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The potential of periodate (PI) in sludge anaerobic digestion is not tapped, although it has recently
attracted great research interest in organic contaminants removal and pathogens inactivation in
wastewater treatment. This is the first work to demonstrate significant improvement in methane gen-
eration from waste activated sludge (WAS) with PI pretreatment and to provide underlying mechanisms.
Biochemical methane potential tests indicated that methane yield enhanced from 100.2 to 146.3 L per kg
VS (VS, volatile solids) with PI dosages from 0 to 100 mg per g TS (TS, total solids). Electron spin reso-
nance showed PI could be activated without extra activator addition, which might be attributed to the
native transition metals (e.g., Fe?*) in WAS, thereby generating hydroxyl radical (eOH), superoxide
radicals (e03), and singlet oxygen (10;). Further scavenging tests demonstrated all of them synergisti-
cally promoted WAS disintegration, and their contributions were in the order of «05 > ¢OH > '0y,
leading to the release of substantial biodegradable substances (i.e., proteins and polysaccharides) into the
liquid phase for subsequent biotransformation. Moreover, fluorescence and ultraviolet spectroscopy
analyses indicated the recalcitrant organics (especially lignocellulose and humus) could be degraded by
reducing their aromaticity under oxidative stress of PI, thus readily for methanogenesis. Microbial
community analysis revealed some microorganisms participating in hydrolysis, acidogenesis, and ace-
toclastic methanogenesis were enriched after PI pretreatment. The improved key enzyme activities and
up-regulated metabolic pathways further provided direct evidence for enhanced methane production.
This research was expected to broaden the application scope of PI and provide more diverse pretreat-
ment choices for energy recovery through anaerobic digestion.
© 2022 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/).
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1. Introduction

Waste activated sludge (WAS) has become a serious environ-
mental problem because of its continuous production (predicted
yield of up to 103.0 million tons (with 80% water content) per year
by 2025) [1] and hazardous substances contained in it, such as
pathogens and persistent organic substances [2]. Recovering re-
sources and energy from WAS is gaining enormous interest because
it is not merely “waste” but also a vast renewable resource.
Methane recovery from WAS is commonly performed through
anaerobic digestion (AD), which can effectively achieve several
objectives related to waste management policy, environment and
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energy generation [3]. The low hydrolysis rate and limited methane
potential are generally the main limitations of conventional AD,
which can be attributed to the limited solubilization degree of WAS
and the substantial amounts of recalcitrant substances in WAS,
such as humus and lignocellulose [4,5]. So far, most efforts to
improve methane generation have been concentrated on
enhancing WAS disintegration. The potential inhibitory impact of
recalcitrant organics on methane production during anaerobic
digestion has been ignored. It was reported that humus and
lignocellulose reached 15—28% and 14—44% of the total organics in
WAS, respectively [2]. Since these recalcitrant organics contain
tightly bound oxygen-containing groups or stable polymers,
anaerobic bacteria find it difficult to generate methane from them
in conventional AD. Moreover, it has been confirmed that these
materials could inhibit methanogens [6]. Thus, AD methane yield
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might be further improved if part of these recalcitrant organics
could be degraded and then used by bacteria. However, scant
research effort has focused on this matter.

Recently, sludge pretreatment technology based on the
advanced oxidation process (AOP) generating powerful reactive
hydroxyl radical (eOH) has been proven to be effective in dis-
integrating WAS as well as degrading the recalcitrant organics [7,8].
WAS disintegration could release intracellular and/or extracellular
substrates for methane production, and the transformation of
recalcitrant organics could supply more biodegradable organics or
alleviate the inhibitory effects on anaerobic microorganisms [9].
Compared to liquid oxidants (such as hydrogen peroxide), solid
oxidants are preferred in some cases because they are relatively
stable and safe during transportation, storage, and dosage [10].
Therefore, various solid oxidants have emerged as attractive op-
tions for sludge treatment. For example, Wang et al. [2] reported
that the reactive radicals (i.e., ¢OH and superoxide radicals ¢03)
generated by 0.14 g per g VSS calcium peroxide (Ca0;) increased
methane generation by 47% because of the enhanced disintegration
of WAS and transformation of recalcitrant organics. Also, Wang
et al. [4] found that the strong oxidizing radicals in the sodium
percarbonate (SPC) pretreatment system improved the degradation
of organics from non-biodegradable to biodegradable materials,
thereby promoting methane production. Continuous exploration
and development of sludge pretreatment based on advanced
oxidation processes are needed.

Periodate (PI, 103z), a common solid oxidant, has been consid-
ered an efficient and promising oxidant for water pollutants
destruction and bacterial inactivation [11,12], but there are still very
limited applications in sludge treatment. To our knowledge, only
one study so far reported the potential of Pl on WAS management,
in which sludge extracellular polymeric substances (EPS) could be
decomposed by PI to improve the dewatering of WAS [13]. Before
being used to degrade pollutants, Pl was generally required to be
activated because the reactivity of PI alone for contaminants
oxidation was rather limited [10]. Various activation methods of PI
were developed based on alkali [14], transition metals [15],
reducing agents [12] and ultrasound [11], producing notably reac-
tive species, such as eOH, 03, singlet oxygen (10,) and iodate
radical (eI03). Among them, iron species (e.g., homogeneous Fe?*,
heterogeneous Fe(Il), nano zero-valent iron (nZVI)) might be
promising options due to their lower costs and higher efficiencies
[10]. Iron-based coagulants are usually utilized to promote
solid—liquid separation in large-scale WWTPs, leading to the
accumulation of Fe species in WAS [16]. According to a survey by
Park et al. [17], the Fe content accumulated in WAS was around
2.9—39.7 mg Fe per g TS. Wang et al. [4] found that native irons in
WAS (e.g., Fe(Ill)/Fe(Il)) could easily activate the SPC, generating
reactive radicals such as ¢OH and 03, which improved WAS
disintegration and thereby enhanced methane yield in AD.

