties. Bioresour. Technol. 2018, 262, 294−301.
(34) Ahmad, M.; Teel, A. L.; Watts, R. J. Mechanism of Persulfate
Activation by Phenols. Environ. Sci. Technol. 2013, 47 (11), 5864−
5871.
(35) Fang, G.; Gao, J.; Dionysiou, D. D.; Liu, C.; Zhou, D.
Activation of Persulfate by Quinones: Free Radical Reactions and
Implication for the Degradation of PCBs. Environ. Sci. Technol. 2013,
47 (9), 4605−4611.
(36) Yu, J.; Tang, L.; Pang, Y.; Zeng, G.; Wang, J.; Deng, Y.; Liu, Y.;
Feng, H.; Chen, S.; Ren, X. Magnetic nitrogen-doped sludge-derived
biochar catalysts for persulfate activation: Internal electron transfer
mechanism. Chem. Eng. J. 2019, 364, 146−159.
(37) Chen, H.; Rao, Y.; Cao, L.; Shi, Y.; Hao, S.; Luo, G.; Zhang, S.
Hydrothermal conversion of sewage sludge: Focusing on the
characterization of liquid products and their methane yields. Chem.
Eng. J. 2019, 357, 367−375.
(38) Huang, X.; Dong, W.; Wang, H.; Feng, Y. Role of acid/alkalitreatment in primary sludge anaerobic fermentation: Insights into
microbial community structure, functional shifts and metabolic output
by high-throughput sequencing. Bioresour. Technol. 2018, 249, 943−
952.
(39) Letunic, I.; Bork, P. Interactive Tree Of Life (iTOL): an online
tool for phylogenetic tree display and annotation. Bioinformatics 2007,
23 (1), 127−128.
(40) Kim, Y.-K.; Bae, J.-H.; Oh, B.-K.; Lee, W. H.; Choi, J.-W.
Enhancement of proteolytic enzyme activity excreted from Bacillus
stearothermophilus for a thermophilic aerobic digestion process.
Bioresour. Technol. 2002, 82 (2), 157−64.
(41) Fraj, B.; Ben Hania, W.; Postec, A.; Hamdi, M.; Ollivier, B.;
Fardeau, M.-L. Fonticella tunisiensis gen. nov. sp nov. isolated from a
hot spring. Int. J. Syst. Evol. Microbiol. 2013, 63, 1947−1950.
(42) Sorokin, D. Y.; Tourova, T. P.; Spiridonova, E. M.; Rainey, F.
A.; Mulyzer, G. Thioclava pacifica gen. nov. sp nov. a novel
facultatively autotrophic, marine, sulfur-oxidizing bacterium from a
near-shore sulfidic hydrothermal area. Int. J. Syst. Evol. Microbiol.
2005, 55, 1069−1075.
(43) Abboud, M. M.; Khleifat, K. M.; Batarseh, M.; Tarawneh, K. A.;
Al-Mustafa, A.; Al-Madadhah, M. Different optimization conditions
required for enhancing the biodegradation of linear alkylbenzosulfonate and sodium dodecyl sulfate surfactants by novel consortium of
Acinetobacter calcoaceticus and Pantoea agglomerans. Enzyme
Microb. Technol. 2007, 41 (4), 432−439.
10081

https://doi.org/10.1021/acssuschemeng.1c01781
ACS Sustainable Chem. Eng. 2021, 9, 10073−10082

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

(44) Widdel, F.; Pfennig, N. A new anaerobic, sporing, acetateoxidizing, sulfate-reducing bacterium, Desulfotomaculum (emend.)
acetoxidans. Arch. Microbiol. 1977, 112 (1), 119−22.
(45) Wang, Y.; Zhao, J.; Wang, D.; Liu, Y.; Wang, Q.; Ni, B.-J.;
Chen, F.; Yang, Q.; Li, X.; Zeng, G.; Yuan, Z. Free nitrous acid
promotes hydrogen production from dark fermentation of waste
activated sludge. Water Res. 2018, 145, 113−124.
(46) Li, Y.; Wang, J.; Zhang, A.; Wang, L. Enhancing the quantity
and quality of short-chain fatty acids production from waste activated
sludge using CaO2 as an additive. Water Res. 2015, 83, 84−93.
(47) Muyzer, G.; Stams, A. J. M. The ecology and biotechnology of
sulphate-reducing bacteria. Nat. Rev. Microbiol. 2008, 6 (6), 441−454.
(48) Lin, S.; Mackey, H. R.; Hao, T.; Guo, G.; van Loosdrecht, M.
C. M.; Chen, G. Biological sulfur oxidation in wastewater treatment:
A review of emerging opportunities. Water Res. 2018, 143, 399−415.

10082

https://doi.org/10.1021/acssuschemeng.1c01781
ACS Sustainable Chem. Eng. 2021, 9, 10073−10082

