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Peracetic acid (PAA), known for its environmentally friendly properties as a oxidant and bactericide, is
gaining prominence in decontamination and disinfection applications. The primary product of PAA
oxidation is acetate that can serve as an electron acceptor (EA) for the biosynthesis of medium-chain
fatty acids (MCFAs) via chain elongation (CE) reactions. Hence, PAA-based pretreatment is supposed to
be beneficial for MCFAs production from anaerobic sludge fermentation, as it could enhance organic
matter availability, suppress competing microorganisms and furnish EA by providing acetate. However,
such a hypothesis has rarely been proved. Here we reveal that PAA-based pretreatment leads to sig-
nificant exfoliation of extracellular polymeric substances (EPS) from sludge flocs and disruption of
proteinic secondary structures, through inducing highly active free radicals and singlet oxygen. The
production of MCFAs increases substantially to 11,265.6 mg COD L�1, while the undesired byproducts,
specifically long-chain alcohols (LCAs), decrease to 723.5 mg COD L�1. Microbial activity tests further
demonstrate that PAA pretreatment stimulates the CE process, attributed to the up-regulation of func-
tional genes involved in fatty acid biosynthesis pathway. These comprehensive findings provide insights
into the effectiveness and mechanisms behind enhanced MCFAs production through PAA-based tech-
nology, advancing our understanding of sustainable resource recovery from sewage sludge.
© 2023 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 recycling of sewage sludge, including primary sludge and
waste activated sludge (WAS), which are inherent byproducts of
biological wastewater treatment, is an important part of achieving
carbon neutrality at wastewater treatment plants (WWTPs) [1e3].
As a low-cost and simple technology, anaerobic fermentation can
effectively reduce the contamination properties of sludge and
convert organic fractions into value-added products [4,5].
Compared to short-chain fatty acids (SCFAs, i.e., traditional
fermentation products), medium-chain fatty acids (MCFAs) carry
higher energy densities. They are more hydrophobic and can be
ier B.V. on behalf of Chinese Soci
access article under the CC BY-NC-
easily separated from fermentation liquor [6e8]. MCFAs, denoting
straight-chain monocarboxylates containing 6e12 carbon atoms,
primarily encompass caproate, heptylate, and caprylate when
produced through biotechnological means [9]. MCFAs can be
employed in diverse industries, such as food additives and anti-
microbial agents [6]. They are also precursors to manufacture in-
dustrial products, e.g., surfactants, lubricants, plasticizers, etc., or to
synthesize jet fuel and diesel [10]. Consequently, MCFAs have a
higher economic and practical value.

Sewage sludge is a suitable and cheap substrate for MCFAs
production. On one hand, most organics in sludge can be bio-
degraded into acetate-dominated SCFAs. Chain elongation (CE)
microorganisms prefer to initiate CE with acetate as the initial
electron acceptor (EA) [11]. Meanwhile, sewage sludge is rich in
microorganisms and extracellular hydrolytic enzymes, e.g., acid-
producing bacteria, CE microorganisms, and protease, benefiting
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hydrolysis/acidification of substrates and SCFAs upgrading [12].
When electron donor (ED, commonly ethanol) is sufficient, CE
microorganisms will likely be enriched to upgrade SCFAs to MCFAs.
For example, it was reported that 6615 mg COD per L MCFAs were
produced from anaerobic WAS fermentation due to the stimulation
of 170 mM ethanol [13]. When WAS alkaline fermentation liquid
was applied as EA for CE, with different concentrations of ethanol
provided as ED, MCFAs production was elevated from 5570 to
7670 mg COD L�1 [6]. However, EA provided by sewage sludge is
often limited since the organic components in hard cell walls and
extracellular polymeric substance (EPS) are resistant to biological
hydrolysis [12,14], resulting in hindered MCFAs production [15,16].
Meanwhile, potential competing microbes in sewage sludge allow
the conversion of ED and EA to byproducts, e.g., long-chain alcohols
(LCAs) and methane, leading to dispersive carbon fluxes and
incomplete CE [10]. To accelerate sludge hydrolysis and eliminate
competitive inhibiting processes, sludge pretreatment is essential
before anaerobic fermentation. Yin et al. proved that Fenton-
persulfate oxidation could promote sludge acidification and sup-
pressmicroorganisms capable of producing LCAs, increasingMCFAs
production from 2367.7 to 3445.9 mg COD L�1 [16]. Wang et al.
indicated that after free ammonia (FA) pretreatment for 24 h,
MCFAs production fromWAS was promoted from 1400 to 8300 mg
COD L�1 [15]. Nevertheless, adding persulfate may induce a sulfate-
reducing process, and fermentation broth reflux would increase
sludge volume. Therefore, finding an economical and eco-friendly
pretreatment technology is urgently needed to scale up the appli-
cation of MCFAs recovery from WAS.