Based on these findings, it can be hypothesized that WAS could
provide natural activators (e.g., transition metals or reducing
agents) for activating PI to produce highly reactive species (e.g., 105,
¢03, and «OH) in situ. The reactive species could overcome the slow
hydrolysis rate and low biochemical methane potential in con-
ventional AD. Meanwhile, these reactive species possessed the ca-
pacity to degrade recalcitrant substances (such as humus and
lignocellulose) and organic contaminants in WAS [7,18]. If proven
effective, PI pretreatment would be economically attractive and
environment-friendly for energy recovery from AD, considering the
massive quantities of WAS generation.

Therefore, this work aims to elucidate the feasibility of PI pre-
treatment in improving methane production and its associated
mechanisms. Initially, the effects of PI pretreatment on methane
production were assessed through biochemical methane potential

Environmental Science and Ecotechnology 13 (2023) 100208

(BMP) tests combined with model estimation. The synergistic
mechanisms were revealed through insights into the biodegrad-
ability of pretreated WAS, particularly the conversion of typical
recalcitrant humus and lignocellulose, microbial community
structure, enzymatic investigations and encoding gene expressions
responsible for methanogenic metabolism. Moreover, the identifi-
cation of reactive species involved in WAS pretreatment and the
predominant active radicals was performed by electron spin reso-
nance (ESR) and radical scavenging tests. This study could expand
the application of PI and deepen the understanding of advanced
oxidation to improve energy recovery from WAS anaerobic
digestion.

2. Materials and methods
2.1. Chemicals and sludge

Sodium periodate (PI, 99%, CAS: 7790-28-5) was obtained from
Macklin. The WAS and inoculum were collected from the local
WWTP's secondary settling tank and anaerobic digester (Tianjin,
China). The major characteristics of inoculum were
TS =40.52 + 0.5gL~! and VS = 18.81 + 0.1 g L. The concentration
of inoculum met the recommended inoculum conditions (15—20 g
VS L 1) for biochemical methane potential (BMP) tests in the
standardized protocol [19], which was proved to be adequate for
BMP tests. Supplementary Material (Table S1) shows more traits
about WAS and inoculum.

2.2. WAS pretreatment procedure using Pl

Fermenters of 500 mL were used for WAS pretreatment and
each fermenter received 300 mL WAS. Various amounts of Pl were
added to these fermenters, obtaining the desired PI concentrations
of 0, 10, 25, 50, 75, and 100 mg per g TS. All tests were conducted in
triplicate. PI could be activated by transition metals existing in
WAS; the total Fe content was 14.52 mg per g TS; the concentra-
tions of total Fe and Fe?* were 288.80 mg L~! and 103.72 mg L™,
respectively. To study the potential of PI activation in situ, no extra
methods or chemicals were employed for activating PI. Pretreat-
ment time was controlled within one day since it was reported that
1—2 days was the optimal time for WAS pretreatment using oxi-
dants [2,20]. After pretreatment, the supernatant was used to
perform the biochemical analysis, i.e., soluble chemical oxygen
demand (SCOD), soluble proteins and polysaccharides, short-chain
fatty acids (SCFAs) and three-dimensional excitation-emission
matrix (3D-EEM) fluorescence detection; the remaining sludge was
used as the substrate for biochemical methane potential tests. The
schematic diagram illustrating the methodology of the entire pro-
cess is shown in Fig. S1.

2.3. Biochemical methane potential tests and modelling

Methane generation from WAS with and without PI pretreat-
ment was evaluated through BMP tests [21], performed in serum
vials with a working volume of 110 mL. Each BMP test vial con-
tained 31 mL WAS and 39 mL inoculum to achieve the ratio of 2.0
(inoculum/WAS) on a dry VS basis, which is the suggested ratio for
the standardized BMP tests [19]. Additionally, one blank reactor
containing an equivalent volume of Milli-Q water instead of WAS
and 39 mL of inoculum was also used to evaluate the methane
production from the inoculum. The pH in the reactors was regu-
lated to 7.0 before aeration using high-purity nitrogen. Subse-
quently, all reactors were hermetically sealed and incubated in a
constant temperature incubator shaker (35 + 1 °C, 120 rpm). All
tests were conducted in triplicate. During the BMP tests, the
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volume and composition of produced biogas (i.e., CHg, Hy, CO2) in
every reactor were recorded daily over the first week and every
2—5 days afterwards. BMP tests lasted 50 days until the daily
methane generation in three consecutive days was <1% of the
accumulated methane volume. The generated volume of biogas
was first determined based on the pressure increase in the head-
space of the BMP test vials using a water-communication container
and recorded at standard conditions (1 atm, 25 °C) at the start of
each gas sampling event [22]. Subsequently, biogas composition
was measured by a gas chromatograph equipped with a thermal
conductivity detector (Lunan SP-7980 Plus). The methane volume
was calculated by multiplying the biogas volume by the (%) of CHy4
in the headspace as determined by GC analysis. The methane pro-
duction was reported as the volume of methane produced per ki-
logram of VS added (L CHy4 per kg VS) [23]. The one-substrate model
was used to estimate the methane production kinetics and poten-
tial of WAS [23]. VS destruction (%) of WAS in anaerobic digestion
was evaluated according to Wei et al. [24].

