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Abstract
This study investigated the acidogenic and microbiological perspectives in the anaerobic co-fermentation of waste-activated
sludge (WAS) mixed with corn stalk (CS) and pig manure (PM). The volatile fatty acids (VFAs) increased dramatically to over
5000 mg COD/L accumulation just within 4–5 days with the feedstock carbon to nitrogen (C/N) ratio regulation of 20/1. The CS
and PM addition enhanced the compressibility of fermentation residuals by increasing the particle distribution spread index
(DSI). Moreover, the external carbon addition conduced to bacterial consortia diversity rising and uneven population distribution
in the co-fermentation, which contributed to VFAs accumulation potentially. The organic loading rate (OLR) correlated with
bacterial community closely at the early stage (days 1–5), while the oxidation-reduction potential (ORP) and pH played more
important roles on bacterial consortia at the terminal stage (days 6–10). The C/N ratio adjustment by CS and PM and proper
optimizations of OLR, pH, and ORP at various running stages facilitated VFA accumulation during the co-fermentation
operation.

Keywords Waste-activated sludge . Anaerobic co-fermentation . Corn stalk and pig manure . VFAs accumulation . Bacterial
community . Diversity . Redundancy analysis

Environmental Science and Pollution Research (2018) 25:4846–4857
https://doi.org/10.1007/s11356-017-0834-0

Introduction

Last decade, the waste-activated sludge (WAS) was produced
dramatically from the wastewater treatment plants (WWTPs)
as the fast urbanization in China (Dai et al. 2016). From 2007
to 2013, the total sludge production in China rose significantly
with an annual growth of 13% (Yang et al. 2015). Meanwhile,
China is one of the largest countries with remarkable agricul-

ture and livestock wastes generation in the world. The produc-
tion of crop residues (such as the corn stalk, CS) was estimated
at 600–800 million tonnes per year, causing severe hazes pol-
lution by the traditional incineration treatment (Jiang et al.
2012). Besides, the livestock waste (like pig manure, PM)
presented a rising production resulting in inevitable environ-
mental contaminations in China due to its serious pathogenic-
ity and pollution on soil, water, and air, although it contained
plenty of high-concentration biodegradable nutrients (Zheng
et al. 2015).

On the other hand, the anaerobic fermentationwas considered
as an effective option for organic waste reduction with obtaining
valuable intermediate products, such as volatile fatty acids
(VFAs), which could be used (1) as the external carbon resource
in biological nutrient removal processes (Li et al. 2011), (2) for
electricity generation by microbiological fuel cells (MFCs)
(Chen et al. 2013), and (3) for polyhydroxyalkanoate (PHA)
synthesis (Jiang et al. 2009). Thus, the WAS anaerobic fermen-
tation treatment had attracted wide attention and deep investiga-
tions previously (Jiang et al. 2009; Li et al. 2011). However, its
drawbacks could not be neglected, such as low organic
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conversion efficiency, long retention time, and low fermentation
efficiency (Dai et al. 2016). Moreover, the carbon-to-nitrogen
mass ratio (C/N) of feedstock played an essential role on the
performance of anaerobic biochemical processes. The excess
ammonium in the feedstock limited the microbial biochemical
processes and constrained VFAs’ further accumulation in the
anaerobic fermentation significantly (Nielsen and Angelidaki
2008). Feng et al.’s study reported that the low C/N ratio of
WAS restricted the VFA (especially the propionate) generation
during the fermentation process, and a balancing C/N ratio by
adding carbohydrates favored VFA accumulation remarkably
(Feng et al. 2009). Faced up to such a situation, researchers
proposed that the theoretical C/N value of 20/1 was able to bring
about a maximal VFA accumulation yield in WAS anaerobic
fermentation by external carbon source addition (Jia et al.
2013; Luo et al. 2014). Thus, the anaerobic co-fermentation of
WAS with other organic substances got to be a key approach to
conquer the disadvantages caused by the carbon source shortage
(low C/N ratio). However, most of the current literatures paid
much attention on facilitating VFA production in WAS co-
fermentation with food wastes (fat, oil, and grease) (Alqaralleh
2016; Jang et al. 2016; Ziels et al. 2016) or adding promoters
(like CaO2) (Li et al. 2015). Scarce studies focused on VFA
accumulation in the WAS co-fermentation by adding the CS
and livestock wastes (such as PM) (Lu et al. 2010).
Additionally, plenty of pretreatments were implemented for
prompting WAS anaerobic fermentation performance as the
rate-limiting step of feedstock solubilization determined the total
co-fermentation efficiency. Therefore, the physical (Salsabil et al.
2009; Barber 2016; Lo et al. 2016), chemical (Li et al. 2011;
Mahdad et al. 2016), and biological methods (Teo and Wong
2014; Xin et al., 2017) were adopted widely for increasing the
anaerobic fermentation performance previously. Among them,
the biological enzymolysis presented its superiority, exhibiting
high WAS solubilization efficiency within a brief operation time
(just 3–4 h) (Yang et al. 2010; Xin et al. 2016).