Peracetic acid (PAA, E0 ¼ 1.81 eV) is a wide-spectrum antimi-
crobial agent for many industries, e.g., medical and food, without
byproducts generation. Also, the PAA-based advanced oxidation
process (AOP) has exhibited excellent functions in chemical/
microbiological micropollutant removal from water/wastewater
[17]. Recently, the inhibition of PAA in the biological wastewater
treatment process and its effect on WAS dissolution have attracted
much attention. It was reported that PAA could inhibit the enzyme
activity associated with nitrification and decrease nitrate produc-
tion rates [18]. Appels et al. reported that PAA oxidation caused
effective solubilization of sludge organics and increased methane
production from anaerobic WAS digestion by 21% [19]. It was also
unveiled that PAA could efficiently dissolve sludge cells and EPS
into soluble components [20]. Additionally, Li et al. demonstrated
that PAA suppressed non-functional microorganisms, i.e.,
hydrogen-consuming microorganisms, during WAS dark fermen-
tation for hydrogen production, resulting in H2 cumulation
increasing to 14.2 mL per g VSS with considerable SCFAs as liquid-
phase products [21]. Although PAA-based oxidation has been
demonstrated feasible for sludge solubilization and primary
fermentation, its enhancement effect on MCFAs production from
WAS and the related mechanisms have not been elucidated.
Therefore, we propose employing PAA oxidation as a pretreatment
strategy for sludge disintegration and MCFAs production. Our hy-
potheses are based on the following premises: (1) PAA can be
activated in situwithin sludge that is rich in iron [22] and accelerate
organic components solubilization and conversion, providing more
soluble materials as precursors for EA (i.e., SCFAs) formation. (2)
The only byproduct of PAA oxidation is acetic acid, which can be
consumed by CE microorganisms as EA to produce MCFAs. (3) PAA
has bactericidal or bio-inhibitory effects that may inhibit the pro-
duction of LCAs and increase electron transfer efficiency from ED to
MCFAs.

This work aims to explore the feasibility and corresponding
mechanism of PAA pretreatment in enhancing MCFAs production
from WAS. Firstly, WAS disintegration performance based on PAA
oxidation is elaborated from three aspects: soluble substrate
2

production, changes in sludge properties, and extracellular or-
ganics transformation. Subsequently, the details of different doses
(i.e., 0e25 mg per g TSS) of PAA pretreatment on MCFAs biosyn-
thesis from sludge are assessed based on ED consumption, MCFAs
accumulation, byproduct (i.e., LCAs) production, and product dis-
tributions. Meanwhile, community succession of MCFAs-forming
bioreactors mediated by PAA pretreatment is elucidated by 16S
rRNA sequencing. Furthermore, mechanisms of enhanced MCFAs
production were clarified from three perspectives: reaction
mechanisms of PAA oxidation for WAS disintegration, metabolic
activities of key bioprocesses, and variations in microbial functions
and functional gene expression. The findings observed in this work
would fill the knowledge gap of PAA-based AOP for enhanced
MCFAs production fromWAS and expand the understanding of the
role of PAA in sludge resource recovery.

2. Material and methods

2.1. Main parameters of WAS and PAA

WAS applied for the experiments was from a local WWTP in
Tianjin, China. After impurities were removed and concentrated,
WAS was stored at 4 �C. The key characteristics of the WAS were as
follows: total suspended solids (TSS) of 26.34 ± 0.46 g L�1, volatile
suspended solids (VSS) of 15.86 ± 0.28 g L�1, a total COD (TCOD) of
24540 ± 917 mg L�1, total carbohydrates of 2862 ± 123 mg COD L�1,
and total proteins of 14756 ± 225 mg COD L�1. The inoculum was
cultured by WAS with ethanol as ED. The key properties of this
inoculum were characterized by total solids (TS) of
17.69 ± 0.13 g L�1, volatile solids (VS) of 9.79 ± 0.12 g L�1, a TCOD of
16800 ± 591 mg L�1, total carbohydrates of 1853 ± 81 mg COD L�1,
and total proteins of 9401 ± 157 mg COD L�1. The commercial PAA
solution was purchased from Tianjin Damao Chemical Reagent
Factory, and the PAA content in the solution was 12%.

2.2. WAS disintegration by PAA pretreatment

Effective sludge flocs disintegration is the essential precondition
for the acidogenic fermentation of WAS. In this batch experiment,
we employed five serum bottles as reactors, each containing
150mL ofWAS. Subsequently, a certain volume of PAA solutionwas
dosed to these reactors to reach a concentration of 0, 10, 15, 20, or
25 mg PAA per g TSS, respectively. This pretreatment process was
conducted over a 24-h period to ensure complete peroxidation
[19,23]. These tests were conducted in triplicates. After pretreat-
ment, we analyzed the contents of soluble organic components
(such as proteins and carbohydrates). Furthermore, changes in
extracellular substances and excitation-emission matrix (EEM)
fluorescence intensities were determined to expound the impacts
of PAA oxidation on WAS properties. Fourier transform infrared
(FTIR) and X-ray photoelectron spectroscopy (XPS) were used to
assess the structure variations of extracellular organic components
induced by PAA oxidation.

2.3. Bioreactor operation for MCFAs production

To evaluate the performance of MCFAs production from PAA
pretreated WAS, we employed five serum bottles (V ¼ 300 mL) as
anaerobic bioreactors. Briefly, 135 mL pretreated WAS was
employed as substrate, and 15 mL inoculum was applied as inoc-
ulum. The procedures and PAA dosage for sludge pretreatment
were the same as in Section 2.2. The inoculated sludge (i.e., inoc-
ulum) was acclimatized by fermentation of WAS with 50 mM 2-
bromoethanesulfonate as methane inhibitor and 160 mM ethanol
as ED [13]. The initial pH values for all reactors were 6.5 and
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adjusted to 6.0 on day 6 when the pH dropped to about 5.5. To
trigger effective MCFAs production, 160 mM ethanol and 25 mM 2-
bromoethanesulfonate were employed as ED and methanogen in-
hibitors, respectively. Before anaerobic fermentation, all reactors
were flushed with N2, capped by butyl rubber stoppers, and
wrapped with sealing films. All trials were performed in triplicates.
These reactors were operated for 14 days under 35 �C, during which
MCFAs, SCFAs, LCAs, and ethanol were determined every two days.
2.4. Influence of PAA pretreatment on individual steps associated
with MCFAs production