2.4. Evaluation of methane generation from the Pl-treated
lignocellulose and humus

Lignocellulose and humus are the major recalcitrant organics in
WAS [5]. PI pretreatment might improve the degradation of these
recalcitrant substances. To study whether their degradation prod-
ucts or intermediates could be used for producing methane, batch
tests were performed. These tests were divided into three groups,
each consisting of three identical 500-mL reactors. In the blank
group, each reactor was fed with 300 mL of tap water. The other
groups were fed synthetic wastewater, one without PI addition
(named here as control) and the other with 447 mg PIL. The syn-
thetic wastewater contained commercial alkaline lignin (CAS:
8068-05-1) and humic acid (CAS: 68131-04-04), respectively
regarded as model lignocellulose and humus, replacing the real
lignocellulose and humus contained in WAS. The contents of
alkaline lignin and humic acid accounted for 30% and 20% of the VSS
in WAS used in Section 2.2. The concentrations of model lignocel-
lulose and humus were according to Refs. [5,6]. Based on BMP test
results, a modest PI dosage of 447 mg was set, equivalent to that
added into the 75 mg PI per g TS reactor in Section 2.2. To consider
both low and high concentrations of PI, the concentration of 75 mg
PI per g TS was used in this study to explore its mechanisms. After
1-day treatment, the fluorescence spectroscopy and ultraviolet
(UV) absorption spectrum were employed to analyse these recal-
citrant organics' degradation. Subsequently, a 15 mL mixture from
each reactor was transferred to the serum vials (110 mL) containing
the anaerobically digested sludge (inoculum) of 55 mL for BMP
tests. The digestion conditions were the same as in Section 2.3. The
assays lasted four days, and methane generation was measured
daily. By comparing the methane yield (reported as the volume of
methane produced (i.e., mL CHy)) in each reactor, the possibility of
methane production from humus and lignocellulose degradation
products (or intermediates) due to PI treatment could be evaluated

[2].
2.5. Identification of reactive species in the pretreatment system

During the pretreatment phase, PI might be activated in situ by
WAS. Hence, the reactive species (e.g., ¢OH, 102, and «03) could be
major intermediates. To verify this speculation, WAS mixture
(1 mL) after 20 min of pretreatment was extracted to perform ESR
tests. 2,2,6,6-tetramethyl-4-piperidinol (TEMP) was used to trap
102, and 5,5-dimethyl-1-pyrroline (DMPO) was used to trap O3
and ¢OH. Measurements of reactive radicals were based on an ESR
spectrometer (Bruker EMXnano, Germany), according to Wang
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et al. [4]. Detailed information is shown in Supplementary Material.
To further assess the potential contributions of these reactive
species for WAS disintegration, the batch scavenging experiments
were performed in the presence of different oxidant scavengers
(i.e., phenol, tert-butyl alcohol (TBA), p-benzoquinone (p-BQ), and
furfuryl alcohol (FFA)). It was reported that TBA, p-BQ, and FFA were
used as eOH (koy = 3.8-76 x 108 M s71), 03
(koo; = 9.8 x 108 Ms™"),and 0, (ki = 1.2 x 10 M s~ ") scavenger
[25], respectively. Besides, phenol has been documented as a
scavenger for both iodine radicals (e.g., oI03 and ¢104) and «OH [26].
More information was presented in Supplementary Material.

2.6. Analysis of microbial community and functional gene
prediction

The changes in the microbial communities of the sludge samples
from digesters (0 and 75 mg per g TS) after 50-day methanogenic
fermentation were analyzed by 16S rRNA sequencing. Two primers
were 515FmodF and 806RmodR [27]. To further expand our
knowledge of the anaerobic digestion microbiome, the metabolic
potential and functional pathways of microorganisms at the genetic
level were predicted as complementary information of 16S RNA
sequencing through the Phylogenetic Investigation of Communities
by Reconstruction of Unobserved States (PICRUSt) software based
on KEGG (Kyoto Encyclopedia of Gene and Genome) pathway
annotation [28]. More information was provided in Supplementary
Material.

2.7. Analytical methods

SCOD, VS, and TS were determined by standard methods [29].
SCFAs and methane contents were determined based on previous
methods using gas chromatography [30]. Details were summarized
in Supplementary Material. During the anaerobic digestion process,
the solubilization and hydrolysis of sludge flocs occur simulta-
neously [31]. As previously reported [32], the hydrolysis efficiency
could be quantitatively estimated by ASCOD/TCOD, where TCOD
was the initial total COD of WAS and ASCOD was the difference
between the initial and terminal COD. The biodegradability of
fermentation liquor was analyzed through the percent fluorescence
response (P;i,) of EEM and more details were described in Sup-
plementary Material. The activities of key enzymes at the end of
BMP tests were detected by spectrophotometric methods [33]. I,
and I3 were analyzed by a starch colorimetric method [34]. The
aromaticity of humus and lignocellulose was evaluated by a UV—Vis
spectrophotometer.

2.8. Statistical analysis

Batch experiments in this study were performed in triplicate.
The statistical significance of the data was confirmed by analysis of
variance (ANOVA) with the LSD post-hoc test using SPSS 25.0;
*P < 0.05 and **P < 0.01 were respectively defined as statistically
significant and highly significant.

