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Abstract: To break the bottlenecks of slow hydrolysis and low acid production efficiency of waste-
activated sludge (WAS) in the traditional anaerobic fermentation process, this study investigated
the employment of ferrous-iron (Fe(II))-activated sulfite to produce hydroxyl, sulfate, and other
highly oxidizing radicals on WAS floc cracking and short-chain fatty acid (SCFAs) production during
anaerobic fermentation. The effect of the dosage ratio of Fe(II)/S(IV) was also studied. Results showed
that the combined pretreatment of Fe(Il)-activated sulfite significantly promoted the exfoliation
of extracellular polymers and the subsequent SCFAs production. The highest concentration of
SCFAs reached 7326.5 mg COD/L under the optimal dosage of 1:2 for Fe(I)/S(IV), which was
1.1~2.1 times higher than that of other research groups. Meanwhile, the analysis by 3D fluorescence
spectroscopy and EPR (electron paramagnetic resonance) showed that Fe(Il)-activated sulfite had
a synergistic effect on the rupture of sludge cells and the stripping of extracellular polymers, with
check for SO4~ and OH as the key radicals generated and being much stronger in the 1:1 and 1:2 groups.
updates High-throughput sequencing showed that the Fe(II)-activated sulfite system significantly changed
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the functional microbial diversity. The anaerobic fermentation bacteria and sulfate-reducing bacteria

were significantly enriched. The underlying mechanism of Fe(II)-activated sulfite oxidation and
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molecular ecological network of key microbiomes were unveiled.
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1. Introduction
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Greenhouse gas emissions led to global warming, and the world strives to limit

faherzadeh carbon emissions and achieve carbon neutrality throughout the economic development
Received: 30 November 2022 process. With the promotion of the carbon neutrality goal, the future sludge treatment
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biological treatment section of urban wastewater, has also increased in tandem with China’s
wastewater treatment capacity [2]. As a carrier of energy and resources, sludge contains a

large amount of organic matter (such as proteins, carbohydrates, etc.) which can be utilized
to realize sludge resources nationwide and reduce sludge disposal costs. Sludge contains
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40/). residual sludge as feedstock could not only realize harmless sludge treatment and quantity
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reduction but also achieve resource recovery of residual sludge (e.g., short-chain fatty
acids) [4,5]. SCFAs are high-value-added chemical substances that can be used to synthesize
bioplastics [6]. In addition, SCFAs can be used as a carbon source for biological nitrogen and
phosphorus removal in wastewater treatment plants [7], in microbial electrolytic cell (MEC)
for hydrogen production [8], etc. However, the organic matter in sludge is encapsulated
by cell walls and extracellular polymers (EPS), which makes its release difficult, and the
hydrolysis stage becomes the rate-limiting step in anaerobic fermentation. For this reason,
pretreatment methods such as thermal treatment [9,10], ultrasonication [11], enzymatic
reaction [12], and chemical methods [13,14] have been proposed to accelerate the rate of
sludge hydrolysis.

Advanced oxidation techniques (AOPs) are widely used for the oxidative degradation
of substrates by generating highly reactive radicals, usually hydroxyl radicals (OH), which
have a high redox potential. Advanced oxidation techniques based on sulfate radicals
(SO47) have received much attention for the degradation of pollutants and sludge pretreat-
ment lysis cells due to their fast reaction rate and wide range of applications [15,16]. The ox-
idation capacity of SO4~ (redox potential 2.5-3.1 V) was higher than that of OH (1.8-2.7 V),
and the lifetime of SO4~ was also higher than that of OH (half-life t; /, = 30~40 pus and
t1/2 <1 ps, respectively) [17]. It exhibits a higher oxidation capacity than OH under neutral
or alkaline conditions and a stronger radical for organic degradation [18]. SO4~ is mainly
generated by activating peroxynitrite (PMS) and persulfate (PDS), but PMS and PDS are
expensive, which hinders their large-scale application, so SO4~ can be generated by acti-
vating cheap and low-toxicity sulfite instead of PDS and PMS [19]. PDS can be activated by
heat [20], UV [21], ultrasound [3], transition metals (Mn?*, Co?*, Cu?*, etc.) [22] to produce
SO4 ™. Excessive amounts of divalent iron may reduce the efficiency of radicals reactions by
consuming large amounts of SO4~, while iron-based activators are widely used for sulfite
activation because they are non-toxic, economical, and environmentally advantageous.
Ai et al. found that the advanced oxidation system using Fe(II)/S(IV) could improve
sludge dewatering performance [23], and Zhang et al. used Fe(II)/S(IV) to enhance the
decolorization of Orange II [24]. However, the excess of divalent iron causes side reactions
with SO4~, thus consuming SO, ~, and the activation technique to optimize the Fe(II)/S(IV)
ratio for acid production from anaerobic sludge fermentation has not been reported.

