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Due to complex inherent structure of lignocellulosic biomass, inefficient hydrolysis and acidification limits
fermentative volatile fatty acids (VFA) production of mushroom residues. Meanwhile, the mushroom residues
present insufficient nutrient with a high C/N ratio. To solve this issue, anaerobic co-fermentation of cellulose-
rich Oyster champost and sewage sludge was tested to enhance the VFA production, and the effect of proportion
of mixed substrate was investigated in this study. The results indicated that the sewage sludge yielded higher
VFAs than the Oyster champost in single-substrate fermentative system. The maximal VFA yield of 595 mgCOD/
gVSadded was achieved when the proportion of sewage sludge increased to 50% in the mixed substrate. In the co-
fermentation system, the optimal C/N ratio and features of mixed substrate contributed to the enhancement in
hydrolysis and acidification in terms of organic solubilization and VFA production, respectively. But the co-
fermentation could not increase VFA/SCOD ratio, probably due to the existence of refractory products such as
humic-like and protein-like materials. Besides, this co-fermentation system had strong buffer capacity and it was
not necessary to dose chemicals to control the system pH for stable VFA production. Acetate was the dominant
VFA product in co-fermentation systems. A modified-Logistic model fitted co-fermentation of sludge and Oyster
champost well, and presented a faster rate and higher efficiency of VFA production.

1. Introduction

Current situation with increasing resource demand and limited
natural resources has directed attention to exploring recourse recovery
from organic wastes (De Jong et al., 2012). Anaerobic digestion pro-
vides an efficient method for resource recovery from organic wastes,
where complex polymers are digested and transferred into useful pro-
ducts such as biogas (Van Lier et al., 2008). Such conversion of waste
into valuable products also offers an alternative approach to reduce the
amount of wastes. Instead of biogas, more exactly methane, volatile
fatty acids (VFAs) are recognized as a product with higher added value,
because they are widely used as building blocks in chemical industry,
such as in the food, pharmaceutical and petrochemical industries.
Moreover, harvested VFAs can also be used as carbon source in biolo-
gical processes of nutrient removal from wastewater (Agler et al.,

2011). More than 6.0 million tons dry sludge every year is produced
from wastewater treatment plants (WWTPs) in China (Wu et al., 2016),
and the cost of sludge treatment accounts for 30%–50% of the total
operation cost in WWTPs. Anaerobic fermentation for VFA production
is a possible route for stabilization and resource recovery of sewage
sludge. Recently, an increasing number of studies on VFA production
from sewage sludge have been carried out, but insufficient C/N ratio
limited the hydrolysis of sewage sludge and VFAs production (Esteban-
Gutierrez et al., 2018; Lee et al., 2014; Wu et al., 2016), because the C/
N ratio of sewage sludge is only around 6–9, much lower than the de-
sired C/N ratio for anaerobic fermentation around 20–30 (Cheng et al.,
2016; Li et al., 2011; Zhang et al., 2014).

Co-fermentation has attracted attention because of some unique
advantages, such as more balanced nutrients and the dilution of in-
hibition compounds (Mata-Alvarez et al., 2014). It has been proposed
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2.2. Batch test of anaerobic fermentation

Batch tests for VFA production were conducted in anaerobic test
bottles with a working volume of 400ml at 30 °C. In each test bottle, the
initial TS concentration of substrate was set as 5% and the inoculum
amount was determined by setting an inoculum to substrate ratio of 2
on VS weight. To inhibit the activity of methanogens, 2-
Bromoethanosulfophate of 19mmol/L was added in all the test systems
before experiments (Fang et al., 2018). All chemical reagents used in
this study were purchased from Sigma-Aldrich.

To investigate the effect of feedstock proportion on the VFA pro-
duction, the mixed substrate contents labelled as sludge/champost ratio
of 100%:0, 75%:25%, 50%:50%, 25%:75% and 0:100% (Table S2). A
sludge/champost ratio of 100%:0 and 0:100% represented only sewage
sludge and Oyster champost as single substrate, respectively.