3. Results and discussion

3.1. Methane generation from Pl-pretreated WAS in anaerobic
digestion

The cumulative methane yield from WAS pretreated with
varying PI dosages is shown in Fig. 1a. Stable state in each case was
achieved after 50 days, indicating complete anaerobic digestion. For
the control (without PI pretreatment), the cumulative methane
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Fig. 1. a, Cumulative methane from waste activated sludge (WAS) pretreated by varying periodate (PI) levels during anaerobic digestion. The dotted line represents the results of
model simulated. b, The relationship between the maximum cumulative methane yield and PI levels. ¢, The confidence regions of 95% about the hydrolysis rate (k) and biochemical
methane potential (By) based on the model simulation. Error bars represented standard deviation of triplicate tests.

production was 100.2 L per kg VS, which was lower than that of the
Pl-pretreatment systems. The maximum methane yield increased
non-linearly with increasing PI levels from 0 to 100 mg per g TS
(y = 104.01 + 0.88x — 0.005x2, R? = 0.93, Fig. 1b). The cumulative
methane yield reached 146.3 L per kg VS at 100 mg per g TS,
showing a significant increase of 46.0% compared to the control.
The maximal increase of methane production achieved by PI pre-
treatment was comparable to that reported previously (47.6% in-
crease under 0.14 g per g VSS Ca0; treatment) [2], indicating a good
performance for enhancing methane production through PI pre-
treatment. Further calculations suggested that VS destruction
during anaerobic digestion was enhanced by 46.1% compared to the
control (Fig. S2). The improved methane generation and better VS
destruction implied a reduction in the amount of WAS, which could
be expected to cut down the corresponding sludge disposal and
transport costs in WWTPs [35]. From the relationship between the
maximum cumulative methane yield and PI levels (Fig. 1b), the
increasing trend of maximum methane yield gradually slowed
down, implying that superfluous PI might not further lead to
methane increase, considering the sensitivity of methanogens. It
should be noted that the scope of PI dosages was only instructive
and not optimized, given that the major aims of this work were
performance verification and mechanism analysis. The profile of
biogas production is presented in Fig. S3. The average proportion of
methane in biogas from WAS with PI pretreatment was always
higher than that in control (Fig. S4), which suggested that PI pre-
treatment caused more carbon to be biologically converted into
methane. The possible reason is that PI pretreatment could improve
the activities of hydrogenotrophic methanogens [1], resulting in the
improved metabolic reduction of CO, to CH4. The enhanced activity
of coenzyme F40 was the direct evidence for this phenomenon
(Table S4).

The one-substrate model was further used to estimate the effect
of PI pretreatment on methane production. Results indicated that
the proposed kinetic model satisfactorily fitted the measured data
(R? > 0.96) (Fig. 1a). The obtained kinetic parameters based on
model analysis could reflect the effects of PI pretreatment on hy-
drolysis rate (k) and biochemical methane potential (By) of WAS
during anaerobic digestion. Table S2 listed the obtained k and Bp in
all cases. Overall, k and By rose with increasing PI dosages, which is
consistent with the tendency of methane generation. The largest
elevations in k and By at 100 mg PI per g TSS were around 23.9%
(from 0.067 to 0.083 d~') and 45.3% (from 103.14 to 149.84 L CH,4
per kg VS), respectively, to that in the control reactor. The 95% re-
gions of k and By also supported such trends (Fig. 1c), which moved
to the right and upward after PI pretreatment, indicating a faster
hydrolysis rate and greater biomethane potential. Correspondingly,

VS destruction potential (Y) increased from 15.4% to 22.5% with
increased PI levels (Table S2). To sum up, the above tests revealed
that PI pretreatment effectively enhanced methane generation in
anaerobic digestion by increasing both the hydrolysis rate and
methane production potential of WAS.

3.2. Characteristics of pretreated WAS

Anaerobic digestion is a multi-step process involving solubili-
zation, hydrolysis, acidification, and methanogenesis. The solubili-
zation of sludge, in which the organics in WAS require to be
released to the liquid phase before being utilized, was recognized as
the rate-limiting process. Thus, a high-efficient WAS disintegration
was the precondition to improve anaerobic digestion performance.
Fig. 2a showed that elevated PI concentrations resulted in an
increased release of SCOD; the SCOD content after adding 100 mg PI
per g TS increased 2.29 times, from 920 mg L~! in the control to
3020 mg L~ The 3.06-fold increase of sludge disintegration rela-
tive to the control with 100 mg PI per g TS addition further
confirmed that PI made WAS cells and EPS become soluble. The
soluble substrates in WAS are primarily composed of proteins and
polysaccharides [22]. The release of soluble proteins and poly-
saccharides from WAS exhibited a PI concentration-dependent
trend (Fig. 2b). When PI levels were raised from 0 to 100 mg per
g TS, soluble proteins and polysaccharides were enhanced by 4.57
and 23.43 times, respectively, in comparison to the control. Since
they directly contributed to the hydrolysis process, hydrolysis ef-
ficiency remarkably increased after PI pretreatment (Fig. S5).
However, SCFAs after the pretreatment stage declined with the
increase of PI levels (Fig. 2b), which might be attributed to the
inhibitory effect of acidogenic enzymes at higher PI levels [23].
These results showed that the main cause of the improvement of
methane production in the methanogenic stage was the increased
solubilization and hydrolysis of WAS because of PI pretreatment,
leading to increased available substrates (e.g., proteins and poly-
saccharides) for methanogenesis. Apart from biodegradable sub-
stances, a substantial quantity of non-biodegradable substances
was also released from WAS solid phase after PI pretreatment [36].
Previous studies reported that oxidation agents (e.g., perox-
ymonosulfate (PMS) and Ca0O3) could transform a portion of non-
biodegradable organics into biodegradable ones [2,7]. Here,
whether PI addition could improve the bioavailability of the
released organics was investigated based on the analysis of 3D-EEM
fluorescence spectra. The organics were divided into five types,
located in five regions (Table S3). Among them, regions [ and IV
were supposed to be biodegradable organics, and regions IIl and V
were viewed as non-biodegradable organics. The significant
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increase of fluorescence intensities of EEM peaks proved the
remarkable release of soluble organics in WAS after PI pretreatment
(Fig. 2¢). Moreover, the heatmap of fluorescence response (Pi,) of
regions -V suggested that the biodegradability of fermentation
liquor significantly increased. Specifically, the P;, of region IV was
50.25% in the control, increasing to 64.53% with 100 mg PI per g TS
addition. This increase in biodegradability was attributed to the
release of biodegradable components (i.e., proteins and carbohy-
drates) and the degradation of non-biodegradable substances. For
example, the P, of region Il (regarded as fulvic acid-like com-
pounds) and region V (regarded as humic acid-like substances)
declined from 7.96% to 17.31% in the control to 5.05% and 10.87%,
respectively with the addition of 100 mg PI per g TS. The potential
reason for this decrease might be due to the powerful oxidative
activity of PI (Ep = +1.60 V vs. standard hydrogen electrode (SHE))
[37], which could destroy carbon double bonds and benzene rings
and thereby benefit the degradation of recalcitrant organics [5]. On
the other hand, the production of strong oxidizing radicals in PI-
pretreatment systems, i.e., «OH, 03, and '0,, might promote the
conversion of refractory substances. In the following section, we
discuss the potential mechanisms of active radicals. It should be
emphasized that the transformation of non-biodegradable sub-
stances could not only provide more substrates for subsequent
utilization (i.e., methanogenesis) but also alleviate the inhibitory
effects on the hydrolysis and methanogenesis during anaerobic