Three key bio-steps, i.e., hydrolysis, acidification, and CE, are
associated with MCFAs production when sewage sludge serves as
substrate. PAA pretreatment could result in soluble substrates
increment and cause microbe damage to some degree. Thus, how
does PAA pretreatment affect microbial activities that determine
MCFAs production? To clarify the potential impacts, several stan-
dard substances were used to simulate these processes and
differentiate the response of each step to PAA pretreatment. Three
batch tests were conducted, i.e., hydrolysis, acidification, and CE
tests, and the sludge withdrawn from the above anaerobic reactors
(described in section 2.3) was used as inoculum. Before experi-
ments, the residual substances in the inocula were removed by
washing with tap water. Each trial was performed in triplicates, as
depicted in Supplementary Information (SI).
2.5. Microbial evolution and prediction of functional genes

Microbial evolution was characterized by 16S rRNA sequencing,
with 338F and 806R as primers [6]. Functional gene prediction was
performed according to research conducted by Huang et al. [24].
Sludge samples were taken from four bioreactors, including the
control, 15, 20, and 25 mg PAA per g TSS, for microbial analysis and
prediction of functional genes at the end of anaerobic fermentation
(i.e., on day 14).
2.6. Analytic methods and statistical assessment

TS, VS, TSS, and VSS of sludge were detected by standard pro-
cedures [25]. COD, proteins, and carbohydrates were determined
using HACH reagents, Lowry-Folin, and anthrone-sulfuric methods
[22]. A meter (PHS-3E, Leici) was used to measure the oxidation
reduction potential (ORP) of sludge. The zeta potential of sludge
samples was detected by a zeta potential analyzer (Litesizer 500). A
gas chromatography (GC2014, SHIMADZU), equipped with a flame
ionization detector (FID), was employed to detect SCFAs, MCFAs,
ethanol, and LCAs (i.e., butanol and hexanol) contents [26]. Protease
and a-glucosidase activities were analyzed according to research
conducted by Xie et al. [12]. The changes in the biodegradability of
sewage sludge were assessed by quantities of biodegradable sub-
stances due to PAA pretreatment using EEM fluorescence technol-
ogy. FTIR spectroscopy and XPS were determined according to
Wang et al. [27]. Free radicals and singlet oxygen were analyzed by
an electron spin resonance (ESR) spectrometer (JEOL JES-FA200)
using DMPO (5,5-dimethyl-1-pyrroline-N-oxide) and TEMP
(2,2,6,6-tetramethyl-4-piperidine) as trapping agents. Sludge
morphology was detected by scanning electron microscopy (SEM),
with element content determined by energy dispersive spectros-
copy (EDS). Experimental data were analyzed using the SPSS soft-
ware, with p < 0.05 statistically significant.
3

3. Results and discussion

3.1. WAS disintegration and organics transformation trigged by PAA
oxidation

3.1.1. Soluble substrates production
The forms of proteins and carbohydrates, as the primary organic

fractions presented in WAS, are significantly influenced by PAA
pretreatment (Fig. 1). Their contents in the supernatant gradually
increasewith time and PAA dosewithin 24 h of reaction (Fig.1a and
b). The release rates of proteins and carbohydrates are significantly
greater in the first 6 h, indicating that PAA can rapidly oxidize
sludge flocs and effectively convert particulate organic matter to
soluble substrates. After pretreatment, soluble proteins and car-
bohydrates concentrations reach 850.2 and 208.1 mg COD L�1 for
the 25 mg PAA per g TSS group (Fig. 1c), which are respectively
elevated by 212.9% (p < 0.001) and 133.0% (p < 0.001). Similarly,
Yang et al. reported that after pretreatment with 90 mg per g TSS
peroxymonosulfate for 24 h, dissolved proteins and carbohydrates
increased to about 630 and 160mg COD L�1, respectively, and SCFAs
were eventually accumulated to 4894 mg COD L�1 [28]. This sug-
gests that PAA and PMS have similar oxidative and destructive
abilities on sludge flocs, thus providing more precursors for SCFAs
formation that can act as EA for MCFAs production.

EEM spectra of pretreated WAS can further disclose the
enhanced effect of PAA oxidation on WAS dissolution. As displayed
in Fig. 1deh, two fluorescence peaks, peak 1 and peak 2, appear on
the spectrogram, and their color reflects the changes in organic
matter content [29]. The fluorescence intensity is enhanced by PAA
pretreatment at all doses compared to the control, implying more
soluble material release (Fig. 1i). Peak 1 represents soluble micro-
bial byproducts like organics, and they are widely considered
biodegradable substrates, whose significant increase indicates the
improvement of biochemical degradability [30]. Interestingly, the
peak fluorescence intensity decreases when the PAA dose exceeds
10 mg per g TSS (Fig. 1feh), inconsistent with elevated proteins and
carbohydrates releases. It may be attributed to the higher level of
strong oxidative species (such as $OH) triggered by increased PAA
dose, which could react with the dissolved organics in sludge and
destroy their fluorescent groups.

3.1.2. Changes in sludge properties
Previous studies have shown that PAA could cause cell inacti-

vation and inhibit functional enzyme activities [17,31]. However,
details of PAA pretreatment on EPS structure have been neglected
[32]. As displayed in Fig. 2a and b, EPS is predominantly in the
tightly bound (TB) state for the control, explaining the low rate of
sludge solubilization. Proteins and polysaccharides contents in TB-
EPS decrease gradually with the increase of PAA dose. For loosely
bound (LB)-EPS, the control group has fewer proteins than raw
WAS, while PAA groups all have higher proteinic organics than raw
WAS. It implies that PAA oxidation leads to decreased EPS and
migration of TB-EPS to LB-EPS [1,33]. Whereas the variation of
polysaccharides is not in accord with proteins, whichmay be due to
its low content in LB-EPS (i.e., 5.4e9.8 mg COD L�1). The EEM
spectra further support the variation of protein contents in EPS
(Fig. S1 and Fig. 2c). Apparently, the fluorescence peak intensity of
TB fraction decreases significantly with PAA dose, while that of LB
fraction in the control is lower than those of PAA groups.