2.3. Analytic methods

TS and VS were determined on weight base (g/kg) according to the
Standard Methods (APHA, 2005). About 15 g samples was put in alu-
minum dish at 105 °C for 8 h to determine the TS. After recording the
weights, the samples were kept in an oven at 600 °C for 2 h to determine
the VS. The C/N ratio was calculated by the ratio of total carbon and
total nitrogen weight, which were detected by element analyzer (vario
MACRO cube, Elementar, German). For SCOD, NH4

+eN, PO4
3--P and

VFA measurements, the samples were centrifuged at 12,000 r/min at
4 °C for 15min, and then filtered by syringe membrane with 0.45 μm
(Whatman, Germany). The SCOD, NH4

+eN and PO4
3--P concentration

in fermentation broth were measured using photometric cell tests
(Hach-Lange, Germany). The details of VFA measurement was dis-
played in the Supporting Materials.

2.4. Kinetic modeling of VFA production

Logistic-based model was applied to fit the observed VFA produc-
tion in this study, which is shown as Eq. (1) (Fang et al., 2017):

= ⎛
⎝

− ⎞
⎠

dC
dt

C
Cmax

μC 1VFA VFA
VFA (1)

where t refers to the fermentation time (d), CVFA is the VFA con-
centration, Cmax is maximum VFA concentration, and μ represents the
maximal specific VFA production rate.

3. Results and discussion

3.1. VFA production during anaerobic fermentation

3.1.1. VFA production
VFA yield is an obvious index to evaluate anaerobic fermentation

efficiency. The VFA yield in terms of COD under different feedstock
proportions during anaerobic fermentation is illustrated in Fig. 1. As
shown in Fig. 1, the VFA yield first increased quickly in all fermentation
systems and gradually began to a plateau. For single-substrate fer-
mentation systems, the sewage sludge showed obviously higher VFA
accumulation compared to that of Oyster champost after 20-day fer-
mentation. The maximal VFA yield of sewage sludge was 521 mgCOD/
gVSadded on the 18th day, which was 19.5% higher than that of Oyster
champost (436 mgCOD/gVSadded). The VFA yield was within the widely
reported range of VFA production from sewage sludge (Ferreiro and
Soto, 2003; Higgins et al., 2017; Yuan et al., 2011). For co-fermentation
system, the maximal VFA yield with a sludge/champost ratio of
75%:25%, 50%:50% and 25%:75% was 512, 596 and 505 mgCOD/
gVSadded, respectively.

The results in this study indicated that the sewage sludge had a
higher ability of VFA production than the Oyster champost due to the
higher biodegradability of sewage sludge than that of lignocellulosic

the co-fermentation of sewage sludge with organic wastes such as lig-
nocellulosic biomass is a feasible option to improve the VFA production 
(Guo et al., 2016; Huang et al., 2016, Zhou et al., 2013). Guo et al.
(2016) investigated the improvement of VFA production from sewage 
sludge by co-fermentation with straw, and around 3-fold improvement 
in maximal VFA production was observed compared to that from single 
sewage sludge fermentation. However, most recent tested lig-
nocellulosic biomass usually presents a high content of lignified com-
ponent, which limits the accessibility of cellulose and hemicellulose to 
be digested during anaerobic fermentation (Shirkavand et al., 2017). 
Therefore, most of these agricultural residues have to be pretreated by 
mechanical, thermal, chemical methods before co-fermentation (Huang 
et al., 2016; Zhou et al., 2013; Li et al., 2019). For example, Zhou et al.
(2013) carried out co-fermentation of waste activated sludge with corn 
straw to increase the VFA production. The results showed that the 
maximal VFA yield increased by 69% with 50% corn straw pretreated 
by ultrasound of 0.5 kW/L for 10 min. Apparently, an efficient and 
sustainable pretreatment method should be conducted with a maximal 
VFA productivity and a minimal input of energy and/or chemical re-
agents, otherwise, the extensive consumption of energy and/or che-
micals will restrict their application due to the increase of production 
cost and operation complexity, as well as potential negative impacts on 
microorganisms.