digestion [6].

3.3. Understanding the mechanisms of PI pretreatment

3.3.1. Contribution of the active radicals

Oxidation-reduction potential (ORP) could intuitively explain
the redox characteristics of solution processes [16]. The introduc-
tion of PI turned the WAS environment from a reductive
(ORP = —80 mV) to an oxidative state (ORP = 295 mV), as shown in
Fig. 3a. Owing to its relatively high Eg (+1.60V), PI was expected to
increase ORP of WAS. Apart from the strong oxidation potential of
Pl itself, it hypothesized that it would induce a series of free radical
reactions in view of the native activators in WAS (e.g., 14.52 mg per
g TS of total Fe).

The reactive species existing in the Pl-pretreatment system
were identified through ESR spectroscopy. As shown in Fig. 3b, the
DMPO-'0, (with an intensity of around 1:1:1 and hyperfine split-
ting constants of oy = 7.2 G and ay = 4.1 G), DMPO-e03 (with an
intensity of around 1:1:1:1 and hyperfine splitting constants of
an = 14.25 G and ay = 12.45 G), and DMPO-eOH (with an intensity
of around 1:2:2:1 and hyperfine splitting constant of ay = 14.25 G
and ay = 12.45 G) characteristic peaks in ESR spectra were detec-
ted. This indicated that 10,, 03, and eOH were generated by PI
under an ordinary WAS fermentation system. The detection of
these reactive species directly confirmed the speculations that PI
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could be activated by WAS, which corroborated the observations by
Wang et al. [4], in which SPC was activated by WAS in situ to
generate eOH, ¢03, and ¢CO3. It is worth noting that the identifi-
cation result of the Fe?" accumulated in WAS was 103.72 mg L™},
and the introduction of PI dosage was equivalent to 1490 mg L~ ! in
the 75 mg per g TS reactor, which was in agreement with the Fe*
dose and appropriate molar ratio to activate PI reported in previous
studies [10,11]. Thus, the “inherent” capacity of activating PI by
WAS was reasonable to be ascertained. A plausible process of PI
activation by WAS was proposed as follows. The activation of PI
might be accompanied by Fe redox transformation. Homogeneous
Fe?* contained in WAS participated in the activation process of PI
through an electron transfer mechanism [11], forming ¢O3 (equa-
tion (1)). The precursor ¢O~ was produced by the I-O bond
cleavage in PI after activation [26]. The «OH might be generated
through the protonation of O™, followed by the reaction of [0z and
OH~ to form 03. Furthermore, 10, evolved from the reaction be-
tween [0z and ¢03 as well as the recombination of O3 (equation
(2)—(5)) [15]. It is worth noting that sludge is a reservoir of various
metal ions (e.g., Fe?*, Cu®>*, Zn®*, Co?*) [6], which have also been
recorded to activate PI [15]. More potential activation pathways
need to be further explored.

Fe’* + 107 + HyO — Fe3* + 103+ 03+ 2H* (1)
0~ + H" — «OH (2)
3103 + 20H™ — 3103+ 2603+ H,0 (3)
105 + 2603 + H,0 — 103+ 20H™ + 2'0, (4)
203 + 2H,0— 105+ Hy0; +20H (5)
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Scavenging experiments could further support the observations
in ESR tests and evaluate the potential contributions of these
reactive species. As illustrated by the results from the scavenging
experiments (Fig. S6), TBA inhibited the effect of PI on WAS solu-
bilization, with a 12.5% decrease of SCOD release compared to the
reactor with 75 mg PI per g TS treatment, which indicated the
important role of ¢OH in PI pretreatment system. In comparison,
phenol inhibited the SCOD release; the SCOD concentration
decreased from 2538 mg L™! to 1692 mg L™, indirectly showing
that iodine radicals might also contribute to WAS disintegration in
the PI pretreatment system despite that the conclusive method for
the identification of iodine radicals was still unavailable [34]. Be-
sides, adding p-BQ reduced the SCOD release from WAS by 43.1%
compared to the 75 mg PI per g TS treatment, suggesting the
remarkable role of ¢0O3. In contrast, the slight inhibition of FAA
indicated that '0, plays a minor role in the PI pretreatment process.
Based on these results, it could be speculated that the contributions
of the measured reactive species can be arranged in this order of
importance: 03 > ¢OH > '0,.