Furthermore, Fig. 2d reflects the infrared spectra information of
different EPS fractions extracted from the control and PAA-
pretreated WAS. The infrared peak about 1580e1670 cm�1 or
near 1410 cm�1 represents the stretching vibrations of CeN and C]
O, or C]O symmetric stretching of eCOOH groups in proteins,
respectively [34]. The bond at 1070 cm�1 stands for the vibration of



Fig. 1. aeb, Changes of soluble proteins (a) and carbohydrates (b) within 24 h of PAA oxidation. c, Soluble proteins and carbohydrates contents after pretreatment with significance
test results. deh, EEM spectra after pretreatment: Control (d), 10 (e), 15 (f), 20 (g), and 25 mg PAA per g TSS (h). i, Peak fluorescence intensity of EEM spectra. “*” represents p < 0.05,
“**” represents p < 0.01, “***” represents p < 0.001. Error bars represent standard deviations of triplicate experiments.
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CeOH and CeOeC groups in organics (i.e., carbohydrates or poly-
saccharides) [34]. Generally, PAA pretreatment increases the
infrared peak intensities of these organic component groups in LB
fraction (e.g., CeOH and CeOeC) while significantly reducing their
intensities in TB fraction (e.g., CeN, C]O, CeOH, and CeOeC),
consistent with Fig. 2a and b. It implies the disruption, migration,
and dissolution of sludge EPS. As a response, some organic groups
at bonds 1580e1670 cm�1 are increased in the soluble fraction after
PAA pretreatment. In addition, the alteration of sludge structure by
PAA can be visualized by SEM images (Fig. 2e and f). After pre-
treatment, sludge flocs become loose, and EPS is reduced, exposing
more microorganisms. Accordingly, PAA destroys the protective
barrier of microbial cells against extreme environments (i.e.,
oxidative stress) and facilitates the rupture of sludge cells. Chen and
4

Pavlostathis [31] indicated that PAA affected the biological nitrogen
removal system by causing cell lysis and enzyme inhibition. Ao et al.
[17] reported that PAA disrupted the membrane and cell wall lipids
and attacked the DNA and RNA in microorganisms. These results
above illustrate that PAA disrupts the dense sludge floc structures
by causing the disruption and migration of EPS fractions, thus
boosting the dissolution of EPS and intracellular organics. EPS
destruction is conducive to the contact of hydrolases and functional
microorganisms with released organic components. Subsequently,
the soluble organics produced by sludge disintegration would be
rapidly and efficiently converted to SCFAs, supplying more directly
accessible EA for CE bacteria.



Fig. 2. aeb, Contents of proteins (a) and polysaccharides (b). c, Peak fluorescence intensity of extracted EPS. d, FTIR spectra of soluble and bound EPS fractions. eef, changes of
sludge structure reflected by SEM, i.e., the control (e) and PAA group (f).
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3.1.3. Degradation and transformation of extracellular
macromolecular organics

As the primary organic substrate in WAS, proteins occupy 60.1%
of TCOD, whose extracellular transformation can be reflected by
conformational structure alterations. Hence, for characterizing the
change of proteinic conformation, FTIR spectra with wavelengths
ranging from 1600 to 1700 cm�1 were subjected to deconvolution
and curve-fitting analysis (Fig. 3a) [34]. The relative proportions of
5

proteinic secondary structures in the soluble, LB, and TB fractions
are significantly altered after PAA pretreatment. Particularly, the
proteinic conformation in the soluble fraction is significantly dis-
rupted by PAA oxidation, as only aggregated strands are found, i.e.,
the band at 1610e1625 or 1680e1695 cm�1. It has been indicated
that proteinic stability is mostly determined by a-helix, b-sheet,
and random coil, and a low ratio of a-helix/(b-sheet þ random coil)
could make the proteinic structure looser [35]. In Fig. 3c, the



Fig. 3. a, The second-derivative fitting curves of FTIR spectra from 1700 to 1600 cm�1, with samples being the soluble, LB, and TB fractions of control and PAA-pretreated WAS. b,
XPS C 1s, N 1s, and S 2p analysis of aqueous phase obtained from the control and PAA-pretreated WAS. c, The area (%) of secondary structures determined by second-derivative
fitting.
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proportion of a-helix/(b-sheet þ random coil) is largely reduced by
PAA, with LB fraction from 33.1% to 24.6% and TB fraction from
72.3% to 46.9%. These observations demonstrate that PAA pre-
treatment changes the secondary structures of extracellular pro-
teins, promoting their decomposition and transformation [36].

XPS C 1s spectra can be divided into four peaks, as shown in
Fig. 3b. The peak at 284.8 eV (C1) is associated with C�(C,H), pri-
marily ascribed to polysaccharides, lipids, and side chains of amino
acids [36]. The ratio of C1 increases from 40.3% to 72.6% after PAA
pretreatment, which proves the efficient WAS disintegration and
particulate organics solubilization (Fig. 1). The peak at 286.1 eV (C2)
belongs to C�(O,N) bonds from amines, amides, alcohols and ethers
groups, while that at 288.0 eV (C3) is associated with OeCeO and
C]O primarily existed in acetal, hemiacetal, amide, carboxylic or
carbonyl groups [37]. The apparent decrease of C2 (from 43.9% to
13.4%) and C3 (from 15.8% to 0) might be attributed to the effective
6