In this study, the Fe(Il)-activated sulfite system was employed to regenerate SO~ and
other free radicals to promote WAS solubilization. The influence of Fe(Il)/S(IV) dosages
on acidogenic fermentation of WAS were investigated by the whole process assessment, i.e.,
the release of extracellular polymers, the consumption of organics, the time-course of SCFAs
production, and the influence of product spectrum. The underlying mechanisms were
clarified by the diversity of functional microbes by Illumina Miseq sequencing, and the
molecular ecological network of key microbiomes and the radical species were identified
by electron paramagnetic resonance (EPR). This study provides a theoretical basis for the
application of advanced oxidation technology on the resource recovery of waste biomass.

2. Materials and Methods
2.1. Experimental Materials

The experimental sludge was obtained from the sludge-thickening tank of Zhengyang
Wastewater Treatment Plant in Jinzhong City, Shanxi Province, China, the sludge was filtered
through a 200-mesh sieve, and the supernatant was removed after standing for 24 h and
then placed in a refrigerator at 4 °C for backup. The remaining sludge was centrifuged at
10,000 rpm (11,180 % g), and then the supernatant was filtered through a 0.45 um membrane,
followed by analysis and measurement of relevant indicators. The initial properties of
the remaining sludge were: total suspended solid (TSS) 20.8 £ 0.3 g/L, volatile suspended
solid (VSS) 11.1 & 0.1 g/L, total chemical oxygen demand (TCOD) 20.7 & 0.3 g/L, soluble
chemical oxygen demand (SCOD) 0.19 & 0.05 g/L, soluble proteins 42.3 & 4.4 mg COD/L,
soluble carbohydrates 18.5 + 3.8 mg COD/L, NH;*-N 31.1 £+ 1.6 mg/L, and pH 7.03 £ 0.1.
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2.2. Experimental Set-Up

To investigate the effects of Fe(I)-activated sulfite system and the optimal Fe(II)/S(IV)
dosages on the production of SCFAs from WAS anaerobic fermentation, six experimental
groups were set-up as follows: Control (raw WAS, group 1), sole Fe(Il) (group 2) and sulfite
(group 3) were set as the control tests. Groups 5, 6, and 7 were Fe(II)/S(IV) = 1:1, 1:2, and
1:4 (g TSS/g TSS), respectively, and the dosage of sulfite was maintained at 800 mg S/L [25].
In this experiment, anaerobic serum bottles with a working volume of 400 mL were used.
The fresh sludge from concentrated tank was added as inoculum to the serum bottles
with a ratio of 1:10 (v/v), and the pH was adjusted and maintained with 7.0 £ 0.1 using
1.0 M NaOH or HCl, and nitrogen gas was introduced for 15 min to ensure an anaerobic
environment. Each group was carried out in triplicates, and the reactors were placed in
a constant temperature incubator at 35 °C and 120 rpm for around 20 days. Quantitative
amounts of fermented WAS were centrifuged from the fermenters at 10,000 rpm (11,180% g)
for 10 min every day. The supernatant was filtered through a 0.45 pm cellulose acetate
membrane, and the contents of soluble organics, NH4*-N, and SCFAs were determined.