Therefore, selection of the suitable agricultural residues with high 
C/N ratio and low resource input for pretreatment is beneficial to the 
VFA production from co-fermentation. In addition to above mentioned 
substrates, Oyster champost, a lignocellulosic byproduct of commercial 
mushroom industry, may be a promising candidate for VFA production 
due to its high content of cellulose, hemicellulose and relatively low 
content of lignin. Besides, the mushroom champost is decomposed and 
permeated by fungal mycelia during mushroom cultivation, therefore, 
it is more digestible compared with other lignocellulosic biomass (Fang 
et al., 2016; Lin et al., 2015). Unfortunately, due to limited sustainable 
disposal strategies, most champost are discarded as low value products 
in China (Shi et al., 2014). In the view of improving treatment and 
resource recovery from Oyster champost, it is also necessary to find an 
effective approach to catch up with the treatment capacity of champost. 
It is hypothesized that the addition of Oyster champost into sewage 
sludge may improve C/N ratio and prevent the negative impacts of 
added lignin on the fermentative system. However, so far there is no 
information reported about the co-fermentation of Oyster champost and 
sewage sludge for improving the VFA production.

Based on above considerations, the added cellulose-rich champost 
was expected to increasing an efficiency of co-fermentation. The pri-
mary objective of this study was to investigate the feasibility of co-
fermentation of Oyster champost and sewage sludge for improving the 
VFA production. Secondly, the effect of feedstock proportion on hy-
drolytic solubilization of organics, VFA yield and composition was ex-
plored. The pH variations and the release of ammonium and phosphate 
were also observed. Finally, the kinetics of VFA production was ana-
lyzed by Logistic-based model.

2. Materials and methods

2.1. Characteristics of Oyster champost and sewage sludge

The Oyster mushroom champost was obtained from one mushroom 
research plant. The Oyster champost was dried in oven at 70 °C until a 
constant weight and then stored at room temperature prior to use. The 
thickened sewage sludge used in this study was taken from a local 
wastewater treatment plant, which has a treatment capacity of 1.3 
million pollution equivalents. Anaerobic sludge used as inoculum was 
taken from the mesophilic anaerobic digester in the same plant. These 
two fermentation materials were stored at 4 °C for further use. The main 
characteristics of these materials are displayed in Table S1.



biomass (Zhou et al., 2014). Hence, it is reasonable that more sewage
sludge addition in the mixed substrate would be beneficial to the in-
crease of VFA yield during co-fermentation. The results also consisted
with that the partial addition of sewage sludge in Oyster champost
improved the VFA yield compared to single-substrate fermentation of
Oyster champost. However, it was not always positively correlated with
the sewage sludge addition in the feedstock. When the sludge/champost
ratio was 50%:50%, the maximal VFA yield was obtained, which was
approximately 37% and 14% higher than that of single-champost and
single-sludge fermentation. When the sludge/champost ratio was over
50%:50%, less VFAs were produced. The other factors might also in-
fluence the VFA production except the substrate ratio, such as the
substrate characteristics and C/N ratio. It is worth noticing that the
addition of sewage sludge in champost changed initial C/N of mixed
substrate, which might be provided more suitable C/N ratio for microbe
growth and metabolism (Rughoonundun et al., 2012). Generally, a C/N
ratio range of 20–30 is considered as the optimum condition for
anaerobic fermentation (Rughoonundun et al., 2012; Zhang et al.,
2014). The C/N ratio for a sludge/champost ratio of 100%:0, 75%:25%,
50%:50%, 25%:75% and 0:100% was 6.0、12.7、19.3、26.0 and 32.6,
respectively. Therefore, the addition of sewage sludge could make C/N
ratio was closer to the optimal value. When the sludge/champost ratio
was 25%:75%, the initial C/N (26.0) of this system was indeed more
suitable than that (19.3) with a higher sludge/champost ratio of
50%:50%, however, the maximum VFA yield was achieved at the
sludge/champost ratio of 50%:50%. Possibly the more VFA production
was attributed to more easily biodegradable organic matters in sewage
sludge rather than the suitable initial C/N.

