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• The solubilization of WAS was increased
with the increase of residual FI.
• Performance of acidogenesis and meth
anogenesis depended on the contents of
FI.
• The fates and distributions of FI in
liquid, EPSs and solid phases were
analyzed.
• The responses of microbial community
to different contents of FI were revealed.
• The findings provide some solutions for
resource recovery from WAS contained
FI.
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This study was conducted to investigate the effects of residual ferric ions (FI), released from iron or its oxides for
wastewater or waste activated sludge (WAS) treatment, on anaerobic digestion of WAS. Herein it was found that
the anaerobic digestion process was greatly affected by FI dosages as well as FI distributions. The responses of
performance and microorganism suggested that a low FI (e.g., 0.125 mmol/g volatile suspended solid (VSS))
enhanced methane production by 29.3%, and a medium FI (e.g., 0.3 mmol/g VSS) promoted short chain fatty
acids accumulation to reach the maximum of 247 mg chemical oxygen demand /g VSS, conversely, a high FI (e.
g., 0.9 mmol/g VSS) led to severe inhibition on acidogenesis and methanogenesis. The findings may provide
some new insights for mechanism understanding on anaerobic digestion process influenced by iron or its oxides,
as well as the disposal of WAS contained FI.
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1. Introduction

few studies have turned attention to the effects of released FI on WAS
anaerobic digestion, the gap of which can make the enhancement
mechanism of iron or its oxides on WAS anaerobic digestion is incom
plete, moreover, how FI affect the changes and distributions of both
organic matters and FI in EPSs is still unknown.
Herein, we hypothesized that the effects of FI on WAS anaerobic
digestion depended on the FI dosages. This work is aimed to investigate
responses of WAS anaerobic digestion to the stress of FI, including
performance and microbial community, as well as the fate and distri
bution of FI, and the corresponding underlying mechanisms were
revealed. The findings may provide some new insights in mechanism
understanding of iron or its oxides on WAS anaerobic digestion.

In recent decades, the activated sludge system, such as anaerobicanoxic–oxic system and its modified system, has been the main way to
treat wastewater (He et al., 2019a; Wang et al., 2020a). In this case,
waste activated sludge (WAS) is inevitably produced (He et al., 2016a;
Ye et al., 2020a), e.g., the annual production in China has reached to
4000 million tons (80% moisture content) (He et al., 2019a; Liu et al.,
2018), and its disposal has been a major challenge because of the high
cost and potential environmental problems (Wang et al., 2019a; Ye
et al., 2020a; Zhou et al., 2020). Considering the main component of dry
WAS is organic matters, accounting for approximately 60% (Wang et al.,
2019a; Zhou et al., 2020), many efforts have done to recover potential
resource (Wang et al., 2020b; Yang et al., 2015a). Anaerobic digestion
has been proved as the preferred and the most potential technique to
achieve bio-energy (e.g., methane or hydrogen) /carbon source (e.g.,
short chain fatty acids, SCFAs) and sludge reduction/harmless simulta
neously (He et al., 2016b; Liu et al., 2016; Pang et al., b, 2020a; Wang
et al., 2019b).
Generally, anaerobic digestion of WAS can be divided in three steps:
solubilization and hydrolysis, acidogenesis and methanogenesis (He
et al., 2018; 2019a). It is noted that for SCFAs production rather than
methane production, not only the steps of both solubilization/hydrolysis
and acidogenesis should be enhanced, but also the step of methano
genesis should be inhibited (He et al., 2019b; Zhao et al., 2018a). Either
for methane or SCFAs recovery, solubilization and hydrolysis has been
reported as the rate-limiting step (He et al., 2019b; Hu et al., 2020a;
Zhang et al., 2018), and many pretreatment methods have been
explored (Appels et al., 2008; Zhen et al., 2017), such as chemical (Ye
et al., 2020b), physical (Wang et al., 2019a), biological (Yang et al.,
2015b) and combination ways (Wang et al., 2019c). More interesting, a
series of technologies based on iron or its oxides have shown excellent
performance and great application potential on either SCFAs or
methane/hydrogen production from WAS (He et al., 2018; 2019b;
2018c;; Zhang et al., 2020; Zhao et al., 2018b).
Focusing on the improvement of solubilization and hydrolysis of
WAS, Fenton reaction (Hou et al., 2020; Rajesh Banu et al., 2019), po
tassium ferrate (PF) (He et al., 2018, 2019b; Hu et al., 2020a; 2020b;;
Wang et al., 2020a) and Fe2+or Fe0/persulfate (Wei et al., 2020; Zhen
et al., 2018) related to iron could significantly disrupt both cells and
extracellular polymeric substances (EPSs), meanwhile, the flocculation/
dewatering performance of sludge was promoted. Following above
pretreatments, the production of SCFAs was enhanced, e.g., it was
increased from 60 to 343 mg chemical oxygen demand (COD)/g volatile
suspended solid (VSS) with the addition of PF of 56 mg Fe(VI)/g total
suspended solid (TSS) (He et al., 2018), and further increased to 382 mg
COD/g VSS with the addition of PF of 28 mg Fe(VI)/g TSS at initial pH
10 (He et al., 2019b). In addition, the productions of both hydrogen and
methane were also promoted (He et al., 2018; Hu et al., 2020b), with the
highest value of 19.2 mL H2/g VSS (Yang et al., 2020a) and 204.1 mL
CH4/g VSS (Hu et al., 2020a), respectively. Besides, adding zero valent
iron (ZVI), magnetite or hematite to promote methane production from
WAS has been a research focus (Zhu et al., 2020). The methane pro
duction can be enhanced by 21.3% with ZVI addition of 10 g/L (Zhao
et al., 2018c), 29.9% with Fe3O4 addition of 10 g/L (Zhao et al., 2018c),
and 68.9% with the combination of ZVI (5 g/L) and Fe3O4 (5 g/L) (Zhao
et al., 2018b), respectively. Meanwhile, the rates of biogas yield was
increased by 232.1% with α-Fe2O3-bentonite addition of 3.75 g/g vol
atile solid (Zhu et al., 2020). Thus, it can be deduced that iron or its
oxides is effective for performance enhancement of each step of WAS
anaerobic digestion. However, iron or its oxides could be transformed to
ferric ion (FI) by a series of REDOX reactions, e.g.,
+
−
3+
−
3+
−
2−
FeO2−
4 +8H +3e →Fe +4H2O, FeO4 +4H2O + 3e → Fe +8OH ,
CO2 + 4Fe0 + 8H+ = CH4 + 4Fe2++2H2O and Fe2++H2O2 → Fe3+ +
HO− + .OH, etc. (Rajesh Banu et al., 2019; Zhang et al., 2012; Zhao et al.,
2018b), leading to an enrichment of FI in anaerobic digestors. However,