2.3. DNA Extraction and Illumina Miseq Sequencing

Total DNA was extracted from sludge samples using E.Z.N.A.™ Mag-Bind Soil DNA
Kit (Sangon Biotech 138 bioengineering Co., Ltd., Shanghai, China). PCR amplification
was performed by the DNA Services Facility with 341F-805R for V3-V4 regions of the
bacterial 16S 140 rRNA genes, and the amplified DNA for each sample was sequenced by
[llumina MiSeq platform. Key microbiomes of MENs based on random matrix theory were
constructed and visualized by Cytoscape 3.7.2 software [26,27].

2.4. Analytical Methods

TSS, VSS, COD, phosphate, and NH;"-N were determined by standard methods
(APHA 1998). The pH was determined by the glass electrode method. Soluble proteins were
determined by the modified bicinchoninic acid (BCA) method [28], and the standard was
bovine serum protein. Dissolved carbohydrates were determined by the phenol/sulfuric
acid method, and the standard was glucose. Two layers of extracellular polymers, i.e.,
tightly-bound (TB-EPS) and loosely-bound EPS (LB-EPS), were extracted by thermal ex-
traction [29], and the supernatant was filtered through a 0.45 um membrane and then
analyzed by 3D-EEM for semi-quantitative analysis. The radical species were identified by
EPR with the spectrometer model JES-FA300 (JEOL, Akishima, Japan). Using 0.1 M of 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) as a spin trapping agent, each system was trapped
at 30 min of treatment [30]. SCFAs were determined by Agilent 6890 gas chromatograph
with flame ionization detector. For comparative analysis, the above-measured concen-
trations (mg/L) were converted to COD concentration (mg COD/L) with the following
conversion factors: 1.06 g COD/g (carbohydrate), 1.50 g COD/g (protein), 1.07 g COD/g
(acetic acid, HAc), 1.51 g COD/g (propionic acid, HPr), 1.82 g COD/g (butyric acid, HBu),
and 2.04 g COD/g (valeric acid, HVa). Significant influences at 0.05% level for the influence
of Fe(Il)/S(IV) dosages on acidogenic fermentation of WAS obtained through a one-way
analysis of variance (ANOVA). Statistical analysis was performed by SPSS 19.0.

3. Results and Discussion
3.1. Exfoliation and Release of Extracellular Polymers in WAS Flocs

The release of proteins and carbohydrates in EPS can indirectly reflect the treatment
efficiency of different pretreatments. The changes in soluble carbohydrates and proteins
in the two EPS layers and dissolved organic matter (DOM) under different pretreatment
groups are shown in Figure 1A. The soluble carbohydrate and protein contents in the
Fe(Il) group were significantly higher than those in the Control, but the Na,SO3; group
did not release the organic matter content as much as the Fe(Il) treatment. In the three
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Fe(II) /S(IV)groups, the soluble carbohydrates and proteins in DOM increased with the
increase in Fe(II) /S(IV) ratios and followed first-order kinetics Equations (1) and (2).
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Figure 1. Changes in proteins and carbohydrates in the DOM, LB-EPS, and TB-EPS layers under
different treatments of FeZ* /Na,SOj3 (A). 3D-EEM spectra of different layers in the RWAS and 1:1
Fe(I) /S(IV) tests (B).

Statistical significance calculations were used to contrast the different Fe(Il) /S(IV)
dosages in the Fe(II)-activated sulfite system. The coefficients of ANOVA were less than 0.05,
which revealed that the Fe(I) /S(IV) dosages had a significant effect on release of proteins
and carbohydrates in EPS. The maximum concentrations for the soluble carbohydrates and
proteins, i.e., 68 and 437 mg COD/L, respectively, existed in the Fe(II) /S(IV) = 1:1 test, which
were 1.0-8.4 and 1.2-2.5 folds higher than those in other experimental groups. Meanwhile,
the amount of attached organic matter in TB-EPS was significantly reduced by the coupled
Fe(II)/S(IV) oxidation. It indicates that the employed pretreatment can generate strong
oxidizing radicals such as SO;~ and OH to effectively promote the dissolution of sludge
flocs, which in turn promotes the stripping of TB-EPS to release the organic matter into the
liquid. Ai et al. investigated the synergistic effects of Fe(Il)-activated sulfite oxidation and
PAM flocculation on sludge dewaterability [23]. The organic matter content in LB-EPS was
also increased, probably because LB-EPS, as an intermediate transport layer, had a loose
and mobile structure. Some of the organics released from TB-EPS and cells was adsorbed
in this layer.