decomposition of macromolecular substances or intermediates by
PAA pretreatment. Accordingly, the peak at 288.5 eV (C4) increases
from 0 to 14.0%, attributing to O]CeOR and O]CeOH in ester or
carboxyl groups. It implies that PAA results in considerable sub-
strate transformation and SCFAs accumulation during the pre-
treatment step [37]. N1 at 399.6 eV is closely related to the NeC�R
bond in amino acids of proteins or peptidoglycans [38]. N2 at
400.4 eV reflects the presence of the HeNeC]O bond, i.e., the
pivotal structure in proteins and peptide chains [38]. The increase
of N1 (from 35.7% to 57.1%) and N2 (from 22.0% to 37.8%) further
supports the elevation of protein levels in the aqueous phase and
the destruction of proteins and peptidoglycans induced by PAA
pretreatment, concurrently (Fig. 3b). The peak at 402.0 eV repre-
sents the existence of inorganic N, and its increase from 0 to 5.1%
intuitively indicates the promoted proteins and peptidoglycans
degradation and the production of ammonia nitrogen [39].
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Additionally, peaks at 164.0 eV (S1) and 169.0 eV (S2) in S 2p
spectra, respectively, belong to the SeS bond and inorganic S
(Fig. 3b) [36]. The decrease of the SeS bond and increase of inor-
ganic S hints that PAA promotes the rupture of proteinic spatial
structure and strengthens the degradation and transformation of
extracellular macromolecular organics (e.g., proteins) in WAS [40].
3.2. MCFAs production from PAA-pretreated sludge through
anaerobic fermentation

Fig. 4 displays ethanol consumption results and product gen-
eration from sewage sludge. Ethanol (i.e., ED) is completely utilized
by CE microorganisms (Fig. 4a), and accumulative MCFAs stop ris-
ing at the end (Fig. 4b), suggesting the completion of the CE process.
Caproate is the only MCFAs for all experiments, similar to previous
studies using sewage sludge to produce MCFAs [11,13]. The highest
MCFAs production is 7173.1 mg COD L�1 for the control, similar to a
previous study in which MCFAs production was 6115 mg COD L�1
Fig. 4. Concentrations evolution of ethanol (a), MCFAs (b), LCAs (c), and product distribu
fermentation with ethanol as ED. “*” represents p < 0.05, “**” represents p < 0.01, “***” re

7

with sewage sludge as substrates and 170 mM ethanol as ED [13].
For experimental groups, MCFAs peak values are dependent on PAA
dosage. PAA pretreatment with a dosage from 10 to 15 mg per g TSS
only shortens the optimal fermentation time rather than further
improves themaximalMCFAs production (p > 0.05). In contrast, the
maximal MCFAs concentration is boosted from 8859.8 to
11265.6 mg COD L�1 when the PAA dose increases from 20 to 25mg
per g TSS, respectively increasing by 23.5% (p ¼ 0.002) and 57.1%
(p¼ 0) than the control. ThemaximalMCFAs production attained in
this work is higher than that of pretreated sludge with free
ammonia (8300 mg of COD L�1) [15]. Besides, the optimal time
required for MCFAs accumulation in the PAA-pretreated groups is
shortened from 12 to 10 days. These facts prove that PAA pre-
treatment promotes MCFAs production and accelerates MCFAs
generation rate.

LCAs, as the main byproducts of CE, usually occur with MCFAs
formation. The maximum concentration of LCAs (including butanol
and hexanol) is 4629.0 mg COD L�1 for the control, similar to that of
tion (d) in the control and PAA-pretreated reactors during anaerobic sewage sludge
presents p < 0.001. Error bars represent standard deviations of triplicate experiments.



Y. Wang, H. Guo, X. Li et al. Environmental Science and Ecotechnology 20 (2024) 100355
10 or 15 mg PAA per g TSS reactors (Fig. 4c). Whereas, PAA pre-
treatment at 20 or 25 mg per g TSS significantly decreases LCAs
production (p ¼ 0). Similarly, Yin and Wang reported that LCAs
production from sewage sludge was repressed by AOP pretreat-
ment [16]. Wang et al. found that FNA pretreatment largely pro-
moted MCFAs production while decreasing LCAs accumulation in
the sludge fermentation system supplementedwith ethanol [41]. In
contrast, Fe3O4 addition was revealed to concurrently promote
MCFAs and LCAs generation [8]. Thereby, it could be speculated that
PAA pretreatment suppresses the microbes that produce LCAs due
to its microbiocidal effect, reducing the conversion of organic car-
bons to byproducts. Due to PAA pretreatment, MCFAs proportion
increases from 44.4% to 56.9%, while LCAs proportion reduces from
28.6% to 4.0% (Fig. 4d). This indicates that PAA pretreatment pro-
motes the carbon specificity towards MCFAs, and thus greatly
avoids electron equivalents loss of ED.

3.3. Microbial community evolutions

Fig. 5 elucidates the community succession of MCFAs-forming
bioreactors mediated by PAA pretreatment. Rarefaction curves
indicate the reliability of sequencing results (Fig. S2). Alpha
Fig. 5. Microbial community evolutions of the experimental (i.e., 15, 20, and 25 mg
PAA per g TSS) and control reactors. a, Microbial abundance analysis at a phylum level.
b, Heatmap of functional microorganisms and typical non-functional bacteria based on
a genus level.
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diversity analysis suggests that PAA pretreatment has a negligible
effect on community richness but increases community diversity
(Table S1). As displayed in Fig. 5a, Firmicutes is the predominant
phylum in experimental groups, whose abundance is positively
associatedwith PAA dose, increasing from 20.3% (i.e., the control) to
45.0%. Firmicutes can hydrolyze and convert complex macromo-
lecular organics into small molecules, thus promoting substrate
transformation and providing EA for CE [12]. Firmicutes were also
enriched in anaerobic systems for MCFAs generation [11].