2. Materials and methods
2.1. Source and property of raw WAS
The raw WAS was collected from a local wastewater treatment plant,
China. The pretreatment and storage methods were in accordance with
the previous study (He et al., 2016b). The main properties of raw WAS
were: TSS of 14026 ± 35 mg/L, VSS of 8000 ± 89 mg/L, total COD of
9000 ± 124 mg/L, soluble COD of 158 ± 8 mg/L, total SCFAs (TSCFAs)
of 50 ± 6 mg COD/L, soluble proteins of 18 ± 3 mg COD/L, soluble
3−
polysaccharides of 12 ± 1 mg COD/L, NH+
4 of 62.7 ± 3.25 mg/L, PO4 of
44.1 ± 0.39 mg/L and pH of 6.75 ± 0.02.
2.2. Anaerobic digestion of WAS under different press of residual FI
The effects of residual FI on WAS anaerobic digestion, including
solubilization and hydrolysis, acidogenesis and methanogenesis were
carried out in batch lab-scale reactors with working volume of 0.35 L.
The target residual FI dosages were selected based on the addition
amount of iron or its oxides to treat WAS, as well as the results obtained
from a series of pre-experiments of the present work. The total back
ground FI of raw (R) WAS was 270.70 ± 13 mg/L, herein the corre
sponding additive levels of FI were 0.9 (G1), 0.6 (G2), 0.3 (G3), 0.15
(G4), 0.125 (G5) and 0 (C) mmol/g VSS, and the total residual FI in each
digester was shown in Fig. 4. Here, ferric chloride (Tianjin Kemiou
Chemical Reagent Co., Ltd., Tianjin, China) was served as FI source. The
fresh WAS was employed as the inoculum with an additive proportion of
1:9 (v/v). The nitrogen gas was introduced to each digester for 10 min to
remove oxygen, then the digesters were capped, sealed, and stirred in a
water-bath shaker (105 rpm) at 35 ± 1 ◦ C for 16 days. All the digesters
were operated in triplicate.
2.3. Analytical methods
2.3.1. Chemical analysis
The methods for samples taken and pre-treated were the same as the
studies of He et al. (2018, 2019a). Sludge samples collected from di
gesters were centrifuged at 10,000 rpm for 10 min firstly, then the su
pernatants were filtered by 0.45 um membrane filters. The measurement
methods of Fe3+, TSS, VSS, TCOD, SCOD, proteins, polysaccharides,
3−
SCFAs, methane, NH+
4 , PO4 , pH and the activities of a-glucosidase and
protease were the same as the methods described in previous studies (He
et al., 2018, 2016b, c; Wang et al., 2019b, 2020b; Yang et al., 2015b).
The components of methane and SCFAs were detected by gas chroma
tography (Agilent Co., Ltd., USA). Polysaccharides was measured by
phenol–sulfuric acid method. Protein was detected by a protein kit
(Sangon Biotech Co., Ltd., Shanghai). FI was detected by inductively
coupled plasma optical emission spectrometry (Optima 8300, Perki
nElmer Co., Ltd., USA).
2.3.2. Epss extraction and analysis
The EPS, a dynamic two-layer membrane structure, including loosely
bound EPS (LB-EPS) and tightly bound EPS (TB-EPS), plays an important
2
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role in maintain the functional integrity and stability of sludge flocs (He
et al., 2018; Liu et al., 2020; Sheng et al., 2010), so the fate and distri
bution of Fe3+ in the EPS was investigated. In addition, as the poly
saccharides and proteins were the two main components of EPSs (He
et al., 2019b; Yang et al., 2015b), the concentration changes of them in
EPSs were studied. The detailed methods for EPSs extraction and eval
uation were the same as previous studies (He et al., 2016a, c, 2018). The
extraction methods were: firstly, the samples were centrifuged at 4000 g
for 10 min, and the corresponding supernatants were filtered by 0.45 um
membrane filters, the filtrate of which was served as dissolved organic
matters (DOM). Secondly, the residue in centrifuge tube was suspended
to the original volume by sodium chloride solution to extract LB-EPSs.
Finally, after LB-EPSs extraction, the residues in centrifuge tube was
used to extract TB-EPSs.