The fluorescence intensities of DOM and EPS in raw and pretreated WAS by 1:1
Fe(II)/S (IV) were analyzed based on 3D-EEM spectra. The spectra were divided into
five regions (I-V), which represented tyrosine-like protein, tryptophan-like protein, fulvic
acid, dissolved microbial metabolites, and humic acid, respectively. Specifically, regions
I and IV represented biodegradable organics, and regions II, III, and V represented non-
biodegradable organic matter [30]. As shown in Figure 1B, the intensity of regions I and
IV changed from weak to strong in the DOM test with Fe(I) /S(IV) = 1:1, which further
indicated that the introduced pretreatment effectively enhanced the sludge cell rupture. A
large amount of biodegradable organic matter was released into the liquid phase, enhancing
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the biodegradability of the sludge. The fluorescence intensity was also enhanced in the
intermediate transport layer LB-EPS. The decrease in fluorescence intensity in TB-EPS
was attributed to the destruction of EPS structure, which led to the release of attached
macromolecular organic matter into the DOM [31].

3.2. Changes in Soluble Organics during Fermentation

The concentration changes of soluble carbohydrates and proteins could reflect the
solubilization of particulate organics embedded in the flocs. The coefficients of ANOVA
were calculated by statistical significance of soluble carbohydrates and proteins (p = 0.201,
p = 0.319). As shown in Figure 2A, the released soluble carbohydrates in DOM under five
pretreatments showed sharply consumed from 2 d onward, which achieved the maximum
consumption in the 1:1 Fe(Il) /S(IV) test (57.8 mg COD/L). This was 1.2-12.5 folds higher
than that under other pretreatments. With the prolongation of fermentation time, the solu-
ble carbohydrates were further increased and then gradually decreased. More interestingly,
this value in the 1:2 Fe(II) /S(IV) test peaked at 6 d (35.3 mg COD/L), which was followed
by Fe(Il) and 1:1 Fe(I) /S(IV) tests, whereas the soluble carbohydrates were slowly changed,
indicating a balance of consumption and release existed during the whole fermentation of
raw non-pretreated WAS.

80 A 500 B
—(O— Control —(O— Control
Fe(ll) Fe(ll)
60 —7— Sulfite 400 —— Sulfite
—7— 14 —/— 14
—O— 1:2 O 12

Soluble carbohydrates (mgCODIL)
Soluble proteins (mgCODIJL)

0 ———— ! 0 ——=N —O=0—" |
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 1012 14 16 18
Time (d) Time (d)
8000 C 8000 D
-) - N B
& 6000 = 6000 = % S HAc
o 8 g N == HPr
(&) o N AN === iso-HBu
=)} o) = 5 = n-HBu
g 4000 H ! £ 4000 - % = % &SN iso-HVa
- | 2 7 U & n-HVa
< == HCa
G 2000 - S 2000
n (7]
0 g T T T T T T T T 1 0 f : - g ¢ £
&9 N
0 2 46 .8 10 12 14 16 18 @ g{@ N \//,\'.1'\,/\.
Time (d) %@%s\ o
RN
<% <% «°

Figure 2. Time-courses of soluble organics during WAS fermentation under different pretreatments:
soluble carbohydrates (A) and proteins (B). Time-courses of SCFAs concentrations (C) and the product
spectrum on day 4 (D).

The trends of soluble proteins were basically consistent with that of carbohydrates
(Figure 2B). In comparison, the first consumption phase continued to the fourth day. This
may be related to the high activity of hydrolytic bacteria in the early stage of fermen-
tation [32]. Concretely, the released soluble proteins achieved the highest level on day
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6 and decreased with the on-going SCFAs recovery. Clearly, the combined Fe(II)/S(IV)
pretreatment disrupts the cellular structure of the microorganisms, promoting the release
of the aggregated and intracellular organic matter. Then, the dissolved organic matter pro-
duced at the initial fermentation stage is consumed by acid-producing bacteria, inducing a
decreasing trend from day 6 onwards. This provides sufficient substrates for the growth
of acid-producing bacteria during the subsequent fermentation and then promotes the
production of SCFAs.