Microbial composition at a genus level was further analyzed
(Fig. 5b). PAA pretreatment significantly enriches functional mi-
croorganisms, i.e., those associated with hydrolysis, acidification,
and CE, with their abundances rising from 18.3% to 39.7%. Para-
clostridium, positively associated with substrate hydrolysis and
MCFAs production [16,42], dominates in experimental groups, i.e.,
12.2% for 20 mg PAA per g TSS and 12.9% for 25 mg PAA per g TSS,
versus 0.5% in the control. Clostridium is a common SCFAs producer
and a typical CE microorganism [43], whose abundance signifi-
cantly increases with PAA dose, i.e., from 10.0% to 17.9%. Besides,
NK4A214_group is related to butyric acid production [44], and
Romboutsia is positive to SCFAs generation [11]. Their abundances
are also enhanced in experimental groups. On the contrary, some
non-functional bacteria (e.g., denitrifying bacteria) are significantly
reduced. The enrichment of functional microorganisms is mainly
attributed to PAA oxidation, which leads to the removal/inhibition
of non-functional microbes and stimulates the metabolism of
functional microorganisms by providing more soluble organics.
Specifically, sludge floc is fragmented, inhibiting initial microbial
activity due to PAA pretreatment. Meanwhile, substantial amounts
of dissolved organics are directly available to anaerobes, triggering
the revival and enrichment of hydrolytic and SCFAs-producing
bacteria that are usually more tolerant to extreme environments
[45,46]. Driven by ethanol, EA from sludge and PAA decomposition
are elongated to MCFAs by CE microorganisms. Consequently,
functional microorganisms are enriched by PAA pretreatment, and
more substrates are converted to MCFAs.

3.4. Mechanisms of enhanced MCFAs production from WAS by PAA
pretreatment

3.4.1. Reaction mechanisms of PAA oxidation for WAS disintegration
Previous studies reported that PAA led to pollutants degradation

mainly by inducing the generation of inorganic radicals (i.e., �OH,
�O2

�), organic radicals (ReO� (i.e., CH3COO�, CH3�, CH3C(O)O�), and
CH3C(O)OO�) and singlet oxygen (1O2), which are strongly oxida-
tive to WAS flocs [47,48]. In Fig. 6aec, the signal peaks of three
adducts, i.e., DMPO�OH, PMPO�O2

�, and TEMP�1O2, are found,
with intensities detected at 10 min stronger than those at 5 min of
reaction. This implies that �OH, �O2

�, and 1O2 play important roles
in the PAA-based sludge pretreatment system [1,33]. It was indi-
cated the DMPOX signal could be accompanied by DMPO�OH,
which might be formed via DMPO oxidation by ReO� and thus
closely correlated with the presence of ReO� [49]. Since CH3OO�
and CH3� are significantly weaker than CH3C(O)O� and CH3C(O)
OO� in terms of oxidation capacity, the former is usually considered
to be negligible for PAA-induced AOP [50]. It was recorded that
DMPO could be oxidized by ReO� to generate a DMPOX signal [51].
As shown in Fig. 6a, weak DMPOX signals coexist with DMPO�OH
adduct, consistent with previous studies, which proves the pres-
ence of CH3C(O)O� and CH3C(O)OO� during the pretreatment stage
[49]. Fig. 6d reflects the dynamic variations of the redox state in the
sludge pretreatment system. The ORP is largely enhanced by PAA-
based AOP in the first 20 min, e.g., 493 mV at 25 mg per g TSS,
illustrating the strong oxidative capacity of PAA. Then, it gradually
decreases and finally approaches 0 or below after 24 h of



Fig. 6. aec, ESR spectra detected from the PAA group (i.e., 25 mg per g TSS), including DMPO-OH (a), DMPO-O2
� (b), and TEMP-1O2 (c). Note: * and � stand for DMPOX and DMPO-OH

adducts. d, ORP variations for the control and PAA groups during pretreatment, with the inner bar chart representing Fe element content detected by EDS.
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pretreatment, implying the completion of oxidation reactions.
Hence, the introduced PAA may not harm the subsequent
fermentation stage.

How does PAA lead to active species production without
external iron addition? Iron is the commonly existing transition
metal in sewage sludge, ranging from 2.9 to 39.7 mg Fe per g TS
[22]. It was demonstrated that Fe2þ could activate PAA to promote
the degradation of naproxen, bisphenol-A, and methylene blue
[52]. EDS results illustrate iron as the dominant transition metal in
the control and PAA-pretreated sludge (Table S2). Iron content on
the surface of PAA-induced WAS is lower than that of the control
(Fig. 6d), attributing to the fact that PAA-induced AOP causes Fe2þ

release from EPS and its redistribution in sludge flocs through
disrupting sludge structure [53]. Thus, Fe2þ is likely to be the vital
substance for PAA activation by WAS. The zeta potential results
further indicate that PAA pretreatment increases the positive
charge of the centrate liquid (Fig. S3). It can be further inferred that
after PAA enters sludge, it is activated by Fe2þ in sludge, inducing a
sequence of chemical reactions and strong oxidizing materials.
Thereby, relative reaction mechanisms for Fe2þ/PAA AOP could be
proposed in equations (1)e(7) [48,49,52].

