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ABSTRACT

In this study, inoculated sludge was used to enhance the hydrolysis of brewery waste acti-
vated sludge and determine the effects of pH and stirring intensity. The production of vola-
tile fatty acids (VFAs) and release of total phosphorus (TP) and ammonia nitrogen (NHþ

4 -N)
were measured everyday during the experimental process. The maximum production of
VFAs was 947 mg/L with inoculated sludge dosage of 40%, the released TP was 42 mg/L,
and the released NHþ

4 -N was 257 mg/L. The production of VFAs in the alkaline conditions
was more than that in the acidic conditions, and the largest VFAs concentration obtained
was 903 mg/L at pH 10 on the 6th day. The optimal stirring intensity for the production of
VFAs and the release of TP and NHþ

4 -N was 60 rpm. Experimental results show that dosing
with seed sludge promoted brewery sludge hydrolysis, which is beneficial for the anaerobic
digestion of sludge in the next sludge treatment step.

Keywords: Hydrolysis; Volatile fatty acids (VFAs); Total phosphorus (TP); Ammonia nitrogen
(NHþ

4 -N)

1. Introduction

Brewery industry developed rapidly in China.
With the number of factories and yearly production
continuously increasing, large numbers of brewery
wastewater treatment stations were constructed, and
the scale was broadened in recent years. Most of the
brewery wastewater stations use activated sludge as
their primary biological process, which generate high
volumes of waste activated sludge [1–3]. The large
number of brewery waste activated sludge produced
results in more strict effluent quality regulations. The
conventional disposal of the brewery waste activated

sludge includes land-filling, land-application, and
incineration [4], all of which cause secondary environ-
mental pollution problems. Moreover, brewery waste
activated sludge contains more carbon and less
nitrogen and phosphorus than sewage sludge [5–9].
Therefore, developing the most sustainable and
environment-friendly disposal option has become a
research focus.

Anaerobic digestion is commonly used in sludge
treatment [10–12]. This process not only reduces the
amount of waste activated sludge, but it also increases
the proportion of recycled materials. The pathways in
anaerobic digestion are shown in Fig. 1. During the
anaerobic digestion of sludge, organics are degraded
by microorganisms into methane, which could be*Corresponding author.
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applied as energy to replace fossil fuels and reduce
greenhouse effect. This is an eco-friendly and energy-
saving method of utilizing waste sludge. Digested
sludge is also used in agricultural, construction and
ceramic materials, activated carbon, and electricity
generation after incineration [13–18]. The supernatant
of hydrolysis is also used as the carbon source in
wastewater treatment [19].

Anaerobic digestion can be divided into stages, and
the hydrolysis stage in this study refers to the primary
decomposition, hydrolysis, and acidogenesis process as
shown in Fig. 1. The hydrolysis stage is the pivotal and
limiting step for anaerobic digestion [21,22]. It degrades
refractory macromolecule substrates into compounds
ready to be used by microorganisms. The hydrolysis
step breaks the sludge flocs, disrupts the cell wall, and
degrades extracellular polymeric substances. In previ-
ous studies, the methane production was affected by
the condition of hydrolysis. Lim and Wang found that
microaeration pretreatment enhanced hydrolytic activi-
ties and resulted in 21 and 10% higher methane yield
[23]. Alkali pretreatment improved the rate of hydroly-
sis by changing the physiochemical characteristics of
asparagus stem and resulting in the highest production
of methane, which was 38.4% higher than the control
[24]. However, the opposite research was also
observed, such as Zhen et al. proposed that the
increased hydrolysis rate had insignificant effect on
methane potential; the production of methane may
have been equally influenced by the type and dose of
chemical applied, as well as the composition of soluble
organics released after pretreatment [25].

The factors that significantly affect waste sludge
hydrolysis include temperature, pH, C/N ratio,
hydraulic retention time, and pretreatment [26–29].
High hydrogen partial pressure affects hydrolytic
activity and reduces overall substrate degradation
[30]. The concentration of ammonia nitrogen (NHþ

4 -N)
is also effected by the hydrolysis process [31]. Gen
et al. presented an Anaerobic Digestion Model No. 1
(ADM1)-based anaerobic co-digestion model which
proposed that different mixes of residues can influ-
ence hydrolysis in anaerobic digestion [32].