3.3. Influence of Fe(11)/S(IV) Dosages on Acidogenic Fermentation

The effects of different Fe(Il)/S(IV) ratios on SCFAs production from WAS fermen-
tation are shown in Figure 2C,D. The introduction of Fe(Il) /S(IV) oxidation significantly
enhanced the acidification efficiency. SCFAs concentration increased firstly and then de-
creased rapidly with fermentation time. The reason was the SCFAs production from the
metabolism of small molecules, e.g., amino acids, polysaccharides, monosaccharides, etc.
by fermentative acid-producing bacteria were further consumed by methanogens. This phe-
nomenon commonly happens in mesophilic WAS fermentation [33]. Statistical significance
calculations were used to contrast the influence of Fe(Il) /S(IV) dosages on SCFAs produc-
tion. The coefficients of ANOVA were less than 0.05, which revealed that the Fe(IT) /S(IV)
dosages had a significant effect on SCFAs production. The concentrations peaked on day 4
and maximized in the 1:2 Fe(II) /S(IV) test (7326.5 mg COD/L), which were 6808.5 and
6354.6 mg COD/L in the 1:1 and 1:4 tests, respectively. Liu et al. investigated the coupling
sulfite (500 mg S/L) and alkaline (pH 9.5) pretreatments on SCFAs production from WAS
and generated 324.8 &+ 9.5 mg COD/g VSS (calculated to 7665.2 mg COD/L) [34]. That is,
the performance of this work was comparable to the previous study. SCFAs concentrations
in the sole Fe(Il) group were not significantly different from that in the untreated WAS
(Control), while the maximum concentration of SCFAs in the sole sulfite group achieved
5996.8 mg COD/L, which was 70% higher than that in the Control. The lower SCFAs
concentration gained in the 1:1 Fe(II)/S(IV) test may be due to the inhibition effects of
generated free radicals on the activity of acid-producing bacteria.

The distribution of maximum SCFAs generated in each experimental group on day 4
was shown in Figure 2D. HAc and HPr, as the main products of anaerobic fermentation,
accounted for 64-73% in each group, which can serve as a promising and ideal carbon
source for the denitrifying and phosphate-accumulating organisms during the wastewater
treatment process. The coefficients of ANOVA were less than 0.05, which revealed that
the Fe(I) /S(IV) dosages had a significant effect on HAc and HPr production. What was
noteworthy was that 4154 and 502 mg COD/L HAc and HPr were generated in the 1:2
Fe(II) /S(IV) test, respectively, in contrast with 3418 and 449 mg COD/L in the sole sulfite
test. It seems that the introduction of Fe(Il) could efficiently promote HAc accumulation.
Meanwhile, Fe(Il)-activated sulfite pretreatment enhanced the HBu-type fermentation. In
particular, the percentages of HBu content in the sole Fe(II) and untreated WAS groups
accounted for 5.4% and 3.6%, respectively. The existence of sulfite and its derived chemicals
seemingly caused the generation of HBu, with the proportions of all of the remaining four
groups achieving around 7.6%. The reason behind this maybe that these free radicals and
sulfur compounds hampered the bioconversion of HBu, or the generation rate of HBu was
higher than the consumption rate. By comparison, the introduction of sulfite decreased the
proportion of HVa from 27.7% to around 24.1% in the sole sulfite and Fe(II) /S(IV) tests.