CH3C(O)OOH þ Fe2þ / Fe(III) þ �OH þ CH3C(O)O� (1)

CH3C(O)OOH þ Fe2þ / Fe(III) þ OH� þ CH3C(O)O� (2)

CH3C(O)OOH þ CH3C(O)O� / CH3C(O)OH þ CH3C(O)OO� (3)

CH3C(O)OOH þ CH3C(O)OO� / CH3C(O)O� þ CH3C(O)OH þ 1O2(4)

CH3C(O)OOH þ �OH / CH3C(O)OO� þ H2O (5)

CH3C(O)OOH þ �OH / CH3C(O)OH þ HO2� (6)

HO2� / �O2
� þ Hþ (7)

Accordingly, these reactive species cause oxidative stress to
microorganisms in sludge and lead to the leakage of intracellular
organic components [4]. Meanwhile, they disintegrate sludge
structure and cause the decomposition and transformation of EPS,
which provides abundant soluble substrates directly accessible to
anaerobic bacteria and creates looser EPS for further microbial
metabolism, facilitating rapid EA (i.e., SCFAs) generation for CE
process in the subsequent fermentation stage [15].
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3.4.2. Variation in metabolic activities of key bioprocesses
The organic matter released from sludge disintegration undergo

hydrolysis, acidification, and CE processes to achieve carbon chain
upgrading [8]. Is the microbial metabolic activity of these key
processes affected by PAA pretreatment? Thus, the results of syn-
thetic wastewater experiments reveal the potential impact at a
macroscopic level (Fig. 7).

After four days’ fermentation, the degradation extent of BSA is
respectively 32.1% (p ¼ 0.002) and 35.7% (p ¼ 0.001) in the exper-
imental groups of 20 and 25 mg PAA per g TSS, largely greater than
the control (i.e., 26.9%) (Fig. 7a). Dextran is almost completely
degraded for all groups on day 4, while PAA groups exhibit a lower
degradation extent during the initial two-day fermentation
(Fig. S4a). These results can be supported by protease and a-
glucosidase activities in anaerobic reactors (Fig. S4b). It is implied
that PAA might stimulate the metabolic activity of protein-like
substrates and inhibit the degradation of polysaccharide-like sub-
strates but generally behave as a facilitator of hydrolytic processes.
Although PAA inhibits substrate acidification on day 1, glucose and
amino acids of all groups could be completely metabolized after the
three-day fermentation (Fig. 7b), indicating the slight effect of PAA
pretreatment on the microbial activity of acidification [21].

In contrast, PAA pretreatment promotes ethanol and acetate
consumption while increasing butyrate and caproate production
(Fig. 7c and d). On day 8, butyrate and caproate are respectively
4984.2 and 3432.1 mg COD L�1 for the control, which are signifi-
cantly lower than the 25 mg per g TSS group, i.e., 6176.2 (p¼ 0.006)
and 4886.8 (p¼ 0.001) mg COD L�1. Meanwhile, the yield of LCAs in
the experimental group is deducted, suggesting a reduced con-
version to byproducts and an improved carbon specificity towards
MCFAs [54].

3.4.3. Variation in microbial functions and functional gene
expression

The microbial potential functions were predicted by PICRUSt
software (Fig. 7e), further elaborating on the changes in microbial
metabolism at the genetic level. Generally, 11 of the selected 2-level
KEGG pathways are stimulated by PAA pretreatment. The potential
functions related to substrate degradation, i.e., carbohydrates and
amino acids, are upregulated in PAA-pretreated systems. The
higher abundances of carbohydrate and amino acid metabolisms
indicate efficient conversion of organics to EA [43]. Additionally,
functions of cell motility, membrane transport, and replication and
repair affiliated to cellular processes, environmental information,
and genetic information are enhanced in PAA reactors.

Upgrading of EA (i.e., SCFAs) is achieved by CE microorganisms



Fig. 7. a, Degradation of BSA during a four-day fermentation. b, Accumulative SCFAs production during a three-day fermentation. ced, MCFAs production with ethanol and acetate
as substrates during an eight-day fermentation for the control (c) and experimental (d) groups. e, Predictions of microbial functions in the control and PAA systems. Error bars
represent standard deviations of triplicate experiments.

Fig. 8. a, Proposed metabolic pathways for WAS degradation and CE with ethanol as ED, with functional enzyme numbers listed and upgrading functional enzymes marked in red.
b, Predicted functional enzyme abundances of CE microorganisms from the control, 15, 20, and 25 mg PAA per g TSS groups.
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via two cyclic processes, i.e., fatty acid biosynthesis (FAB) and
reverse b-oxidation (RBO) (Fig. 8a) [10]. RBO is started by acetyl-
CoA directly, while FAB is initiated by malonyl-CoA, derived from
acetyl-CoA carboxylation with ATP expense [16]. The generation of
acetyl-CoA and the entire CE pathways involve the participation of
functional enzymes [7]. Generally, the genes encoding functional
enzymes in the FAB pathway are strengthened in experimental
groups and higher than in the RBO pathway (Table S3). Fig. 8b
presents the main predictions of functional gene abundances
encoding specific enzymes. Acetyl-CoA might be generated from
ethanol and H2/CO2, and the former is the main pathway due to its
higher abundance in functional enzymes. EC 1.1.1.1 (adh) is signif-
icantly enriched, indicating increased ethanol consumption in
experimental groups, consistent with the synthetic wastewater
experiment (Fig. 7d). Besides, the abundances of EC 1.2.7.4 (cdhA)
and EC 2.1.1.245 (cdhD) are increased, and they are associated with
acetyl-CoA production from H2/CO2. It implies more endogenous
electron donors likely to be produced due to PAA pretreatment.
Specifically, there is an increase in EC 6.4.1.2 (ACACA), EC 2.3.1.39
(fabD), EC 2.3.1.80 (fabH), and EC 1.3.1.9 (fabV), which are respec-
tively functional enzymes involved in the generation of malonyl-
ACP, and initiation/termination of CE in FAB pathway. It is hinted
that PAA facilitates SCFAs upgrading through stimulating ethanol
transformation and FAB pathway. These facts expound the positive
influence of PAA pretreatment on microbiological metabolism in
sludge fermentation systems, further revealing the mechanism of
enhanced MCFAs production at a microscopic level.