The quantity and composition of sludge [33], disin-
tegration technology [34], and operational conditions
in the reactor [35,36] have been extensively investi-
gated, but studies on the influence of inoculated sludge
in hydrolysis are few. Dosing inoculated sludge in
original sludge can increase the number of hydrolytic
acidification bacteria and improve the acid production
of the waste activated sludge [37,38]. In this study, the
dosage of inoculated sludge, pH value, and stirring
intensity were investigated to determine their effects
on brewery waste activated sludge hydrolysis. First,
the concentration and type of volatile fatty acids
(VFAs) were measured to characterize the acid product
in hydrolysis. Secondly, the amount of nitrogen and
phosphorus released in hydrolysis were surveyed in
this work to lay the foundation for the supernatant to
be used as external carbon source in future.

2. Materials and methods

2.1. Sludge sampling

The sludge was collected from the secondary sedi-
mentation tank in the brewery wastewater treatment
station in Nanjing, China. The biochemical technology
of the wastewater treatment station involved A2/O
process. Anaerobic procedures utilized internal circula-
tion anaerobic reactor (IC). The activated sludge was
applied in the aerobic procedure. The samples were
stored for no more than 48 h in a refrigerator at 4˚C
before experimentation. The characteristics of the sam-
pling sludge are shown in Table 1. The brewery waste
activated sludge contained approximately 12,800 mg/L
of total suspended solids (TSS), 14,000 mg/L of total
chemical oxygen demand (TCOD), and 1,086 mg/L of
soluble chemical oxygen demand (SCOD). The VFAs
content was 8.3 mg/L, and the total phosphorus (TP)
concentration of the raw sludge was 4.78 mg/L.

2.2. Inoculated sludge

The inoculated sludge used was the sludge sample
that had settled for 24 h and the supernatant was

Fig. 1. Degradation pathways of complex particulate
organics in anaerobic digestion [20].
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removed. The settled sludge was added into the
anaerobic reactor and fed with synthetic solution. The
synthetic solution contained glucose, starch, potassium
dihydrogen phosphate, and urea [39,40]. Ultimately,
the COD concentration of the synthetic solution was
approximately 4,000 mg/L. Total nitrogen was about
55 mg/L, and TP was 12 mg/L. After acclimating for
120 d, the pH of the supernatant was reduced to 4,
and the VFAs content reached 800 mg/L. The sludge
was extremely capable of producing VFAs at this
moment. Inoculated sludge and raw sludge were
mixed in different proportions and then the combined
sludge was applied for studying.

2.3. The hydrolysis process of combined sludge

The beakers with 1 L capacity were used as the
hydrolysis reactors in this research. Five different
dosage radios of domesticated sludge (0, 20, 40, 60,
and 80%) were used. To evaluate the effect of pH on
sludge hydrolysis, the initial pH of combined sludge
was set up to 5.0, 7.0, 8.0, 9.0, and 10.0, by adding
2 mol/L HCl and 2 mol/L NaOH. The agitation by
magnetic stirring was feasible in this study. Various
stirring intensities (0, 60, and 120 rpm) were applied
to demonstrate its influence. All experiments were car-
ried out at an ambient temperature (25˚C). The hydrol-
ysis reactor was run for 15 d and sampled every day.
Sludge samples were centrifuged for 15 min at
6,000 rpm, and the supernatants were further filtered
through 0.45-μm pore-sized membrane disks. The con-
centration of VFAs, TP, and NHþ

4 -N of the super-
natant was measured.

2.4. Analytical methods

The majority of brewery waste activated sludge
characteristics were analyzed by Standard Methods
(APHA, 1998), and the closed reflux method was
employed for COD [41]. For the analysis of TP, samples
were digested using the alkaline persulfate digestion

method [42], whereas Nessler’s reagent spectrophotom-
etry was applied to determine the concentration of
NHþ

4 -N [43]. VFAs were measured by gas chromatogra-
phy (Agilent Technology, US).