In order to evaluate the effects of residual FI on solubilization of
WAS, the released organic matters came from both microbial cells and
EPSs were analyzed, and the release contributions to the increase of
DOM were calculated (He et al., 2019b). As the increased DOM mainly
came from the disruption of either EPSs or cells, the cell lysis was
calculated by the difference between the increased DOM in liquid phase
and the DOM released from EPSs (He et al., 2016a, 2019b).
3. Results and discussion
3.1. Performance of sludge anaerobic digestion to residual FI
3.1.1. The solubilization of WAS
Solubilization was the first step and also the limiting step of anaer
obic digestion (He et al., 2019b; Hu et al., 2020b), the two main organic
components, polysaccharides and proteins, were released from EPSs or
cells to be served as the substrates for subsequent acidification process
(Wang et al., 2020a; Zhou et al., 2020). Fig. 1 shows the concentration
changes of polysaccharides and proteins after 24-h anaerobic digestion.
Obviously, FI resulted in an increase of DOM. Compared to raw sludge,
the soluble polysaccharides increased from 22 to 37 mg COD/L in con
trol, and further increased to 125 mg COD/L with added FI increasing
from 0.125 to 0.9 mmol/g VSS, which were 1.24–3.39 times to that of
control (Fig. 1(a)). A similar trend was also observed in the case of
soluble proteins (Fig. 1(b)). These results indicated that FI caused sludge
disintegration, and then the intracellular and/or extracellular constitu
ents became soluble, which accelerated the solubilization step.
In order to evaluate the source of DOM, the concentration changes of
organic matters in the EPS were analyzed. When FI was not more than
0.3 mmol/g VSS, the polysaccharides in LB-EPS showed no significant
difference, with the concentrations of 11–13 mg COD/L, by contrast, it
was increased by 44.0% and 88.0% with FI of 0.6 and 0.9 mmol/g VSS,
respectively. Compared to raw sludge, the polysaccharides were all
decreased in TB-EPS, but its contents were similar when FI was less than

2.3.3. Microbial community structure analysis
The sludge samples were collected on 8th day, and then immediately
frozen into − 80 ◦ C. The methods for DNA extraction and PCR amplifi
cation of microbial samples were conducted with the reported methods
(Wang et al., 2019b; 2020b;; Huang et al., 2021). The DNA sample
sequencing was performed on the Illumina HiSeq 2000 platform
commissioned by Shanghai Sangon Biotech Co., Ltd, China. The uni
versal primers 341F and 805R were used for amplifying the V3-V4 re
gion (Yang et al., 2020b). The data analysis methods for the microbial
community structure were the same as the previous studies (He et al.,
2019a; Wang et al., 2020c; Yang et al., 2020b).
2.4. Calculation methods
The sum of acetic (HAc), propionic (HPr), n-butyric (n-HBu), isobutyric (iso-HBu), n-valeric (n-HVa), and iso-valeric acids (iso-HVa) were
considered as TSCFAs, and the conversion coefficients of each SCFA,
polysaccharides and proteins to COD were calculated based on the
previous studies (He et al., 2018; Yang et al., 2015b).