Microbial community structure and dynamics (including
diversity and distributive evenness) were related to system
performance stability closely (Loreau et al. 2001; Wittebolle
et al. 2009). The key basis of VFA stable accumulation was
the establishment of a microbial community delicately bal-
anced between the bacteria and archaea in anaerobic fermen-
tation process (Jang et al. 2016). The fermentation process
imbalance resulted in the malfunctioning of microbial
community by adverse environmental variables (Guo et al.
2014). Moreover, the organic loading rate (OLR), oxidation-
reduction potential (ORP), and pH were the important
impact factors, which were responsible for the balance of
microbial community between bacteria and archaea in the
fermentation process (Chen et al. 2015; Jang et al. 2016).
Thus, revealing the relationship of microbial community
structure and dynamics with impact factors would better
reveal the microbial ecology during the fermentation

process, which was conducive to optimize operations for
facilitating further VFA accumulation.

The main objective of this study was to disclose the VFA
accumulation performance and microbial community re-
sponses in WAS anaerobic co-fermentation process mixed
with CS and PM. The detailed aims were to (1) illustrate the
enhanced VFA accumulation performance in the co-
fermentation process of WAS, CS, and PM; (2) reveal the
relationship of bacterial community dynamic behaviors (evo-
lutions, diversity, and evenness changes) with VFA accumu-
lation in the co-fermentation system; and (3) elucidate the
correlation of bacterial community composition with the co-
fermentation impact factors, which was conducive to optimize
the co-fermentation operations.

Materials and methods

WAS, CS, and PM pretreatments

The WAS used in this study was taken from the secondary
sedimentation tank of a full-scale municipal wastewater treat-
ment plant in Harbin, China. Its detailed traits were as follows:
total suspended solids (TSS) 14,560 ± 165 mg/L, volatile
suspended solids (VSS) 10,780 ± 115 mg/L, and pH value
6.8 ± 0.1. WAS was pretreated by a blend of hydrolytic com-
mercial enzymes (comprising lysozyme, α-amylases, protease,
and cellulose with corresponding enzymatic activities of
20,000, 6000, 60,000, and 30 U/mg, respectively) for 4 h with-
in a water bath at 37 ± 1 °C. The proportion of individual en-
zyme in the mixture was maintained at 1:1:1:1 (mass ratio) with
the adding dosage of 5% (enzymes weight/TSS, w/w). The
mass ratio of mixture 1:1:1:1 and the enzyme weight/TSS ratio
of 5% were selected by evaluating the operational protocol of
previous studies. In Yang et al.’s study, the mixing ratio 1:1 of
enzyme blend (protease and amylase) led to high WAS hydro-
lysis efficiency. The enzyme mixture adding dosages of 3, 6,
12, and 18% for boosting WAS hydrolysis were investigated
comprehensively, stating that 6% appeared to be the optimum
dosage in terms of economy and efficiency (Yang et al. 2010).
In Parmar et al.’s study, the mixing ratio of 1:1:1 was adopted
by weight of enzyme blend (cellulase, protease and lipase),
which was used to pre-hydrolyze WAS for detecting the solids
volume reduction and settlement property changes (Parmer
et al. 2001). In Yu et al.’s study, the identical individual enzyme
adding dosage (15 mL protease solution and 15 mL amylase
solution) was adopted in the study (Yu et al. 2013).
Furthermore, the WAS solubilization caused by the mass ratio
1:1:1:1 of enzyme mixture (lysozyme, α-amylases, protease
and cellulose) and 5% adding dosage (enzymes weight/TSS)
was investigated in detail previously in a previous study (Xin
et al. 2016). Thus, the individual enzyme adding ratio of 1:1:1:1
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in the enzyme blend and the enzyme weight/TSS ratio of 5%
were adopted in this study.