3. Results and discussions

3.1. Effect of dosing ratio of inoculated sludge on hydrolysis

The color of the inoculated sludge was gray,
whereas the raw sludge was gray black. The color of
the combined sludge was lightened with the increased
dose of the inoculated sludge. Furthermore, the lower
the dosage of the seed sludge, the higher was the pos-
sibility for aerogenesis to occur. This indicated that the
combined sludge contained methanogenic bacteria, but
the high number of seed sludge inhibited its activity.

The addition of inoculated sludge increased the
production of VFAs (Fig. 2(a)) and the release of
NHþ

4 -N (Fig. 2(c)), but the TP (Fig. 2(b)) was reduced
in contrast. This may indicate that the seed sludge
was beneficial in the production of VFAs and NHþ

4 -N.
The VFAs produced in raw sludge were under
100 mg/L for the first eight days, and the maximum
output was 350 mg/L on the 11th day followed by a
sharp decline. These appearances could have been due
to the combined effect of hydrolytic and methanogenic
bacteria. The high dosage ratio favored the rapid pro-
duction of VFAs, and the external environment inhib-
ited the hydrolytic bacteria, but the accumulation of
VFAs was promoted to be applied by methanogenic
bacteria. After the addition of seed sludge, the highest
production of VFAs (947 mg/L) occurred on the 4th
day at the dosing radio of 40%. The concentration of
VFAs was not consistent with the increased dosing
radio; when the dosing radio was 40%, the overall
production of VFAs was three times higher than the
others. The production of VFAs was affected by the
number of microorganisms and concentration of
organics. The inoculated sludge influenced the amount
of microbes and determined the rate of hydrolysis.
Moreover, the organic content was dependent on the
raw sludge, also related to the output of VFAs. When
the inoculated sludge dosage was appropriate, the
hydrolysis started efficiently and ensured the VFA
production (Fig. 2).

The concentration of TP was increased rapidly in
the first six days, after which concentration remained
constant. This result demonstrated that the content of
the released phosphorus was in accordance with the
production of VFAs, which provided the energy for
phosphorus accumulating organisms (PAOs) to release
phosphorus together with glycogen in cells. The quan-
tity of released NHþ

4 -N was linear with the hydrolysis

Table 1
Characteristics of brewery waste activated sludge

Item Average Deviation

pH 7.43 0.02
TSS (mg/L) 12,808 324
VSS (mg/L) 9,893 187
TCOD (mg/L) 14,017 127
SCOD (mg/L) 1,086 21
TP (mg/L) 4.78 0.21
VFAs (mg/L) 8.3 0.38
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time. As shown in Table 2, the initial NHþ
4 -N concen-

tration increased along with dosage, which demon-
strated that the inoculated sludge contained NHþ

4 -N.
However, the rate of hydrolysis was reduced when
the dosage was increased. Increasing the dosage of
seed sludge may have reduced the protein content in
the combined sludge, which in turn reduced the
hydrolysis rate of protein reduced (Fig. 2).

The dosage of the seed sludge tripled the produc-
tion of VFAs, reduced half of the released TP, and
doubled the released NHþ

4 -N. As a consequence, the
added seed sludge favored sludge hydrolysis. Con-
sidering the concentration of VFAs, TP, and NHþ

4 -N
comprehensively, the optimal ratio of dosing was
40%.