3.4. Microbial Community Diversity and MENs Analysis

Illumina Miseq sequencing of microorganisms at the end of fermentation was per-
formed to understand the diversity and similarity among the functional flora of the samples
under different pretreatment systems. Figure 3A shows the shared OTUs of the six sludge
samples. The shared OTUs of the six groups were 593, which accounted for 25.4% of the
total OTUs (2337). Among them, the shared OTUs were mainly distributed in the phyla (in
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order of abundance) Proteobacteria (35.27%), Chloroflexi (15.43%), Actinobacteria (13.01%),
Bacteroidetes (12.94%), Firmicutes (9.79%), and Acidobacteriota (3.44%).
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Figure 3. Shared OTU analysis of the six WAS samples (A). Relative abundance of functional bacteria
at phylum (B) and class (C) levels.

The diversity and distribution among microbial communities were further investigated
for phyla, class, and genera (Figures 3 and 4). Proteobacteria, Firmicutes, and Bacteroidetes
were the common dominant phylum in anaerobic fermentation systems, with a cumu-
lative abundance of 51.3-74.0% (Figure 3B). The percentage of Bacteroidetes decreased
with the sole and coupling pretreatments (20.5% versus 8.7-16.5%), while Firmicutes and
Proteobacteria increased. Among them, the Proteobacteria, as the dominant phylum of
hydrolytic acidification, achieved the highest proportion in the coupling Fe(II) /S(IV) pre-
treated sample, increasing 0.34-9.97% compared with the untreated group. According to
previous studies, Firmicutes were closely related to anaerobic hydrolysis and acidification
processes [35], reaching the maximum in the Fe(II)/S(IV) 1:1 test (31.6% versus 2.6% in
Control). This meant that sufficient organic substrates provided by the coupling oxidation
led to strong hydrolytic activity in the pretreated WAS system [2].

Figure 3C shows the distribution of microbial communities in different fermentation
groups at the class level. The dominant microbes were mainly distributed in the following
five classes, i.e., Gammaproteobacteria, Alphaproteobacteria, Bacteroidia, Clostridia, and
Anaerolineae. Gammaproteobacteria increased in proportion by 5.5-8.5% after the 1:1
Fe(II)/S(IV) pretreatment. Bacteroidia and Clostridia were the crucial species for the
degradation of macromolecular organics to produce small molecule organic acids (e.g.,
HAc and HPr) [36], with the relative abundance from 2.09% (Control) to 12.8-19.4% in
the coupling pretreatment groups. The percentage of Anaerolineae (Chloroflexi phylum)
decreased significantly when Na;SO3; was dosed. Desulfitobacteriia was associated with
the reduction of sulfate [37], and the relative abundance was minimal in the Control and
Fe(II) groups but increased by 2.1-5.6% in the groups pretreated with Fe(I) /S(IV) oxidation.



Fermentation 2023, 9, 20

8of 13

A

Unclassfied and Others
Ellin6067
Thermomonas

—— Control

Fe(ll)

rzzzz Sulfite

sxza Fe(ll)/S(IV)=1:1
== Fe(ll)/S(IV)=1:2
=== Fe(ll)/S(IV)=1:4

Dechloromonas

norank_f__Comamonadaceae

Terrimonas
Desulfosporosinus =
Desulfomicrobium

Desulfitobacterium £
Acinetobacter 1

norank_f__Saprospiraceae
Pseudomonas =

Proteiniborus

Sedimentibacter 1
Macellibacteroides
Anaerovorax
Christensenellaceae_R-7_group t

g4dv

Ferruginibacter

Clostridium_sensu_stricto
Fusobacterium f
Conexibacter =
Enterococcus
Romboutsia

Prevotella £

0 5 10

75 80 85 90
Relative abundance (%)

Desulfllob “uma elll cter0|de

esu otomacuum X
'@ @ AcinetBbacter

</ \>s\ Desulf@ulbus
rot mhllum ®
’Petn.onas.