Fig. 1. Changes of polysaccharides (a) and proteins (b) after 24 h anaerobic digestion.
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0.3 mmol/g VSS, and then decreased more with FI increasing to 0.9
mmol/g VSS (Fig. 1(a)). Similar trends were also observed in the case of
proteins (Fig. 1(b)). Herein, the EPS removal efficiency was employed to
evaluate the integrative effects of LB and TB-EPSs influenced by FI. It
was found that the removal efficiencies for polysaccharides and proteins
in EPS were similar when FI was not more than 0.3 mmol/g VSS, with
averages of 19.3 ± 0.75% and 29.7 ± 1.95%, and then increased to 35.0
± 0.98% and 41.3 ± 1.25%, respectively, with the FI increasing to 0.9
mmol/g VSS. The above results suggested that FI could not cause more
organic matters released from EPS under a low content (e.g., ≤ 0.3
mmol/g VSS), but significant effects could be observed with FI further
increasing. In addition, the relative release contributions of EPSs and
cells to DOM were identified. The organic matters released from cells
played more and more important role with FI increasing from 0 to 0.9
mmol/g VSS, the corresponding relative contributions increased from
44.9% to 69.0% for polysaccharides and from 5.95% to 87.4% for pro
teins, respectively, shown in supplementary materials. It can be
concluded that compared to polysaccharides, proteins in cells were more
likely to be affected by FI. The possible reasons were that on one hand,
the content of proteins in sludge was much higher than that of poly
saccharides, on the other hand, FI may be more easily coupled with
proteins, leading to more proteins release from either EPSs or cells
(Sheng et al., 2010). The above results suggested that both microbia l
cells and EPSs could be destroyed by FI.

increased and then decreased with operation time going on. The
maximum value, 1976 mg COD/L, was obtained at added dosage of 0.3
mmol/g VSS, whereas it was only 445 mg COD/L in control. By contrast,
when the added FI dosage was 0.6 mmol/g VSS, the TSCFAs accumu
lation showed an upward trend during the whole anaerobic digestion
period, and further increased FI resulted in a significant decrease of
TSCFAs. These results were not completely corresponded to the solubi
lization of WAS. In general, more solubilization would lead to more
TSCFAs because of the enhanced substrates for fermentative microor
ganism. Herein, although the added FI of 0.9 mmol/g VSS led to
maximum DOM, the TSCFAs accumulation was reduced. The possible
reason was that more dissociative FI may across microbial cells to
change the osmotic pressures (Yu et al., 2015; Zhu et al., 2020), this case
may act as adverse effects to the activities of anaerobes. Therefore, the
residual FI showed two-sided effects on the accumulation of SCFAs, a
lower enrichment not only accelerated the solubilization, but also
improved the acidification performance, and although a higher enrich
ment could achieve more DOM, a decreased SCFAs was observed.
The composition of SCFAs was also affected by FI levels (Fig. 2(b)).
Compared to control, a lower enrichment of FI (<0.3 mmol/g VSS) led to
a decrease percentage of HAc, but an increase percentage was observed
at a higher level of FI (>0.3 mmol/g VSS). The reason may be that the
activities of methanogens was promoted by a lower level of FI, and HAc
was preferentially used as the substrate for methane production (Yu
et al., 2015; Hu et al., 2020a), whereas the activities of methanogens was
inhibited by higher FI. Overall, HAc, HPr and iso-HVa were the three
main components for all samples, the percentage sum of which
accounted for 70.0–93.3%, with the average of 78.9 ± 8.66%. As HAc
and HPr were proved as the preferred carbon source for nutrients
removal (He et al., 2016a; Liu et al., 2018), the total percentages of HAc
and HPr increased to 56.5% with the value of 1117 mg COD/L, which
was 3.68 times to that of control. Therefore, the enhancement of carbon
source recovery can be achieved by anaerobic digestion of WAS con
tained FI.