The CS was taken from the rural land in the suburb of
Harbin City (China) after the agriculture harvest. The PM
was obtained from a pig farm near Harbin City. Both the CS
and PMwere baked at 105 °C for 12 h (drying CS and PM for
the grinding process easily) prior to the co-fermentation.
Subsequently, the CS and PM were smashed by using a
Chinese medicine grinder and then filtrated by a 40-mesh
sieve (450 μm diameter). The CS and PM powders were treat-
ed by high-pressure steam for 1 h at 121 °C and then soaked
by 1 M NaOH (100 mL) for 24 h for promoting their biode-
gradability. The detailed C and N element proportions of CS,
PM and WAS were listed in Table 1.

Anaerobic fermentation device and experiment

Four cylindrical anaerobic bioreactors were designed to be
used for WAS fermentation in this study, which were made
of a polymethyl methacrylate according to a previous study
(Xin et al., 2017). The effective reaction volume of each was
2 L with 20 cm height (height to diameter ratio was 2:1). A
blender was installed at the top of the reactor to stir the fer-
mentation organic matters properly. The interface was blocked
by a water seal unit on the reactor to keep a strict anaerobic
state (dissolved oxygen was less than 0.1 mg/L). The reactor
contained a fermentation cylinder with an annular water bath
area (around the fermentation cylinder for keeping a constant
fermentation temperature). The operational temperature was
maintained at 35 ± 1 °C by the water circulation powered by a
mini pump and a water heater. The stirring speed was kept at
60 r/min constantly. N2 was used to be injected into each
bioreactor to expel the oxygen mostly. The anaerobic

fermentation reactor was operated in batch-feeding model.
The fermentation samples were obtained regularly from the
sampling port of the reactor, which were used for experimen-
tal detection and analysis.

Four batch anaerobic fermentation experiments were oper-
ated simultaneously for 10 days fed with the various substrates
with different C/N ratios (listed in Table 2). When one batch
fermentation test was accomplished, the corresponding redu-
plicate fermentation experiments were conducted
subsequently.

Analytical methods

The soluble COD (SCOD), TSS, and VSS of the collected
samples were detected in accordance with standard methods
(APHA. 1998). Soluble protein was detected by a modified
BCA kit (Sangon, China). Soluble carbohydrate was mea-
sured by the phenol-sulfuric acid method with glucose as the
standard (Michel et al. 1956). The concentration and compo-
sition of VFAs were determined by an Agilent 6890 gas chro-
matography (GC) with flame ionization detector and
DBWAXTRE column (30 m × 0.32 mm× 0.25 mm), which
was operated according to a previous literature (Yan et al.
2010). The biogas composition was detected by using a GC
(SP-6801 T, China) according to a previous literature (Chen
et al. 2015). Morphological properties of the fermentative
sludge samples were illustrated by particle size distribution
and distribution spread index (DSI) of sludge flocs. Particle
size distribution was determined using a laser diffraction sen-
sor (Mastersizer 2000, Malvern Firm). Characteristics of sol-
uble organics in solution of fermentative WAS were assessed
by excitation-emission matrix (EEM) spectra (FP6500,
JASCO, Japan), which could grasp corresponding scanning
emission spectra from 220 to 650 nm at 2-nm increments by
changing the excitation wavelength from 220 to 500 nm at 5-
nm sampling intervals. Oxidation-reduction potential (ORP)
of the fermentative sludge was detected by using ORP mea-
suring instrument (Hanna, Italy). The pH was detected by the
pH measuring instrument (Hanna, Italy). The elemental com-
position, such as C and N of the feedstock, was analyzed by a
Vario EL/microcube elemental analyzer (Elementar,

Table 1 Element proportions of different substrates

C (%) N (%) C/N ratio

CS 43.58 ± 0.08 0.31 ± 0.11 151.34 ± 52.75

PM 42.39 ± 0.23 3.96 ± 0.01 10.70 ± 0.08

WAS 57.01 ± 0.35 6.26 ± 0.21 9.10 ± 0.55

Table 2 The feed compositions
in the anaerobic fermentation/co-
fermentation process

WAS CS PM C/N ratio

Fermentation process 1 1 L (pretreated by
enzymolysis)

31 g (pretreated) 5 g (pretreated) 20/1

Fermentation process 2 1 L (pretreated by
enzymolysis)

25.5 g (pretreated) – 20/1

Fermentation process 3 1 L (pretreated by
enzymolysis)

– – 9/1

Fermentation process 4
(control experiment)

1 L (fresh WAS) – – 9/1

– no addition
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Germany). All the experimental data were expressed as the
average value ± standard deviation format.