Table 1 shows the comparison of VFA yield in this study with the
published data from co-fermentation of sewage sludge with other or-
ganic matters. The maximal VFA yield of 596 mgCOD/gVSadded in this
study was much higher than that from other combination of sewage

sludge with agriculture wastes and alkaline pretreated bagasse. The
lower VFA yield in this study than the fermentation of sludge with
kitchen wastes was probably due to the fact that the kitchen wastes
consist of more easily biodegradable components than the lig-
nocellulosic biomass (Vavilin et al., 2008).

3.1.2. VFA composition during fermentation
In this study, acetate, propionate, butyrate, valerate and hexanate

were all detected in all fermentation systems. Table 2 summaries the
percentage of individual VFA accounting for total VFAs by the end of
anaerobic fermentation. The results indicated that the acetate was the
dominant products accounting for 36%–39% in all fermentation sys-
tems. And the individual VFA percentage was in the sequence of acetate
˃ propionate ˃ butyrate ˃ valerate ˃ hexanate.

This result coincided with the results from co-fermentation of
sewage sludge with rice straw and bagasse (Kim et al., 2012; Liu et al.,
2016; Rughoonundun et al., 2012). The percentage of propionate sig-
nificantly decreased with the increase of sewage sludge addition, and
the decrease was about 12%. However, the percentage of butyrate and
velarate increased by about 4% and 8% with the increase of sewage
sludge addition. The results can be probably explained by reduction in
chain elongation during fermentation process because of the change of
C/N ratio (Agler et al., 2011). The initial C/N ratio can affect the me-
tabolic pathways of microbe for VFA production (Lee et al., 2014). With
a high C/N ratio, the main pathway of propionate production was
converted into the glycolytic pyruvate pathway (Agler et al., 2011;
Rughoonundun et al., 2012). When the C/N ratio decreased, the acetate
was mainly produced by the Stickland reaction from amino acids. Be-
sides, all the system showed a lowest hexanate production, which ac-
counted for less than 1.5% in the total VFAs.

3.2. Discussion on possible mechanisms

3.2.1. SCOD variation during co-fermentation
Anaerobic digestion is a multi-stage process which consists of hy-

drolysis, acidogensis, acetogensis and methanogenesis (Fang et al.,
2014). In the hydrolysis step, insoluble organic materials and higher
molecular compounds are degraded into smaller and soluble organic
materials, which are further transformed into various VFAs, H2 and CO2

during the acidogenesis. SCOD is an important and effective parameter
to evaluate the release of organics from substrate to the liquid phase
(Ma et al., 2017, Wang et al., 2018). As shown in Fig. 2, the SCOD in all
systems significantly increased in the first two days, and then slowly
increased or remained steady till the end of anaerobic fermentation.
The increased SCOD was possibly attributed to the release of protein,
polysaccharide and lipid from sewage sludge, and cellulose, hemi-
cellulose from Oyster champost (Huang et al., 2016, Wang et al., 2018).
Apparently, the feedstock proportion influenced the release of organic
matter from the substrates. For the single-substrate fermentation, it's
obvious that the champost released less organic matter and led to lower
efficiency of hydrolysis, compared to the sewage sludge. After 20-day
anaerobic fermentation, the maximum SCOD of sewage sludge and
Oyster champost was 15,873 and 14,450mg/L, respectively. The

Fig. 1. Effect of feedstock proportion on VFA yield during anaerobic fermen-
tation.

Table 1
Comparison of VFA yield from sludge with different organic substrates.

Substrate Average VFA yield Operation conditions References

Dewatered sludge + kitchen waste 392 mg/gVSSadded Batch test, 35 °C, initial pH=7.0 ± 0.1, fermentation time=9 d Hong and Haiyun (2010)
Waste activated sludge + agriculture wastes 487 mgCOD/

gVSSadded
Continuously stirred-tank reactors, mesophilic condition,
pH=10.0 ± 0.5, Sludge retention time=5 d

Guo et al. (2016)

Waste activated sludge + kitchen waste 670 mgCOD/
gVSadded

Semi-continuous-flow reactors, 37 °C, pH=8.0, fermentation time=6 d Chen et al. (2013)

Waste activated sludge + pretreated bagasse 360 mg/gVSSadded Batch test, 55 °C, pH=7.0, fermentation time=20 d Rughoonundun et al. (2012)
Thickened sludge + Oyster champost 596 mgCOD/

gVSadded
Batch test, 30 °C, without pH control, fermentation time=18 d This study



complex structure of lignocellulosic biomass, especially the existence of
a large amount of lignin in Oyster champost, resulted in the resistance
to hydrolysis in this study (Fang et al., 2017). On the other hand,
protein and polysaccharide, as main components of sewage sludge,
were more easily and quickly biodegraded than the cellulose and
hemicellulose in Oyster champost (Fang et al., 2017; Mata-Alvarez
et al., 2014).