3.1.2. The accumulation and composition of SCFAs
SCFAs is not only the key intermediate products for methane pro
duction, but also the preferred carbon source for biological nutrient
removal system (Ye et al., 2020b; Yuan et al., 2016). It was obvious that
FI affected the accumulation of SCFAs (Fig. 2(a)). When the added FI
was not more than 0.3 mmol/g VSS, the accumulation of TSCFAs first

3.1.3. The production of methane
Methanogenesis is the last step for anaerobic digestion, and metha
nogens utilize HAc or H2 and CO2 as the substrates to produce methane
(Hu et al., 2020a; Zhao et al., 2018b, c). It was obvious that the activities
of methanogens were significantly affected by residual levels of FI
(Fig. 3). A lower enrichment of FI enhanced methane production,
whereas a severe inhibition was observed when FI was further increased.
Compared to control, the accumulation of methane increased from
28.57 ± 1.41 to 48.63 ± 4.95 mL/g VSS with added FI of 0.125 mmol/g
VSS after 4 days, and then decreased to 9.28 ± 2.18 mL/g VSS when the
added FI was 0.3 mmol/g VSS, further increase of FI led to a more
decrease. By contrast, after 10 days, the accumulation of methane
increased under all conditions, and the difference between C and G3 was
reduced, with values of 71.55 ± 4.76 and 67.81 ± 1.45 mL/g VSS,

Fig. 2. Accumulation (a) and composition (b) of SCFAs during anaer
obic digestion.

Fig. 3. The production of methane during anaerobic digestion.
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FI, the contents in EPSs were determined. It was found that there were
no significant difference (P = 0.58＞0.05) between raw and control
sludge on contents of FI in LB- and TB-EPSs, suggesting that the
increased FI in control may mainly came from the cell lysis. With the
added FI increasing, the contents of FI in both LB- and TB-EPSs all
showed increase trends, which may be attributed to substrate transport
function of EPSs between external environment and microbial cells. In
addition, when the added FI was not more than 0.15 mmol/g VSS,
including raw sludge, the contents of FI between LB- and TB-EPSs were
similar (P = 0.72＞0.05), whereas further addition increase led to a
more significant increase of FI in LB-EPS than that of TB-EPS. The rea
sons may be that on one hand, as LB-EPS layer is a loose structure and
closed to supernatant, it has the potential to adsorb dissolved matters
from liquid phase (Sheng et al., 2010; Yang et al., 2015b), and on the
other hand, as TB-EPS is a dense layer structure and closed to microbial
cells, it is not easier than LB-EPS to adsorb dissolved matters (He et al.,
2018; Yang et al., 2015b). Besides, with the content of FI increasing in
liquid phase, FI was transferred to LB-EPS, and then to TB-EPS because
of concentration gradients.
To further confirm the distribution of FI, FI mass balance was
analyzed (Fig. 4 (b)). The background FI of raw sludge was 270.70 ± 13
mg/L, and the highest FI, 681.47 ± 18.60 mg/L, was obtained with
added FI of 0.9 mmol/g VSS. More than 95% of total FI were presented
in solid phase when the added FI was not more than 0.15 mmol/g VSS,
which deceased to 86.5 ± 0.49, 51.5 ± 12.3 and 42.0 ± 2.73% with
added FI were increased to 0.3, 0.6 and 0.9 mmol/g VSS, respectively.
The FI in EPS showed an increase with added FI increasing, the maximal
value, 9.07 ± 1.53%, was observed at the addition dosage of 0.9 mmol/g
VSS. In addition, both zeta potential and electrical conductivity, related
to the changes of FI, were detected. It was found that they showed the
opposite trends, and the changes of zeta potential were also opposite

respectively, which corroborated the SCFAs downtrend in G3. In addi
tion, compared to control, the cumulative production of methane
increased by 29.3% with added FI of 0.125 mmol/g VSS, this result was
consistent with the study of Yu et al. (2015), in which, the biogas pro
duction was enhanced at a certain FI addition of 200 mg/L. However,
this study also proved that higher FI (e.g., 0.9 mmol/g VSS) could
severely inhibit methanogenesis. The possible reason was that the
excessive FI would inhibit the activities of both acidogens and metha
nogens (Zhu et al., 2020), leading to a decrease of methane production.
3.2. Fate and distribution of residual FI
The fate and distribution of FI in sludge may be affected by FI levels,
however, until now, it has not been clearly reported. The fates and
distributions of FI in liquid, EPSs and solid phases were investigated at
24-h anaerobic digestion time (Fig. 4). Compared to raw sludge, the FI
concentration in liquid phase increased from 1.30 to 2.55 mg/L, indi
cating that anaerobic digestion of sludge might lead to FI transfer from
solid to liquid phase. The possible reason was that FI could be released
from microbial cells or EPSs by solubilization of WAS, and more sig
nificant solubilization contributed to more FI accumulation in liquid
phase (He et al., 2016c). However, with FI addition, the concentrations
of FI in liquid phases were all lower than that of added FI, reducing by
36.55–85.60 mg/L. This result suggested that the additional FI tended to
transfer to solid phase. Even so, FI in solid phase with different FI dosage
addition were similar, with the value of 337.9 ± 18.8 mg/L, leading to
the concentrations of FI in liquid phase were still far higher than that of
control, increased by 3.45–330.7 mg/L. It has been reported that the
distribution of metal ions in sludge mainly depended on pH (He et al.,
2016b), so the similar distribution in solid phase of present study might
attributed to similar pH in these reactors. To further identify the fate of