Microbial community analysis

Terminal restriction fragment length polymorphism (T-RFLP)
was used to monitor microbial community dynamics. The
detailed steps were as follows:

1. Genomic DNAwas extracted from the sludge sample and
the corresponding parallel sample (about 5 mL), respec-
tively (Power Soil DNA Isolation Kit, Sangon of China)
and then mixed them together.

2. Polymerase chain reaction (PCR) and product recovery.
Common primers of former primer 8F (5′- AGAGTTTG
ATCCTGCCTCAG-3′), labeled by FAM fluorescent sign
and reverse primer 1492R (5′-GGTTACCTTGTTAC
GACTT-3′) (Sangon, China) were used to amplify the
bacterial 16S rDNA sequence (Turner et al. 1999). The
PCR system was as follows: 10 × PCR buffer (Sangon,
China) 5 μl, dNTP (Sangon, China) 4 μl, DNA polymer-
ase (TransGen, China) 1 μl, template DNA (Genomic
DNA) 1 μl, former primer 1μl, reverse primer 1 μl, sterile
water 37 μl. The total volume was 50 μl. The PCR pro-
cess was: 4 min at 99 °C followed by 30 cycles of 30 s at
94 °C, 30 s at 55 °C, and 30 s at 72 °C, followed by 8-min
final extension at 72 °C.

3. Restriction endonuclease digestion.
4. Capillary electrophoresis to gain the T-RF information.

The obvious T-RFs smaller than 50 bp or larger than
600 bp were excluded from the analysis. Peaks with an
area less than 1%were not considered in the results due to
the issue of accuracy degree of the ABI PRISM 3130
genetic analyzer. The bacterial phylogenetic assignment
was performed using a default database generated from
MiCA (http://mica.ibest.uidaho.edu/) and default
fragment bin tolerance window setting.

Data analysis

DSI was used to evaluate the sludge filtration characteristics
and could be calculated as follows (Mohamed 2008):

DSI ¼ d90−d10
2� d50

ð1Þ

where d90 was the diameter corresponding to 90% of cumula-
tive undersize, d50 was the median diameter, and d10 stood for
the diameter corresponding to 10% of cumulative undersize.

Shannon index (H) was used widely to evaluate the com-
munity diversity (Saikaly et al. 2005):

H ¼ −∑pilnpi i ¼ 1; 2;…; Sð Þ ð2Þ

where pi stood for the relative abundance of the species i (the
peak area of each T-RF from species i/total areas of all T-RFs);
S was the number of the total T-RFs. The index ranged from 0
(no common T-RF) to 1.0 (identical T-RF patterns).

Pareto-Lorenz curve (PL curve) was used to describe the
microbial community distributive evenness (Marzorati et al.
2008), which was associated with the system performance
closely (Wittebolle et al. 2009). The vertical axis within it
represented the cumulative proportion of OTU abundance,
and the abscissa axis stood for the cumulative proportion of
OTUs. The 45° diagonal represented the perfect evenness of a
community. PL curve deviating from the 45° diagonal line
indicated the uneven species distribution in the community.

Statistical analysis

The redundancy analysis (RDA) based on the microbial com-
munity composition and fermentation impact factors of pH,
ORP, and OLR were performed by using CANOCO 4.5 soft-
ware. The Monte Carlo test was performed with 500 permu-
tations of forward selection to the RDA analysis, respectively
(Morowitz et al. 2011). Explanatory variables that contributed
significant improvement (P < 0.05) to the explanatory power
of the RDA models were indicated by red arrows in the ordi-
nations, and the T-RFs were presented by blue arrows.

Results and discussion

The mass balance on WAS solubilization
by enzymolysis pretreatment

In order to evaluate the correlation between VSS reduction
with the soluble substance (SCOD) increase by the
enzymolysis pretreatment, a mass balance on WAS solubili-
zation has been established in Fig. 1. It could be seen that after
the enzymatic pretreatment, the SCOD increased dramatically
from the initial 238.4 to 5585.6 mg/L (5.35 g/L augmentation
roughly) in the liquid phase of WAS, whereas the VSS pre-
sented a clear decrease of 3.80 g/L (from 10.78 to 6.98 g/L) in
the solid phase. Based upon the theoretical relationship of
1.42 g COD per g VSS (represented by C5H7NO2) (Bruce

Liquid
SCOD=238.4 mg/L

Solid
TSS=14.56 g/L
VSS=10.78 g/L

Liquid
SCOD=5585.6 mg/L

Solid
TSS=9.96 g/L
VSS=6.98 g/L

Before After

5347.2 mg/L SCOD increase

3.80 g/L VSS reduc�on

Pretreatment

Fig. 1 Mass balance on the waste-activated sludge by the enzymolysis
pretreatment in this study
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and Perry, 2001; Xin et al., 2017), the 3.80 g/LVSS loss was
able to generate 5.40 g/L SCOD increase empirically. Thus, it
could be speculated that the 5.35 g/L SCOD increase could be
attributed reasonably to the 3.80 g/LVSS solubilization by the
enzymolysis in this study.