B

&
Badillus

@
Pmtemlborus i
Terriffionas

2 norankf f__S@prospiraceae

Desulfosporo%ﬁ%&e"a
Lutispora

9\ /9
Rombibutsia
~BauS pegifgbulbus
)7 Chnstensenellaceae R-7_group
Sedimentib “®  Bactdioides
cl di /.'Anaerovorax
ostridium_:
Des o ©

OTU1585-

OTU998-norank. Saprospiraceae
OTU1558-§@Bulfobulbus OTU704§ciero|des
OTU669- Desulftobactenu pOTU1840Terrimonas

Pétrimonas OTU699 Desulfobulbus

etobacter

I Bacteroidota
Firmicutes

W Proteobacteria

I Desulfobacterota

O
OTU1780-Christensenellaceae_R-7_group

TU2092- Chnstens@llaceae_R—?_group

Figure 4. Relative abundance of functional bacteria at genus level (A). Molecular ecological network

visualization of OTUs from functional microbial consortia (B).

As shown in Figure 4A, at the genus level, the total relative abundances of anaerobic hy-
drolyzing fermentative bacteria (AFB), e.g., Prevotella, Romboutsia, Clostridium_sensu_stricto,
and Pseudomonas, were clearly magnified in the WAS fermentation systems pretreated by

Fe(II)/S(IV) =

1:1,1: 2, and 1:4 dosing ratios with a total proportion of 20.7%, 17.5%, and

15.1%, respectively. Prevotella was associated with the catabolism of dissolved carbohy-
drates and enriched with a relative abundance of 8.85% in 1:1 Fe(II) /S(IV) test, which was
3.8-10.9 times higher than that in Control, sole Fe(II) or S(IV), and other coupling pretreated
tests. Romboutsia, Enterococcus, and Clostridium_sensu_stricto, which could both utilize a
variety of organic substrates with HAc as the predominant product, predominated in the
1:1 Fe(I) /S(IV) test, with 2.8%, 1.8%, and 1.1%, respectively. It has been demonstrated that
Pseudomonas can excrete depolymerase and extracellular protease to promote sludge hy-
drolysis [38]. Desulfitobacterium, Desulfomicrobium, and Desulfosporosinus were the functional
microorganisms with sulfate-reducing ability [39] and were enriched in the Fe(II) /S(IV)
groups. For example, the relative abundance of Desulfosporosinus achieved 1.4-1.6%, while
it was not detected in the Control and sole Fe(Il) tests. The proportion of Desulfitobacterium
peaked in the 1:2 Fe(II)/S(IV) group (4.2%). In addition, the percentage of nitrate-reducing
bacteria (NRB, e.g., Terrimonas, Thermomonas, Dechloromonas, etc.) in the Fe(II) /S(IV) tests
all decreased. Some previous studies demonstrated the competitive relationship between

NRB and SRB [40,41].

The MEN analysis of the Illumina Miseq results can further elucidate the intrinsic
connections among the functional flora in anaerobic WAS fermentation systems. The overall
topological properties and phylogeny of the microbial network are shown in Table 1 and

Figure 4B.
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Table 1. Major topological properties of the empirical networks.

. . Similarity Network . Averaged Averaged Averag.e d Modularity
Microbiome. Threshold Size Links Connectivit Path Clustering (Fast
y Distance Coefficient Greedy)
Fermentation 0.97 76 134 3.526 3.839 0.102 0.551

The created network had 76 nodes (OTUs) that shared 134 links with each other.
The network connectivity distribution fit well with the power-law model, with an R? of
0.846. The blue line indicates a positive correlation between nodes and the red line in-
dicates a negative correlation between nodes. Extraction of sub-networks was used to
further analyze the microbiological relationship (Figure 4B). There were significant positive
correlations between AFB, i.e., Prevotella (OTU591 and OTU1422), Bacillus (OTU675), Petri-
monas (OTU842 and OTU743), Bacteroides (OTU653, OTUS885, and OTU724), Proteiniphilum
(OTU1612), Proteiniborus (OUT564), Christensenellaceae_R-7_group (OTU1780), Sedimentibac-
ter (OTU810), Macellibacteroides (OTU831), Clostridium_sensu_stricto_7 (OTU622), and Clostrid-
ium_sensu_stricto_10 (OTU1669), which reflected significant synergistic effects or similar eco-
logical niche segregation existing among these functional microbes. Desulforhabdus (OTU905),
Desulfobulbus (OTU1558), Desulfitobacterium (OTU669), Desulfotomaculum (OTU933), and
Desulfovibrio (OTU589, OTU1646, and OTU941) were typical SRB, among which Desul-
forhabdus (OTU905) was associated with Petrimonas (OTU842), Christensenellaceae_R-7_group
(OTU1453), and Sedimentibacter (OTU810). These suggested a possible symbiotic relation-
ship between SRB and AFB. Desulfovibrio (OTU589), as an incomplete oxidative SRB that can
oxidize ethanol to acetate and then reduce sulfate, was positively correlated with Bacillus
(OTU675) and Bacteroides (OTU653), which were typical AFB and capable of producing
lactate, acetate, and HBu from organics. Via the potential cooperative relationship between
SRB and AFB, the inhibition on AFB by high hydrogen pressure could be alleviated when
SRB was anticipated to consume extra hydrogen. Meanwhile, VFAs production, especially
for HAc accumulation, was more likely to happen under thermodynamics principles.