The use of ESR for the detection of reactive species and the in-
direct evaluation of potential contributions of these species via
specific scavengers indicated that the improvement of WAS disin-
tegration during pretreatment resulted from the synergetic effects
of these reactive species generated by native WAS activation.
Accordingly, the schematic illustration of WAS disintegration dur-
ing PI pretreatment is summarized in Fig. 3c. After adding to WAS,
PI could be readily decomposed to 103 and, meanwhile being
activated by native transition metals (e.g., Fe>") in WAS to produce
10,, 03, and «OH. These powerful radicals could attack microbial
envelope, leading to cells membrane leakage and intracellular
components solubilization [38], which was corroborated by the
increased release of soluble COD (Fig. 2a).

3.3.2. Impact of PI pretreatment on recalcitrant substances

As shown in Fig. 2, apart from the beneficial biodegradable
substrates (e.g., polysaccharides and proteins), some aggregated
recalcitrant organics in WAS were also released after PI pretreat-
ment due to the disintegration of extracellular polymeric sub-
stances matrix [39]. Among these recalcitrant organics,
lignocellulose and humus are the key inhibitory substances sup-
pressing both hydrolytic and methanogenic processes [6]. To un-
derstand whether PI addition could improve the breakdown of
these recalcitrant organics, the degradation mechanism was
assessed by model substrates. As shown in Fig. 4a and b, the
maximum fluorescence intensities of characteristic fluorescent
peaks (Peak A and B) of lignocellulose and humus were greatly
reduced from 25.45 a.u. and 30.94 a.u to 20.22 a.u. and 22.26 a.u,,
respectively, after 1-day PI treatment, showing decreased concen-
trations of model recalcitrant organics. Yang et al. [7] reported that
powerful oxidizable materials could attack the C=C bonds in aro-
matic rings. Xu et al. [5] found that KMnOg4 (Eg = +1.68 V vs. SHE)
could damage the benzene and aromatic C=C bonds in the struc-
ture of humus and lignocellulose. A similar observation found that
the reactivity of CaO; (Eg = +1.78 V vs. SHE) caused the rupture of
benzene rings in the lignocellulose structure [2]. Since PI
(Eg = +1.60V vs. SHE) has a similar redox potential to KMnO4 and
Ca0;, the degradation of humus and lignocellulose by PI treatment
might be because PI effectively destroyed the benzene rings and
C=C bonds in these recalcitrant organics. The decreased absor-
bance with PI addition in the UV absorption spectrum at ~270 nm
further confirmed the destruction of aromatic structures (Fig. 4c).
The destruction of benzene rings decreased the energy of w— m*
electronic transition and the obstacle of steric hindrance, thus
boosting their conversion [40].

The daily methane production with and without PI treatment is
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displayed in Fig. 4d to reflect whether lignocellulose and humus or
their degradation intermediates could serve as substrates for
methane generation. It was found that 6.77 mL of methane was
generated from the inoculum due to the existence of available
substrates in the inoculum [2]. The total methane yield of the
reactor supplemented with model lignocellulose and humus
(without PI addition) was higher than that from sole inoculum,
suggesting methane could be produced by using lignocellulose and
humus without extra substrates, which exhibited the adaptation
capacity of methanogens. Interestingly, the daily methane pro-
duction in the reactor with PI addition was slightly lower than that
of the control reactor on the fourth day of digestion, implying that
the substrate consumption rate and methane production potential
were enhanced by PI. This phenomenon was consistent with pre-
vious studies [33,41], in which the daily methane production rate
was slow when it was close to the maximal methane production
potential. Further calculation indicated that total methane yield
from model lignocellulose and humus with PI treatment could be
enhanced by 1.57 times compared to that without PI treatment.
These observations reflected that PI could enhance the direct uti-
lization of recalcitrant organics by anaerobic microbes to generate
methane. The transformation from recalcitrant organics to
methane corresponded to a further reduction in the amount of
sludge [41]. Thus, better solids reduction could be expected under
PI pretreatment.

3.4. Effects of PI pretreatment on microbial community succession

Effects of PI pretreatment on the community succession were
elucidated in Fig. 5. Venn analyses indicated that operational
taxonomic units (OTUs) present in the experimental digester were
slightly smaller than the control (2317 vs. 2400), with 2100 OTUs
being shared (Fig. 5a). It suggested that the microbial diversity
declined after PI pretreatment. The quantities of individual OTUs in
the experimental digester decreased from 300 to 217, suggesting
that PI might cause a new type of digestion environment [32].
Alpha diversity results in Fig. 5b showed that the richness index
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(Chao = 2409.55) and the diversity index (Shannon = 5.52) of the
experimental digester were lower than that in the control
(Chao = 2494.69 and Shannon = 5.59), which further revealed that
the microbial diversity and richness were slightly suppressed by PI.
These results were consistent with previous findings that cells of
some anaerobes participated in anaerobic digestion might be
destroyed or inactivated under oxidization stress [33].

The microbial composition at the phylum level was shown in
Fig. 5¢ using Circos. These observed phyla were ubiquitous in
anaerobic digesters. The top six populations were Chloroflexi, Fir-
micutes, Proteobacteria, Actinobacteriota, Acidobacteriota and Bac-
teroidota, accounting for 68.8% and 70.6% of the entire populations
in the experimental and control digesters, respectively. It could be
found that Firmicutes and Bacteroidota presented higher abun-
dances in the experimental digester than that in the control (17.4%
vs. 15.8% and 7.9% vs. 6.9%). These two phyla are capable of con-
verting organics to SCFAs [27]. The improved biodegradability of
WAS could be the important reason for the enrichment of
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Firmicutes phylum, which tends to utilize readily biodegradable
organics (such as soluble polysaccharides and proteins) [42,43].
Additionally, it was reported that the microorganisms belonging to
Firmicutes could degrade cellulose, lignin and their intermediate
products through secreting hydrolases (such as protease and
cellulase) [4]. This further supported the conclusion that PI pre-
treatment improved the degradation of recalcitrant substances
(e.g., lignocellulose) in WAS.