In the co-fermentation systems, the SCOD increased with the addi-
tion of sewage sludge, and the maximum SCOD of 18,288mg/L was
achieved with a sludge/champost ratio of 50%:50%, which was 13.2%
and 26.6% higher than that of single-sludge and single-champost fer-
mentation, respectively. The more hydrolysates could offer more or-
ganic matters for further acidification process and lead to higher VFA
production. Previous studies have also reported that co-fermentation of
lignocellulosic biomass, such as corn straw, bagasse with sewage sludge
can improve the solubilization of substrates (Rughoonundun et al.,
2012; Zhang et al., 2016). However, the SCOD with a sludge/champost
ratio of 75%:25% decreased, which might be attributed to the decrease
of C/N ratio of mixed substrate to 12.7. Chen et al., (2013) investigated
the enhancement of VFA production by co-fermentation of waste acti-
vated sludge and kitchen wastes, and also found that the organic so-
lubilization was lower at a C/N ratio of 14 than that at a C/N ratio of
22.

3.2.2. VFA/SCOD ratio variation during co-fermentation
VFA/SCOD ratio can reflect the conversion extent of SCOD to VFA

during anaerobic fermentation. After anaerobic fermentation, the VFA
concentrations with a sludge/champost ratio of 100%:0, 75%:25%,
50%:50%, 25%:75% and 0:100% was 5202, 5019, 5904, 5058 and
4548mg/L, correspondingly, the VFA/SCOD was 32.8%, 29.8%,
32.3%, 33.3% and 31.5%, respectively. This results revealed that co-
fermentation could not increase VFA/SCOD ratio, although it increased
the VFA concentration in the fermentation broth and VFA yield.
Therefore, there were large fraction components in fermentation broth
which could not be converted to VFAs during anaerobic fermentation.

To further characterize the organics in fermentation broth, EEM ana-
lysis was carried out. As shown in Fig. 3, three peak were detected in
the fermentation broth with a sludge/champost ratio of 50%:50% after
anaerobic fermentation. According to Chen et al., (2003), these de-
tected peaks corresponded to tryptophan and protein-like (Ex/
Em=270 nm/350 nm), fulvic-like acids (Ex/Em=250 nm/460 nm)
and humic-like (Ex/Em=400 nm/460 nm), respectively. It seemed
that the residual organics such as protein-like and humic-like compo-
nents had poor biodegradability, and even negatively impacted the VFA
production (Gonzalez et al., 2018). One of the evidences is that the
residual proteins after sludge fermentation were mainly detected as
outer membrane proteins, which were mainly from Gram-positive
bacteria and difficult to be degraded (Tan et al., 2012). Yuan et al.
(2011) demonstrated that around 54% of proteins could not be con-
verted to VFAs in the acidogenic stage during anaerobic sludge fer-
mentation. Yin et al., (2016) also reported that poor biodegradability of
protein-like materials in the residual fermented sludge limited the
further VFA production from sludge. Furthermore, the humic-like
substances showed almost no anaerobical biodegradablity (Zahmatkesh
et al., 2018). Meanwhile, the existence of humic-like substances could
decrease the substrate biodegradation through immobilization enzymes
such as protease, cellulase during anaerobic digestion process (Dang
et al., 2016; Gonzalez et al., 2018).