Fig. 4. Fate and distribution of FI in liquid, LB-EPS, TB-EPS and solid phase. (a) Distribution, and (b) mass balance.
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with the changes of FI in either liquid or EPSs, including LB- and TBEPSs, shown in supplementary materials. This was because that with
the contents of FI increasing, the negative charges in liquid or EPSs were
reduced. Thus, the zeta potential further proved that the changes of FI in
sludge affected by added FI. These results suggested that the fate and
distribution of FI were changed with FI levels, and then each step’s
performance of sludge anaerobic digestion was affected.

dominant, with total abundances of 84.1, 67.0, 89.9 and 79.4% for C,
G1, G3 and G5, respectively. With added FI increasing, Actinobacteria
and Firmicutes firstly increased and then decreased, with total abun
dances of 17.3% for C, 24.9% for G5, 41.8% for G3, and 5.60% for G1,
respectively. In contrast, Bacteroidetes showed firstly a decrease trend
and then an increased trend, with abundances of 19.2% for C, 11.8% for
G5, 13.6% for G3, and 21.2% for G1, respectively, and a similar change
was also found in Chloroflexi. Compared to C, more FI caused more
abundance decrease of Proteobacteria, from 32.2% to 15.9%, with a
linear negative correlation (k = -0.0531, R2 = 0.8204). Thus, compared
to C, one reason for the higher accumulation of TSCFAs in G3 and G5,
especially in the former, could be attributed to the enrichment of Acti
nobacteria and Firmicutes but the reduction of Proteobacteria, whereas
the lower accumulation of TSCFAs in G1 were due to the reduction of
Actinobacteria and Firmicutes.
In accordance with phyla, the proportions of Clostridia and Actino
bacteria, two key bacterial classes to bio-convert complex organic
matters to organic acids (e.g., HAc and HPr, etc.) (He et al., 2018; Yang
et al., 2015b), were all promoted with FI increasing from 0 (C) to 0.125
(G5) mmol/g VSS, and further to 0.3 mmol/g VSS (G3). The abundance
of Clostridia, belonging to Firmicutes, increased from 5.72% for C to
6.65% for G5, and further to 13.8% for G3, and for Actinobacteria,
belonging to Actinobacteria, increased from 9.96% for C to 16.3% for
G5, and further 25.1% for G3. Conversely, the proportions of Clostridia
and Actinobacteria were all reduced when the added FI was increased to
0.9 mmol/g VSS (G1), with the values of 1.75% and 2.15%, respectively,
which were all less than that of C. For Bacteroidia and Anaerolineae,

3.3. Microbial community response to residual FI
3.3.1. Bacterial community
The bioconversion performance of anaerobic digestion system
depended on the structure and function of microbial community, herein,
the phylogenetic analyses of 16S rRNA gene sequences at phylum, class
and genura levels were employed to reveal the evolution of microbial
communities affected by FI, including R, C, G1, G3 and G5 (Fig. 5). It can
be found that there was no significant difference between raw sludge
and control on microbial communities at phylum (P = 0.98＞0.05), class
(P = 0.99＞0.05) and genera (P = 0.92＞0.05) levels. Proteobacteria,
Bacteroidetes, Chloroflexi, Actinobacteria and Firmicutes have been
reported as the five main phyla in traditional anaerobic digester (He
et al., 2019a; Nelson et al., 2011; Li et al., 2020), among them, Bacter
oidetes, Chloroflexi, Actinobacteria and Firmicutes played critical roles
in hydrolysis/acidification stages, and associated with the bioconversion
of organic matters to SCFAs (Nelson et al., 2011), whereas Proteobac
teria was the main consumers of HAc, HPr and HBu (He et al., 2018; Luo
et al., 2015). It can be seen from Fig. 5 (a), the above five phyla were also