3.5. Implications

Since MCFAs have longer carbon chains, they possess higher
energy density and are more hydrophobic compared to SCFAs [6],
thus suitable for large-scale industrial production [26]. Accordingly,
CE has recently become a growingly attractive anaerobic technol-
ogy to convert primary fermentation products of WAS, i.e., SCFAs,
into MCFAs with ethanol as ED [8]. However, the organic matter of
WAS is well protected by EPS and hard cell walls [15]. Thus, pre-
treatment techniques are usually required. As a green oxidizer and
disinfectant, PAA is widely available and easily accessible. PAA-
based AOP has been proven powerful for WAS cracking, accumu-
lation of SCFAs, methane, and hydrogen from sludge, sludge dew-
atering, and pollutants degradation [17,19e21,23]. Nevertheless,
these studies only focused on the traditional fermentationmodel or
chemical oxidation-based PAA and neglected the underlying
mechanisms. This study aims to fill the knowledge gap and broaden
the understanding and applicability of PAA-based AOP in CE.

Results show that PAA significantly promotes sludge disruption
and increases dissolved material quantities. Further characteriza-
tion of WAS structure and property illustrates that PAA oxidation
causes substantial EPS exfoliation frommicrobiological indications,
disrupts the secondary structure of EPS and solution layer proteins,
and enhances the degradation and conversion of macromolecular
organic matter (e.g., proteins and polysaccharides). It is confirmed
that PAA pretreatment creates a looser EPS and provides abundant
accessible substrates for subsequent sludge fermentation. Conse-
quently, MCFAs production is promoted to 11265.6 mg COD L�1,
while the byproducts, i.e., LCAs, are decreased to 723.5 mg COD L�1.
Mechanistic studies show that the production of free radicals (i.e.,
�OH, �O2

�, CH3C(O)O�, and CH3C(O)OO�) and singlet oxygen (1O2)
are the oxidation mechanisms for WAS disruption. However, the
oxidative stress induced by PAA largely disappears after 24 h, rather
than causing a negative influence on the subsequent bioprocesses.
Further, hydrolytic enzyme tests and synthetic wastewater exper-
iments demonstrate at a macroscopic level that PAA stimulates
protease activity and enhances the metabolic activity of protein-
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like substrate degradation and CE process while it causes a slight
effect on that of acidification. Additionally, KEGG pathways and
functional gene analysis microscopically illustrate that PAA pre-
treatment up-regulates the functional genes related to substrate
degradation and cellular activity, and increases the functional
enzyme abundances in ethanol conversion and FAB pathway. These
findings provide a systematic and comprehensive understanding of
the effectiveness and mechanism for enhanced MCFAs generation
by PAA-based AOP.

In this work, PAA is activated by Fe2þ contained in WAS without
extra activator addition, and relative reactions occur under mild pH
ranges, avoiding the increase of iron-bearing sludge at WWTPs
(Fig. S5). The main product of PAA oxidation is acetic acid, which
could serve as EA for MCFAs formation. This indicates that PAA has
the dual role of cracking sludge and replenishing EA, posing no
environmental risk. In contrast, other oxidant-induced AOP, such as
calcium peroxide and persulfate [16,55], might cause great risks to
the equipment and final sludge disposal due to the detrimental
byproduct formation. It could be speculated that PAA would
probably contribute to killing potential pathogenic bacteria and
degrading micropollutants in WAS due to its powerful oxidizing
property, further reducing the environmental risk of sludge. Be-
sides, LCAs concentration is reduced to 723.5 mg COD L�1, clearly
inferior to the current reported values [15,27]. It might be attrib-
uted to the potential inhibitions of PAA to LCAs microorganisms
[16]. Inversely, functional microorganisms are enriched, the meta-
bolic activity of key processes is heightened, and functional enzyme
abundances in CE are enhanced. This suggests that the antimicro-
bial properties of PAA could selectively inhibit LCAs microorgan-
isms, decreasing electron flow to byproducts but improving the
conversion of EA and ED to MCFAs. In comparison, MCFAs pro-
duction triggered by the PAA technique (i.e., 70.4 mg COD per mM
ED) is significantly higher than that of other strategies, e.g., Fe2O3
(i.e., 53.9 mg COD per mM ED) [26], Fe3O4 (i.e., 46.8 mg COD per
mM ED) [11], combined alkaline fermentationwith CE (i.e., 20.2 mg
COD per mM ED) [6], free ammonia (i.e., 59.3 mg COD per mM ED)
[15], and ferrate pretreatment (i.e., 47.7 mg COD per mM ED) [27].
Despite the multiple advantages of PAA-based technology, this
study is currently a proof of concept. Therefore, endeavors should
be dedicated to driving the engineering application of this tech-
nology, such as combining it with other technologies, e.g., ultra-
sound radiation, thermal pretreatment, or pH adjustment, to
enhance sludge solubilization and reduce PAA dosage [30,48]. The
effectiveness of PAA-based AOP for inactivating pathogens and
degrading contaminants in fermented sludge also warrants future
investigations.
4. Conclusion

This work discloses the positive functions of PAA-based AOP on
MCFAs production from sewage sludge. Results exhibit that PAA
pretreatment largely disrupts sludge structure and promotes EPS
decomposition. Consequently, this leads to a substantial increase in
MCFAs production, accompanied by a notable reduction in the
formation of undesired byproducts, such as LCAs. Microbial analysis
proves functional microbe enrichment. Mechanistic investigations
illustrate that sludge disruption is closely related to the generation
of free radicals (i.e., �OH, �O2

�, CH3C(O)OO�, and CH3C(O)O�) and
singlet oxygen (1O2) through PAA activation by Fe2þ in WAS.
Furthermore, microbial activity tests demonstrate the positive
impacts of PAA pretreatment on protein-like substrate degradation
and the CE process. Additionally, CE improvement might be
ascribed to functional gene up-regulation in ethanol trans-
formation and FAB pathway.
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