The main generic level heatmap associated with hydrolysis,
acidification and methanogenesis was displayed in Fig. 5d. Their
relative abundances in the two digesters presented significant
differences. Two methanogens (hydrogenotrophic Candidatus_Me-
thanofastidiosum and acetoclastic Methanosaeta) were found in the
digesters [30,44]. Compared to hydrogenotrophic methanogens,
acetoclastic methanogens (i.e., Methanosaeta) were more affected.
Specifically, the abundance of Methanosaeta in the experimental
digester (1.22%) had an increase of 54.4% in comparison to the
control (0.79%). Obviously, PI pretreatment provided an advanta-
geous condition for the strict acetoclastic methanogens, namely the
large increase of acetate kinase activity (see Table S4) and the
enrichment of acetate-generated functional microbes (generally
affiliated to Firmicutes) [45]. Besides methanogens, some microor-
ganisms associated with hydrolysis and acidification were enriched
after PI pretreatment. For example, Longilinea, utilizing carbohy-
drates for SCFAs production [30], increased by 74.5% relative to the
control. The significant increase of polysaccharides (i.e., 23.43
times) (Fig. 2b) via PI pretreatment could cause Longilinea
enhancement. Four bacterial genera responsible for SCFAs genera-
tion, namely norank_f__Bacteroidetes_vadinHA17, Sedimentibacter,
Romboutsia, and Candidatus_Caldatribacterium [4,20], increased by
45.2% relative to the control. In summary, PI pretreatment posi-
tively impacted these hydrolytic and acidification-related micro-
organisms, resulting in adequate substrates for co-existed
methanogens (particularly acetoclastic methanogens), echoing the
higher available substrates and methane yield in the pretreated
reactor and anaerobic digester (Figs. 1 and 2).

3.5. Effects of PI pretreatment on the critical enzymes and genes
expressions

Although the effects of PI pretreatment on the hydrolytic rate of
substrates have been clarified by the kinetic model (Fig. 1c), the
hydrolytic efficiency also depended on the specific enzyme activ-
ities [46]. Protease and a-glucosidase could control soluble proteins
and polysaccharides hydrolysis [47]. The improved activities of
these two enzymes after PI pretreatment benefited the trans-
formations of proteins and polysaccharides to simple molecules
(e.g., amino acid and glucose) for the utilization of acetogens and
methanogens (Fig. 6 and Table S4). The enhanced activity of acetate
kinase strengthened the conversion of acetyl-CoA to acetic acid,
benefiting the acetate-dependent methanogenesis [48]. Further,
coenzyme Fapo, responsible for all methanogenesis pathways,
increased in response to PI dosage (Table S4). Although a previous
study reported that methanogenic archaea had low tolerance to a
strong oxidating environment [48], the dilution effects of inoculum
offset the possible inhibition of PI on coenzyme F49. More impor-
tantly, the remarkable improvement of biodegradability of pre-
treated WAS, including the release of biodegradable substrates
from the cells and the decrease of refractory organics under the
oxidation effects of PI, and the subsequent shifts of functional mi-
crobial populations, might play positive roles in stimulating the
expressions of these enzymes.

Apart from directly assessing the key critical enzymatic activ-
ities discussed above in the methanogenic metabolic pathways, the
functional gene abundances of other enzymes were studied based
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on the KEGG database employing PICRUSt software to predict the
impacts of PI on the metabolic pathways in anaerobic digesters. As
is known, the metabolic pathways of methanogenesis compose of
two types, namely, the utilization of acetate or carbon dioxide with
hydrogen. As shown in Fig. 6 and Table S5, the quantities of genes
acs coding acetyl-CoA synthetase [EC:6.2.1.1] for acetoclastic reac-
tion slightly declined. Nevertheless, this was not a contradiction. It
implied that methane production was related to the multiple
mechanisms of action. For the CO,-type pathway, the abundances
of gene fwdABCDE, ftr, and mtd, encoding formylmethanofuran
dehydrogenase [EC:1.2.712], formylmethanofuran:tetrahydro
methanopterin formyltransferase [EC:2.3.1.101], and methylenete-
trahydromethanopterin dehydrogenase [EC:1.5.98.1], respectively,
were higher than that of the control. Moreover, the abundances of
mtrDGH and mcr encoding coenzyme M methyltransferase
[EC:2.1.1.86] and methyl-coenzyme M reductase [EC:2.8.4.1],
respectively, increased, promoting the catalytic action for the ter-
minal methane release [49]. Herein, the visualized gene-level evi-
dence demonstrated that the up-regulated expressions of key
functional genes were probably the direct cause of PI pretreatment
enhancing methane production. It should be pointed out that the
forecasted functional gene abundance was only indicative infor-
mation at the genetic level; an in-depth investigation into this
should be conducted with multi-omics techniques.