Fig. 5. Microbial community response to the accumulation of FI. (a) Phyla and class levels, and (b) genera level.
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belonging to Bacteroidetes and Chloroflexi, respectively, their abun
dances were enriched by FI with 0.9 mmol/g VSS, with the proportions
of 21.2 and 7.25%, respectively, which were 1.56 and 2.97 times to that
of G3 (0.3 mmol/g VSS). These results suggested that on one hand, the
SCFAs accumulation under lower residual FI was mainly contributed by
Clostridia and Actinobacteria, whereas Bacteroidia and Anaerolineae
were responsible for the bio-conversion of complex organic macromol
ecules to organic acids under higher FI (He et al., 2018; Podosokorskaya
et al., 2013), on the other hand, Bacteroidia and Anaerolineae were
more tolerant to residual FI compared to Clostridia and Actinobacteria.
In addition, Alpha- and Gamma-proteobacteria, belonged to Proteo
bacteria, were reduced by FI, and more FI led to more reduction,
decreased from 20.7 and 10.2% for Alpha- and Gamma-proteobacteria
to 10.6 and 0.93%, respectively. As Alpha- and Gamma-proteobacteria
had been reported as the main consumers of HAc, HPr and HBu (Luo
et al., 2015), the abundance decrease of them were another reason for
the accumulation of SCFAs.
More detailed information about bacterial community affected by FI
was analyzed at genera level (Fig. 5 (b)). The acid-forming bacteria, such
as Candidatus_Microthrix, Sulfuritalea, Terrimonas, Clostridium_sensu_s
tricto and Paludibacter were significantly affected by residual FI, with
the highest total proportion of 8.35% in G3, followed by G5 of 4.15%,
which were 1.46 and 2.92 times higher than that of C, by comparison, it
was reduced in G1. Among them, it was worth noting that Candida
tus_Microthrix was more easily affected by FI, and its abundance firstly
increased to the highest value of 4.82% with the added FI increasing
from 0 to 0.3 mmol/g VSS, and then decreased to the lowest value of
0.12% when the added FI was increased to 0.9 mmol/g VSS. In addition,
the abundance of Sulfuritalea was enriched by FI, with the highest value
of 1.05% obtained in G1, whereas the abundance of Clos
tridium_sensu_stricto was reduced by FI, with the lowest value of 0.37%
obtained in G1.

suggested that a lower FI (i.e., 0.125 mmol/g VSS) could enhance the
enrichment of both acetotrophic and hydrogenotrophic methanogens,
especially the latter, whereas a higher FI (≥0.3 mmol/g VSS) would
cause the reduction of either acetotrophic or hydrogenotrophic metha
nogens, especially the former. It could be concluded that with the in
crease of residual FI in WAS, the dominant methanogens may shift from
acetotrophic to hydrogenotrophic methanogens, and a further increase
of FI may lead to a complete inhibition of methanogens. Overall, the
changes of methanogens corroborated the production performance of
methane, in addition, as the SCFAs was the preferred substrates for
methanogenesis, a reduction of acetotrophic methanogens caused by
higher FI contributed to the accumulation of SCFAs in G3.
3.4. Overall understandings
As mentioned above, the three steps: solubilization and hydrolysis,
acidogenesis and methanogenesis, involved in WAS anaerobic digestion
were significantly affected by FI. For solubilization of WAS, the residual
FI showed positive effects, more FI led to more release of both soluble
polysaccharides and proteins (Fig. 1), and the linear relations could be
built according to the obtained results, shown in supplementary mate
rials, with the R2 of 0.995 for soluble polysaccharides and 0.9141 for
soluble proteins. By analyzing the source of DOM, it was found that
when added FI was not more than 0.3 mmol/g VSS, the dissolutions of
EPSs between control and FI groups were similar (Fig. 1), indicating that
these residual FI dosages may had no adverse effects on EPSs, whereas
the disruption of EPSs was enhanced with the FI addition higher than
0.3 mmol/g VSS. Different from the changes of EPSs, the cell lysis was
increased with the increase of FI addition (Fig. 1). In a word, the pres
ence of FI could enhance the solubilization of WAS.
The hydrolysis products of polysaccharides and proteins are the main
substrates for subsequent acidification process, and compared to con
trol, the activities of a-glucosidase and protease, the two key related
enzymes (He et al., 2018; 2019b), were all promoted by 23.2% and
132.6% on day 1 with FI addition of 0.3 mmol/g VSS, and the concen
tration of NH+
4 , the corresponding hydrolysates of amino acids, were
increased by 120.7%, suggesting that FI could also affect the hydrolysis
process. Responsible for more quantities of smaller organic matters
came from hydrolysis, the production of SCFAs was improved, with the
maximum value of 247 mg COD/g VSS on day 5. However, different
from solubilization of WAS, the accumulation of SCFAs showed firstly an
uptrend and then a downtrend with added FI increased to 0.9 mmol/g
VSS (R2 = 0.9754), which could be attributed to the dual function of FI
on acid-forming bacteria, and the responses of bacterial communities
conformed the production changes of SCFAs.
In addition, HAc was the preferred substrate for methanogens to
produce methane (Wang et al., 2020b), and other SCFAs, such as HPr,
HBu, and HVa can be bio-convert to HAc (Li et al., 2020; Yang et al.,
2015b). It can be concluded that a low FI (e.g., 0.125 mmol/g VSS) not
only promoted acidogenesis, but also improved methanogenesis
(Fig. 2&3), and a medium FI (e.g., 0.3 mmol/g VSS) significantly
enhanced the accumulation of SCFAs, whereas the methanogenesis was
prolonged (Fig. 2&3). In contrast, a high FI (e.g., 0.9 mmol/g VSS) led to
severe inhibition on either acidogenesis or methanogenesis (Fig. 2&3).
The responses of microbial communities, including bacteria and
archaea, and the performances of WAS anaerobic digestion corroborated
mutually (Figs. 5 & 6).