Soluble substance variations
during the co-fermentation

It was clear that SCOD increased slightly in the first 2 days
from about 7500 to 9000 mg/L and then reduced to about
4200 mg/L finally in fermentation experiment 1 (fed with
the mixture of pretreated WAS, CS, and PM) (Fig. 2a). The
initial TSS was about 19.25 g/L with 12.38 g/L VSS.
Subsequently, the TSS changed to 18.53 g/L with 11.21 g/L
VSS when the soluble COD increased to 9000mg/L on day 2.
It could be concluded that the 1.17 g/LVSS reduction caused a
1500 mg/L COD increase approximately according to the re-
lationship of SCOD with VSS discussed above. The soluble
COD in fermentation experiment 2 (fed with pretreated WAS
and CS) kept similar concentration levels with the fermenta-
tion experiment 1 and reduced sharply to nearly 4000mg/L on
day 10. The soluble COD of fermentation experiment 3 (fed
with pretreated WAS) increased in the first 2 operational days
as well from 5500 to 6500mg/L and then reduced to 1800mg/
L on day 10.

The soluble protein decreased obviously from 2700 to
1500 mg/L in fermentation test 1 and from 2680 to
1000mg/L in fermentation test 2 on day 8. The soluble protein
reduced gradually from 1000 mg/L to nearly 500 mg/L in
fermentation experiment 3 (Fig. 2b). The soluble carbohydrate
contents decreased from 1400 to 300 mg/L levels similarly in
fermentation experiments 1 and 2. The soluble carbohydrate
contents were kept at the levels of 200–300 mg/L in fermen-
tation test 3 (Fig. 2c). The changes of soluble substances could
be attributed to the dynamic balance between the feedstock
solubilization and consumptions for acidogenesis (Fig. 3a)
(Yu et al. 2003).

VFA accumulation, biogas generation, and EEM
observations

The VFA accumulation augmented obviously and reached
peak values (more than 5100 mg COD/L in fermentation ex-
periment 1 and 4800 mg COD/L in fermentation experiment
2) just within 3–4 fermentation days (Fig. 3a). Moreover, the
total VFA content kept higher levels in fermentation experi-
ment 1 with a final concentration of around 3700 mg COD/L
ultimately compared to that in fermentation experiment 2. In
fermentation experiments 3 and 4, the VFA accumulation
levels ranged from 500 to 2000 mg COD/L approximately.
It could be confirmed that the CS and PM addition for C/N
ratio adjustment not only augmented VFA accumulation
quantity obviously but also shortened the retention time of
reaching the highest VFA content. The 20/1 was a suitable
feedstock C/N ratio for microbial physiology, leading to the
greatest hydrolytic enzyme activities (Jia et al. 2013). In terms
of the individual VFA, acetate was the prevalent VFA at the
early fermentation stage (the first 5 days) with more than 60%
percentage in fermentation experiments 1 and 2 (CS and/or
PM addition), while the propionate tended to be the dominant
VFA at the terminal fermentation stage (the last 3 days) with
more than 50% proportion (Fig. 3b, c). However, the acetate
and propionate dominated the total VFAs constantly in WAS
fermentation processes 3 and 4 (Fig. 3d, e). The fermentation
type changes might be attributed to the system pH and ORP
variations, both of which played crucial roles in regulating the
relative proportion between obligate anaerobe bacteria and
facultative anaerobic bacteria in the microbial community dur-
ing the fermentation process (Su et al. 2016). In addition, the
biogas accumulation was collected (data not shown).
Compared with the control tests (without CS/PM addition),
the cumulative biogas yields reached about 350 mL/g VSS in
the co-fermentations of WAS and CS or PM, which were
mainly consisted of CO2 and H2. The sum volume of CO2