3.5. Potential Mechanism of Fe(1])-Activated Sulfite Pretreatment for Accelerating WAS
Acidogenic Fermentation

In the presence of Fe(Il), SO3;~ produced stable FeHSO*" and FeSO;* complexes,
and FeSO3* acted as an initiator for the radical SO3,~, whose decomposition was the
rate-determining step of the whole chain reaction. SO3~ was then converted to SO5~ and
subsequently generated a large amount of SO, ~ and OH in the system through a series of
chain reactions (Equations (1)-(8) and Figure 5A).

SO4~ and OH were the main contributors to EPS and cell wall disruption, destroying
cell structure, promoting sludge disintegration, and releasing EPS and intra- and extra-
cellular organic matter into the liquid phase to provide more substrate for subsequent
fermentation of AFB [19,41]. It has been shown that the excess of Fe?* reacts with SOz~ [19]
Equation (9), so it was necessary to control the dosage ratio. As shown in Figure 5B, the
EPR analysis of the pretreated sludge showed that DMPO-OH and DMPO-S0O; signals
were detected in all groups, and the intensities were stronger in the combined pretreatment
group than that in the sole pretreatment groups, which was due to the activation of SO32~
by the addition of Fe(Il) enhanced the production of SO4~ and OH. This further provided
an experimental basis for the above analysis.
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Figure 5. Schematic approach for the chain reactions (A) and EPR spectra (B) of Fe(II)/S(IV)
oxidation system.

Fe?"+HSO, — FeHSO3 ki=1x 10* M ™! 3)
4FeHSO; +0, — FeSO; +2H,0 ko= 1.69 x 10° M s~ ! )
FeSO; — Fe’t+S0; - ks=0.1957! (5)

SO; -+ 0, — SO; - ky= 1.5 x 10° M~ 's™* (6)

SOj; - + HSO; — HSO; 4505 - ks= 1.2 x 10* M 's ™! )
SO5 - +HSO; — SO; +S0, -+ H' ke <48 x 10° M s ™! )
Fe’t +HSO; — Fe’"+S0; -+ OH ™ ky=3.0 x 10* M 's™* ©)
SO - + FhO — 802~ +-OH + H' kyy = (10°-10*) mol 'Ls™! (10)
Fe?t+50, - — SO; +Fe’" kg=9.9 x 10° M5! (11)

4. Conclusions

This study firstly employed the coupling Fe(Il)-activated sulfite oxidation on the SC-
FAs production from WAS fermentation. The optimal lysis and hydrolysis effects of sludge
flocs and EPSs structure was appeared in the 1:1 Fe(II) /S(IV) test, and the maximum concen-
trations of soluble carbohydrates and proteins in DOM reached 67.8 and 437.1 mg COD/L,
respectively. The Fe(Il) /S(IV) oxidation effectively enhanced the production of SO;~ and
OH, which effectively promoted sludge cell rupture and disintegration of extracellular
polymers, whereas the SCFAs concentrations peaked in the 1:2 Fe(II) /S(IV) test with HAc
and HPr accounting for 66%. The underlying mechanism of the whole biotransformation
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of WAS organics was explored by 3D-EEM and the molecular ecological networks among
key microflora.
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