3.3.2. Archaeal community
To clarify the effects of FI on the production of methane, the relative
abundance of methanogens in each sample was identified at phylum,
class and genera levels (Fig. 5). It was found that the relative abundance
of Euryarchaeota was increased in each sample compared to raw sludge
(Fig. 5(a)), indicating that anaerobic digestion of sludge could achieve
the enrichment of Euryarchaeota. However, the increase ratio of Eur
yarchaeota was greatly related to the contents of FI. Compared with C,
the relative abundance of Euryarchaeota increased from 3.97 to 6.85%
when added FI was 0.125 mmol/g VSS, and then decreased to 2.27%
with FI addition of 0.9 mmol/g VSS. In addition, Methanomicrobia and
Methanobacteria were the two dominant classes in all samples, and
compared to C, the increase of FI led to a decrease of Methanomicrobia,
with the abundances decreasing from 3.11 to 0.48%. FI could achieve
the enrichment of Methanobacteria, the abundance of which increased
from 0.86% for C to 1.53% for G1, 2.57% for G3 and 3.75% of G5,
indicating that a lower FI was more favourable for the enrichment of
Methanobacteria.
More detailed information on archaeal communities was investi
gated at genera level (Fig. 5(b)). Methanogens includes two major
genera, one is strictly acetotrophic methanogens, i.e., Methanosaeta, and
the other is hydrogenotrophic methanogens, such as Methanobacterium
and Methanobrevibacter, etc (Wang et al., 2019b; 2020b). Besides,
Methanosarcina, a kind of mixotrophic methanogen, can use either HAc
or H2 and CO2 as substrates to produce methane (He et al., 2019a). It was
found that the abundance of Methanosaeta in C and G5 were similar,
with the values of 2.64 and 2.93%, respectively, and a further increase of
FI led to a decrease of Methanosaeta, which was only 0.33% in G3.
Methanobacterium and Methanobrevibacter all reached the highest
abundances in G5, with the values of 1.55 and 2.19%, respectively. A
decrease trend was observed with the FI increasing to 0.9 mmol/g VSS,
the corresponding abundances of Methanobacterium and Methano
brevibacter decreased to 0.21 and 1.22%, respectively. These results

3.5. Implications for WAS disposal
Recently, many technologies based on iron or its oxides have been
built to achieve production enhancement of methane/hydrogen and
carbon source from WAS anaerobic digestion (Hou et al., 2020; Hu et al.,
2020b; Zhao et al., 2018c), and the iron or its oxides were transferred to
FI by a series of REDOX reactions (Rajesh Banu et al., 2019; Zhang et al.,
2012). Herein it was found that the residual FI can significantly affect
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Fig. 6. Redundancy analysis (RDA) of four microbial communities from G1,
G3, G5 and C based on OTUs.

the anaerobic digestion process, and the corresponding results may have
done some contributions to fill the gap for comprehensively under
standing the enhancement mechanism of WAS anaerobic digestion
contributed by iron or its oxides.
In addition, ferric salts have also been successfully and frequently
applied to achieve sludge flocculation/dewatering in wastewater treat
ment plant, resulting in a enrichment of FI in sludge. Based on the
findings of this work, it can be proposed that for the disposal of WAS
contained low FI, the production of methane may be more attractive,
and it may be more profitable to recover SCFAs from WAS with a me
dium FI. However, for the sludge contained high FI, some pretreatments
are needed before anaerobic digestion.
4. Conclusions
This study revealed the effects of residual FI on WAS anaerobic
digestion. It was found that a low FI (e.g., 0.125 mmol/g VSS) increased
the methane production by 70.2% and 29.3% on day 4 and 10, and a
medium FI (e.g., 0.3 mmol/g VSS) significantly enhanced the accumu
lation of SCFAs, with the maximum value of 247 mg COD/g VSS. In
contrast, a high FI (e.g., 0.9 mmol/g VSS) led to severe inhibition on
either acidogenesis or methanogenesis. The findings may provide some
solutions for either resource recovery or disposal of WAS contained FI.
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