and H2 accounted for over 90% of total gas volume, which
inferred that the methanogenesis was nearly inhibited in the
10-day-fermentation.
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The EEM fluorescence spectra depicted the dominant sol-
uble organics in the liquid phase in the fermentation system. In
the mixed waste fermentation process (fermentation process
1), three main peaks at Ex/Em 275–280/310–320 nm (labeled
as peak 1), 260–275/350–360 nm (peak 2), and 300–310/400–
410 nm (peak 3) were observed obviously (Fig. S1). It was
obvious that the maximal fluorescence intensities of all peaks
emerged on day 3 (Fig. S1B) and then reduced gradually with
the fermentation process ongoing (Fig. S1 C-F), which was
coincided with the VFA accumulation closely (Fig. 3a).
However, just two weak peaks (peaks 1 and 2) appeared in
the control fermentation (Fig. S1E–H) with much lower fluo-
rescence intensities compared with those in fermentation pro-
cess 1. Peak 1 (at Ex/Em 275–280/310–320 nm) and peak 2
(at Ex/Em 260–275/350–360 nm) were related to the protein-
like substance, such as tyrosine and tryptophan, while peak 3
(at Ex/Em 300–310/400–410 nm) was associated closely with
humic acid-like organics (Chen et al. 2003). The tryptophan
protein-like substances were believed to represent the fraction
of biodegradable compounds, which were easily used for the
energy requirements of acidogenic microorganisms (He et al.
2011).

VSS/TSS and particle size variations

The VSS/TSS ratio was used to reflect the biomass conversion
efficiency from the solid to liquid phase. It was obvious that
the VSS/TSS of mixed wastes decreased clearly from nearly

65 to 55% in fermentation experiment 1 and from 66 to 50%
in fermentation experiment 2, respectively (Fig. 4a), while the
VSS/TSS decreased slightly from 50 to 46% approximately in
the pure pretreated WAS fermentation and control test. It in-
ferred that C/N of 20/1 of feed (by external substances adjust-
ment) favored the hydrolysis performance and improved the
biomass transfer efficiency from the solid to liquid during the
fermentation process compared to the fermentations with the
C/N ratio of 9/1. It was reported that the hydrolysis could be
significantly improved with the feedstock C/N ratio of 20/1
due to the most active hydrolytic enzymes (Jia et al. 2013).
The high hydrolysis performance of soluble substances (solu-
ble carbohydrate and protein) played positive roles on the
great accumulation of VFAs (Fig. 3a).

The morphological property changes of fermentative
wastes were associated closely with the filtration trait of fer-
mentation residuals. Figure 4b depicted the particle size vari-
ation and DSI changes. It was observed that a relatively wide
particle size distribution was displayed in the control fermen-
tation with the lowest DSI of 1.492. The particle size distribu-
tion narrowed with the DSI of 1.502 in the pretreated WAS
fermentation process. It tended to be further decreased in the
mixed-waste fermentation processes with the DSI values of
1.906 in fermentation process 2 and 1.927 in fermentation
process 1, respectively. The particle size reduction improved
the anaerobic biodegradability performance of the substrate
and positively influences the rate of hydrolysis, thereby
resulting in a high anaerobic fermentation performance
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(Kondusamy and Kalamdhad 2014). The particle size reduc-
ing might be caused by the fact of the deflocculation perfor-
mance induced by hydrolysis exceeding the protein-aided
bioflocculation in the fermentation process, which were two
simultaneously occurring and competing effects (Teo and
Wong 2014). Moreover, the DSI value of floc size distribution
played an important role in increasing specific cake resistance
of sludge, where the minimum specific cake resistance oc-
curred at the lowest DSI (Mohamed 2008). High DSI implied
the sludge with worse aggregation and high compressibility
(Su et al. 2013), which would be beneficial for the further
disposal of fermentative residuals. Thus, the CS and PM ad-
dition in the co-fermentation not only promoted the VFA ac-
cumulation performance by improving the feedstock C/N ratio
but also benefitted the further disposal/management of fer-
mentative residuals by favoring the compressibility potential
of fermentative wastes.

Microbial community profiles

The T-RFLP profiles on bacterial community of all fermenta-
tion processes were depicted in Fig. 5 and Table 3. It was clear
that T-RFs of 65 bp (15–30% relative abundance,
Proteiniborus) and 459 bp (10–15%) ruled the communities
from days 1 to 5, while the T-RFs of 149 bp (20–40%), 213 bp
(10–30%), and 470 bp (20%) were the main taxa from days 7
to 10 in fermentation process 1 (Fig. 5a). In fermentation
process 2, the T-RFs of 556 bp (20%, Lactobacillus), 67 bp
(20–40%, Proteiniborus), and 553 bp (15–20%) occupied the
top positions from days 1 to 5 with the T-RFs of 290 bp (10–
20%), 293 bp (20%, Firmicutes), 220 bp (15%), and 560 bp
(10%, Lactobacillus) dominating the communities in the re-
sidual fermentation period (Fig. 5b). Comparatively, the T-
RFs of 458 bp (15–20%), 468 bp (5–25%), 471 bp (10–
15%), 218 bp (20%, Clostridium), and 558 bp (18%,
Lactobacillus) were the vital taxa in fermentation process 3
(Fig. 5c). The Lactobacillus was associated with the