3.2.3. pH and release of ammonium and phosphate
pH is another important influencing parameter in anaerobic fer-

mentation. Fig. 4 shows the pH variation during anaerobic fermenta-
tion. As shown in Fig. 4, the initial pH increased with increasing the
sludge addition in the mixed substrate. The pH changes in all fermen-
tation systems were similar: quickly dropping within the first 2 days
and then slowly decreasing in the remaining digestion period. After 20-
day anaerobic fermentation, the pH values reduced to 6.18, 6.06, 6.04,
5.95 and 5.89 with a sludge/champost ratio of 100%:0, 75%:25%,

Sludge/champost ratio 100%:0 75%:25% 50%:50% 25%:75% 0:100%

Acetate (%) 39.17 ± 0.89 39.71 ± 1.22 37.21 ± 0.96 36.88 ± 0.95 38.85 ± 0.85
Propionate (%) 21.88 ± 0.53 25.92 ± 0.59 30.37 ± 0.62 29.08 ± 0.71 33.81 ± 0.62
Butyrate (%) 19.76 ± 0.46 18.21 ± 0.43 19.40 ± 0.42 18.79 ± 0.53 15.78 ± 0.52
Valerate (%) 17.79 ± 0.56 15.36 ± 0.49 11.82 ± 0.52 13.91 ± 0.58 9.31 ± 0.37
Hexanate (%) 1.43 ± 0.37 1.08 ± 0.35 1.19 ± 0.27 1.32 ± 0.35 0.57 ± 0.12

Fig. 2. Effect of feedstock proportion on SCOD concentration during anaerobic
fermentation.

Fig. 3. Three-dimensional fluorescence pattern of fermentation broth with a
sludge/champost ratio of 50%:50% by the end of anaerobic fermentation.

Table 2
Individual VFA percentage of anaerobic fermentation with different sludge/champost ratios.



50%:50%, 25%:75% and 0:100%, respectively, probably due to the VFA
accumulations (Fang et al., 2018).

Moreover, as also shown in Fig. 4, the pH of single-substrate
champost decreased lower than 6.0 after 12-day anaerobic fermenta-
tion. This result could explain why the SCOD of single-champost fer-
mentation did not significantly increase after 12-day anaerobic fer-
mentation (as shown in Fig. 2). It has been reported that the activities of
cellulolytic bacteria and hydrolysis of lignocellulosic biomass were to-
tally inhibited at a pH lower than 6.0 (Mould et al., 1983; Russell and
Wilson, 1996). Besides, it is also worthy noticing that the pH of 5.95 at
a sludge/champost ratio of 25%:75% was lower than 6.0, which could
inhibit the hydrolysis of lignocellulosic biomass (Russell and Wilson,
1996). The lower pH might be another reason for the lower VFA pro-
duction at a sludge/champost ratio of 25%:75% than that at a sludge/
champost ratio of 50%:50%. On the other hand, the pH of single-sludge
fermentation was always higher than that of single-champost fermen-
tation, indicating that the sewage sludge had better buffer capacity than
the Oyster champost. In the co-fermentation systems, the system pH
was always higher than 6.0 during the whole anaerobic fermentation,
which met the minimum pH requirement for organic hydrolysis. Hence,
the co-fermentation system had enough buffer capacity for anaerobic
fermentation, and it was not necessary to dose chemicals to keep a
stable pH for VFA production.

Ammonia released from the substrate during hydrolysis can act as a
pH buffer. The initial ammonium concentrations in all tests were in a
range from 80 to 110mg/L at a pH below 7.0. Hence, the free ammonia
concentration was not enough high to inhibit anaerobic digestion pro-
cess (Appels et al., 2008). After anaerobic fermentation, the ammonium
concentrations of systems increased with the increase of sewage sludge
addition, and reached about 2660, 2380, 2210, 2180 and 1820mg/L
with a sludge/champost ratio of 100%:0, 75%:25%, 50%:50%,
25%:75% and 0:100%, respectively. More ammonium might be mainly
released from the degradation of proteins and amino acids of sewage
sludge (Nagase and Matsuo, 1982). Interestingly, the variation of am-
monium concentration showed similar trend with pH variations with
different sludge proportions. Probably the suitable increase of ammo-
nium concentration provided a better buffer capacity for the co-fer-
mentation systems, ensuring that the system pH was in a suitable range
during anaerobic fermentation process. Besides, after anaerobic fer-
mentation phosphate concentration of systems increased with the in-
crease of sewage sludge addition, and was observed approximately 570,
480, 470, 480 and 390mg/L with a sludge/champost ratio of 100%:0,
75%:25%, 50%:50%, 25%:75% and 0:100%, respectively. The higher
phosphate concentration with addition of sewage sludge was probably

contributed to biodegradation of phosphorus compounds, which was
stored as polyphosphates in sewage sludge, such as cell wall and lipid.