3.6. Implications

Sludge pretreatment technologies based on free radicals were
highly efficient in boosting methane generation from anaerobic
digestion. PI was not yet reported in sludge treatment applications,
although it has been used for the oxidation of various organic
pollutants in water treatment owing to its great stability and safety
during transportation and storage. This is the first study regarding
PI pretreatment's role in increasing methane production. It was
found that PI pretreatment not only greatly boosted the WAS
disintegration but also reduced the restriction of low hydrolysis
rate for anaerobic digestion; besides, it increased the conversion of
recalcitrant substances, particularly lignocellulose and humus, thus
offering more available substrates for methanogenesis. During the
pretreatment process, PI could be activated by WAS without any
extra activator. The generated active species, especially ¢03 and
#OH, played important roles in WAS solubilization. Further explo-
rations revealed that the benefic shifts of microbial communities
involved hydrolytic and acidification-associated microorganisms,
especially acetoclastic methanogens. The up-regulated key enzyme
encoding genes helped to explain the improved methane produc-
tion. These observations could enlarge the application scope of PI
and give insights into the potential of WAS as a native activator for
oxidants-based pretreatment strategy; moreover, this perspective
might not be limited exclusively to PIL

It is worth noting that hazardous iodine species (i.e., I and I3)
were not detected in the digestion liquor (Fig. S7) because of the
difficulty for PI to convert into low-valence iodine species [34],
thereby decreasing the potential environmental risks of Pl-based
pretreatment. Previous studies have recorded that PI was rapidly
consumed with minor residual and stoichiometrically converted to
I03 (nontoxic) in the Pl-based treatment system [12,50]. The
environment-friendly end product of PI (i.e., [03) was also a critically
attractive reason for Pl-based AOPs [51,52]. A limitation of the pre-
sent work was the inevitable chemical inputs. BMP tests could be
conservatively used to evaluate the potential economic and envi-
ronmental feasibility of the pretreatment technologies [23,41,53].
Herein, the net benefits was evaluated through desktop scaling-up
research on an actual WWTP with a scale of 0.4 million population
equivalent (PE) and with a solid retention time (SRT) of 30 days in an
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anaerobic digester. Based on the results from Fig. 1a, the case of
75 mg PI per g TS pretreatment with a 30-day digestion time, which
obtained the highest methane yield, was used to conduct the eco-
nomic and environmental evaluations. According to the calculation
presented in Table S6, compared to the control, PI-based pretreat-
ment could save $11,480 per year in the economy and reduce CO,
emission by 940,800 kg per year in the environment (see SM for
details). These net benefits are attributable to the enhanced methane
yield resulting in the increased conversion to heat and power,
decreased WAS transport and disposal costs, and reduced fossil fuel
consumption. Nevertheless, the cost benefits described here should
only be considered indicative because they depend on local condi-
tions [23]. An economic comparison with other pretreatment tech-
nologies was not performed. Because this process could be impacted
by many factors, such as operating conditions and WAS character-
istics. Certainly, the relatively high chemical inputs of PI pretreat-
ment might not be competitive for energy recovery in industrial-
scale anaerobic digestion of WAS. But it should be noted that the
present work focused on revealing the possibility and insights into
the underlying mechanisms of Pl-based technology. Efforts are still
needed to reduce the chemical inputs and further improve methane
production efficiency. For instance, the combination with other
strategies (e.g., freezing) could be considered. Choi et al. [54] found
that the freeze concentration could provide an ice grain boundary for
the proton-coupled electron transfer and thereby greatly activate PI
to generate more powerful reactive species. Freezing treatment
could be easily achieved in the field with cold climates or using
electrical refrigeration in warm-temperate climates, while the elec-
trical energy could be generated in situ through combusting
methane generated in digesters [55]. Moreover, the 10z /freezing
system had a nonselective degradation capacity, which was used to
degrade various pollutants, e.g., pharmaceutical and phenolic com-
pounds [54]. It is known that WAS is a sink of organic pollutants [56]
with a high octanol-water partitioning coefficient (log Kow), which
restricts their bio-availability and poses environmental and human-
health risks [57,58]. The highly nonspecific degradation ability of
107 /freezing could increase methane production and provide an

opportunity for the degradation of organic contaminants accumu-
lated in WAS. However, this is only a reasonable conjecture, and
further research is needed. Besides, the in-situ decrease of H,S pro-
duction in anaerobic WAS fermentation using KMnO4 pretreatment
had been confirmed because the oxidative stress deriving from
KmnOy4 (Eg = +1.68 V, very close to Eqpy = +1.60 V) inhibited sulfate
reduction and sulfur-containing organics hydrolysis [59]. Therefore,
the possible side effect of Pl-based technology on the reduction of
H,S generation during an anaerobic digestion system should be
studied because it could enhance the quality of biogas [60].

4. Conclusions

In this study, a novel WAS pretreatment using Pl was proposed
for the first time to improve methane generation in anaerobic
digestion, and we elucidated how it improved methane generation.
Results suggested that the maximum methane yield was obtained
from WAS with 100 mg PI per g TS pretreatment, showing an in-
crease of 46.0% relative to the ordinary anaerobic digestion.
Mechanism analysis revealed that powerful oxidative species (i.e.,
#OH, ¢03, and '0,) could be generated by WAS activation without
an extra activator, and their contributions were in the sequence of
¢05 > ¢OH > '0,, greatly increasing the solubilization of WAS and
the degradation of refractory substances (particularly lignocellu-
lose and humus) in sludge. The enhanced bio-available substrates
not only boosted the hydrolysis rate (with an increase of 23.9%
based on model analysis) but also stimulated the enzymatic activ-
ities (i.e., protease, a-glucosidase, acetate kinase, and coenzyme
F420). Moreover, the positive shifts of microbial community struc-
ture involved hydrolysis, acidogenesis and methanogenesis
(particularly acetoclastic type) and up-regulated functional genes
that participated in methanogenic metabolic pathways could be the
direct reasons for the increased methane production. Although the
feasibility of PI-based pretreatment on enhancing methane gener-
ation from WAS in anaerobic digestion was demonstrated, the po-
tential side effects on pathogens inactivation and organic
micropollutants removal in WAS warrants further investigation.
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