degradation of proteins and lipids during the fermentation
(Jang et al., 2016). The Clostridium existed as the minor T-
RFs, which was responsible for the degradation of various
carbohydrates (Lee et al., 2011). The microbial consortia
structure and dynamics were related to system performance
stability since microbial community composition variations
were often associated with the functional capability changes
of communities (Hai et al. 2014). The fact of acetate-type
fermentation changing to propionate-type fermentation (oper-
ational day 5 was the demarcation point) (Fig. 3b, c) indicated
that the fermentation type changes were associated with com-
munity dynamics obviously, which might be attributed to the
feed composition differences (trophic level changes)
(Table 2). The differences of feedstock contributed consider-
ably to microbial community profile changes in waste anaer-
obic fermentation process. The dynamic balance between the
two major domains (bacteria and archaea) was associated
closely with the consistency of VFA accumulation (Jang
et al. 2016). Thus, it could be confirmed that the CS and PM
addition played a vital role on microbial community compo-
sition and dynamics in theWAS fermentation process, achiev-
ing the highest VFAyield at the feed C/N ratio of 20/1, which
was supported by a previous study proposing that the activi-
ties of metabolic enzymes for hydrolysis and acidification
arriving to the highest at C/N ratio of 20/1 comparing with
other C/N ratios (Jia et al. 2013).

Community diversity and evenness

The bacterial community diversity changes in all fermentation
processes are depicted in Fig. 6. The diversity of bacterial
community increased slightly with the fermentation process
ongoing. It was clear that community diversity in fermenta-
tions fed with mixed substrates got to be higher (rising from
2.5 to 3.0 in the bacterial community) than those without
external carbon source addition. Diversity increase was related
to system performance stability (function) positively (Loreau
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et al. 2001). Little fluctuations of diversity emerged at the
initial fermentation process might be associated with the un-
stable community structure without forming completely

(unbalance between the domain of bacterial and archaeal),
which caused relatively low VFA production efficiency (Fig.
3a). It was obvious that the addition of CS and PM favored the
community diversity rising and further improved the
acidogenesis process performance in WAS fermentation
process.

Table 3 The main
taxonomic contributors
corresponding to the T-
RFs in the fermentation/
co-fermentation process

T-RFs Main taxonomic contributors

56 bp Olsenella

62 bp Anaerotruncus

67 bp Proteiniborus

138 bp Pelotomaculum

155 bp Pelotomaculum

175 bp Gallicola

178 bp Lactobacillus

198 bp Synergistaceae

280 bp Clostridium IV

208 bp Clostridium

296 bp Firmicutes

361 bp Bacteroidales

516 bp Clostridiaceae

562 bp Lactobacillus

1

1.5

2

2.5

3

3.5

Ini�al 1 3 5 7 9 10

xedni nonnahS

Opea�onal �me (d)
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Pretreated WAS WAS (control)

 

Fig. 6 Bacterial community diversity shifts in the fermentation/co-
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The PL curve was used to evaluate the bacterial community
distributive evenness figuratively. Feedstock differences
played vital roles on bacterial community evenness (Fig. 7)
in fermentation processes. At the fermentation prophase (day
3), all PL curves were nearly coincided, which inferred that
the divergences of bacterial community evenness appeared to
be slight and indistinctive (Fig. 7a). However, the PL curve
got far from the theoretical perfect line (45° diagonal line)
gradually with the fermentation process ongoing by the CS
and PM addition, which indicated that the bacterial commu-
nity equitability got to be uneven dramatically at the fermen-
tation terminal stage (Fig. 7b). Based on the Pareto’s law, the
value of the vertical axis was in accordance with 20% abscissa
axis, being used to interpret the PL curves (Wittebolle et al.
2008). The uneven community distribution contributed to the
system performance stability within a system (Hillebrand et al.
2008). Thus, it could be speculated that the CS and PM addi-
tion changed the bacterial community arrangement with
forming uneven community distribution in the fermentation
system, which inferred that a relatively uneven distribution of
bacterial community contributed to the constant VFA accumu-
lation positively.