The excessive ammonium and phosphate in fermentation broth may
influence the VFA recovery and the quality of subsequent products (Lee
et al., 2014). The ammonium and phosphate concentration with a
sludge/champost ratio of 50%:50% were higher than those of single-
champost fermentation, but about 17% and 18% lower than those of
single-sludge fermentation, respectively. Considering the purpose of
VFA production in this study, the co-fermentation with a sludge/
champost ratio of 50%:50% produced maximal VFA yield with the
lowest release of ammonium and phosphate. The optimal substrate
proportion of sludge/champost ratio= 50%:50% for co-fermentation
should be selected. In the view of resource recovery of nitrogen and
phosphorus from fermentation broth, the simultaneous recovery of
ammonium and phosphate in a form of struvite or dry ammonium can
be considered as a competitive method, and the products can be utilized
as a fertilizer (Liu et al., 2016).

3.3. Kinetic modeling of co-fermentation

In this study, the modified-Logistic model was used to assess VFA
production during anaerobic fermentation with different sludge/
champost ratios. According to VFA concentration obtained from ex-
periments, we fitted and calculated various kinetic parameters by
Origin 8.0. The relevant results are presented in Table 3 and Fig. 5. It
revealed that the VFA production from all fermentation systems were
well fitted by modified-Logistic model with a R2 from 0.9940 to 0.9994.
The VFA production from champost was improved by co-fermentation
with sewage sludge addition in different proportions, and the maximum
VFA production was 6003mg/L was obtained with a sludge/champost
ratio of 50%:50%. The high maximal specific VFA production rate of
4.04 with a sludge/champost ratio of 50%:50% indicated a faster rate
and higher efficiency of VFA production. The modeling results in-
dicated that the co-fermentation with sewage sludge addition was sig-
nificantly enhanced the VFA production.

4. Conclusions

This study showed hydrolysis and VFA production from cellulose-
rich Oyster champost was successfully enhanced by the addition of
sewage sludge. The maximal VFA yield of 596 mgCOD/gVSadded was
achieved with a sludge/champost ratio of 50%:50%, which was ap-
proximately 37% and 14% higher than that of single-champost and
single-sludge fermentation. The Oyster champost and sewage sludge
played a critical role in regulation initial C/N rate for improving hy-
drolysis rate and biodegradation, as well as variations of VFA compo-
sition during anaerobic fermentation. The maximum SCOD in all fer-
mentation systems was obtained with a sludge/champost ratio of
50%:50%, which was 13.2% and 26.6% higher than that of single-
sludge and single-champost fermentation, respectively. The addition
proportion of sewage sludge did not change fermentative type, and the
acetate was dominant VFA product accounting for 36%–39%. During
the co-fermentation process, ammonium and phosphate were released

Fig. 4. pH variation during anaerobic fermentation.

Table 3
Main fitted kinetics parameters of Logistic model with different sludge/cham-
post ratios.

Sludge/champost ratio Logistic model

Cmax (mg/L) μ (d−1) R2

100%:0 5242 ± 80.5 3.98 ± 0.29 0.9940
75%:25% 5196 ± 78.9 4.09 ± 0.28 0.9993
50%:50% 6003 ± 96.3 4.04 ± 0.33 0.9970
25%:75% 4971 ± 78.8 3.66 ± 0.18 0.9952
0:100% 4631 ± 69.2 3.75 ± 0.23 0.9994



because of degradation of organic matters in sewage sludge. A Logistic-
based model well described the VFA production process, showing that
the co-fermentation with sewage sludge addition was significantly en-
hanced the VFA production from Oyster champost. The above co-fer-
mentation process provides a promising way to simultaneously recover
the high-value bioproducts from cellulose-rich Oyster champost and
sewage sludge.
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