Correlation of microbial community composition
with environmental variables

Detrended correspondence analysis (DCA) by Canoco 4.5
software inferred that the correlations of environmental vari-
ables (OLR, pH and ORP in this study) with bacterial com-
munity compositions were depicted properly by the redundan-
cy analysis (RDA). In fermentation process 1, RDA plots
based on the correlations of impact factors (Fig. S2) with T-
RFs (resulted from T-RFLP analysis) were performed by
Canoco 4.5 software in Fig. 8. Monte Carlo permutation tests
confirmed the distributions were non-random (P < 0.05). The
vectors of pH and ORP played positive roles on bacterial

communities on days 7, 9, and 10 (main T-RFs of 149, 213,
485, and 364 bp), which located in the first quadrant. In con-
trast, the OLR had a negative impact on microbial communi-
ties (on days 1 and 3) at the prophase of the fermentation
process, which located in the second quadrant containing the
main T-RFs of 100, 112, 55, 421, and 65 bp. Besides, the
samples from the first 5 fermentation days and the residual
operational days (days 7, 9, and 10) were distinctly separated
by axis 2 completely. It was proposed that adjustments of
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Fig. 8 Correlations of bacterial community composition with
environmental variables in the co-fermentation process fed with
pretreated WAS + CS + PM. The environmental variables (pH, OLR,
and ORP) are shown as red vectors in the plot. The brown arrows stand
for T-RFs. The bright green dots stand for the community of each sample.
The correlation coefficients of bacterial spec axis 1 and axis 2 with ORP
(environmental variable 1) were 0.627 and 0.045, with pH (environmen-
tal variable 2) 0.459 and 0.019, and with OLR (environmental variable 3)
− 0.722 and 0.816, respectively. The species-environment correlations on
axis 1 and axis 2 were 0.859 and 0.149
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OLR, pH, and ORP could change the fermentation type in the
acidogenesis process (Chen et al. 2015), which were respon-
sible for the individual VFA proportion variations as well (Fig.
3b–e).

Furthermore, the pH increase (reached 7.7 ultimately)
might be related to the alkaline pretreatment of CS and PM
(Fig. S2A). The ORP increased gradually (rising from −
400 mV to − 380 mV) in the first six operational days in
fermentation process 1 (Fig. S2B), which played a positive
role on VFA accumulation, supported by Su et al. using citrus
waste as external carbohydrates for boosting sludge fermen-
tation performance (Su et al. 2016). The OLR augmented in
the first 2 days and then reduced clearly till the end of the
fermentation (Fig. S2C). Some researchers proposed that pH
played a more significant role than ORP in regulating fermen-
tation type in the acidogenesis (Chen et al. 2015). However,
the ORP also played vital roles on the anaerobic fermentation
by regulating the proportion between obligate anaerobe bac-
teria and facultative anaerobic bacteria in sludge fermentation
(Su et al. 2016). Indeed, the effects of pH or ORP on the
fermentation process were synergetic rather than isolated and
independent (Fig. S2). Song et al. proposed that the distinction
of bacteria groups influenced by pH value resulted in the dif-
ference of coherence, which was related to the secretion of
extracellular polysaccharide (Song et al. 2011). This phenom-
enon had an important impact on ORP variations in fermen-
tation system. Thus, the ORP, pH, and OLR had synergetic
effects on fermentation performance and microbial communi-
ty dynamics inherently (Figs. 6 and 7), supported by a previ-
ous study (Chen et al. 2015). The VFA generation replied
considerably on the proper operations based on the relation-
ship between bacterial community composition and impact
factors (ORP, pH, and OLR) for optimizing the fermentation
process. It could be recognized that CS and PM addition reg-
ulated the ORP within the range of − 380 to − 320 mV, which
facilitated VFA accumulation with the pH of 6.5–7.5 in this
study.

Conclusions

The results above gave a feasible way to enhance VFA gen-
eration by adding corn stalk and pig manure to adjust C/N
ratio to boost VFA accumulation obviously from WAS. The
VFA accumulation was achieved significantly to over
5000 mg COD/L just within 4–5 days in the co-fermentation
with the regulated C/N ratio of 20/1. Meanwhile, the CS and
PM addition improved the compressibility of fermentation-
mixed residuals in the co-fermentation.Moreover, the external
carbon addition conduced to bacterial consortia diversity ris-
ing and poor population evenness, which improved the acid-
ification performance. Finally, the optimizations of OLR at the
initial fermentation stage, pH (6.5–7.5), and ORP (from − 380

to − 320 mV) at the terminal fermentation stage were favor-
able to VFA accumulation during the co-fermentation
operation.
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