3.2. Effect of pH on hydrolysis of combined sludge

Based on previous studies, the inoculated sludge
dosage radio of 40% was employed in the following
experiment. To investigate the effect of pH, a series
experiments were carried out in acidic, neutral, and
alkaline conditions (Fig. 3). The production of VFAs
was higher in the alkaline environment, and VFAs
content increased along with pH; when the pH was
10, the production of VFAs was four times than that

at pH 5. This result was different from the previous
study of Maspolim et al., who considered the optimal
VFAs accumulation was at pH 8 [44]. The production
of VFAs was higher in alkaline than acidic conditions,
which may have been caused by the following rea-
sons. First, the alkaline condition was conductive for
the degradation of particulate organic matter into sol-
uble organic matter, which was basis of acid produc-
tion process. Second, the alkaline condition possibly
reduced the activity of methanogen and accumulated
more VFAs than the acidic condition. Moreover, previ-
ous research indicated that the accumulation of short-
chain fatty acids followed first-order kinetics in waste
activated sludge hydrolysis at 10–35˚C [45]. The low
pH was suitable for methanogenic bacteria, so the con-
centration of VFAs decreased rapidly. The VFAs pro-
duced in acidic, neutral, and alkaline conditions were
also measured (Fig. 4). Acetic, propionic, butyric,
isobutyric, and isovaleric acid were maintained at a
pH of 10. The alcohol was the major product in the
acidic condition, whereas acetic acid was the main
product in the alkaline condition. This result was
similar to the research of Cysneiros et al. who stated
that low pH inhibited the production of acetic acid
[46]. This demonstrated that controlling the initial pH
ensured the types of hydrolyzates.
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Fig. 2. Effect of inoculated sludge dosage on the production of VFAs (a) and the release of TP (b), and NHþ
4 -N (c) in

brewery waste activated sludge hydrolysis process.
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The effect of pH on the release of phosphorus was
similar to the production of VFAs. However, when the
pH was 10, the concentration of phosphorus reduced,
which may have resulted from the formation of pre-
cipitates with metal ions, and hydroxide. In the acidic
and neutral environments, the concentration of
NHþ

4 -N continued to increase, but the rate of NHþ
4 -N

reduced after the 7th day in alkaline conditions. This
demonstrated NHþ

4 -N was discharged in the form of
ammonia or oxide by nitrate in the sludge. Also, in
alkaline condition, with the increase in pH, the
maximum quantity of NHþ

4 -N was reduced. This may
have been caused by the increased pH, which inhib-
ited the activity of hydrolytic enzymes like protease
and peptidase.

As a summary of this section, pH 10 was optimal
for the hydrolysis of the combined sludge. Under this
condition, more VFAs were produced, and less TP
and NHþ

4 -N was released (Fig. 3).

3.3. Effect of stirring intensity on hydrolysis of combined
sludge

Based on the previous research, seed sludge
dosage ratio of 40% and initial pH of 10 were
employed in the following experiments. Without stir-
ring, the sludge sediment was allowed to settle under
gravity, and the resulting structure was tight and
gelatinous. However, the sludge floated as a result of
methane production and the methanogenic bacteria

Table 2
The linear correlation formula and coefficient in different dosage(C represents NHþ

4 -N concentration; t represents
hydrolysis time)

Dosage (%) Equation of linear correlation The linear correlation coefficient (R2)

0 C = 21.221t − 6.2381 0.9836
20 C = 16.511t + 128.18 0.9438
40 C = 18.764t + 152.95 0.9784
60 C = 13.521t + 258.23 0.9895
80 C = 8.5107t + 367.91 0.9885
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Fig. 3. Effect of pH on the production of VFAs (a) and the release of TP (b), and NHþ
4 -N (c) in brewery waste activated

sludge hydrolysis process.
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applied accumulated VFAs. After the stirring sludge
settled, a solid–liquid layer appeared, but the layer
become vague as stirring speed increased. Moreover, a
small amount of granular sludge emerged in the stir-
red sludge, which was 2–7 mm long and 4 mm wide.
The granular sludge was formed by the centrifugal
and cohesive force; however, a portion of the granular
sludge was shattered by stirring, which provided new
nuclear sites that promoted the formation of more
granular sludge. Fig. 5 demonstrates that the surface
of the granular sludge was mainly composed of spher-
ical bacteria, which contained eyelets used to overflow
gas products internally.

The production of VFAs significantly increased at
the beginning of the assay, and the maximum output
reached 875 mg/L on the 6th day with the stirring
intensity of 60 rpm. However, the VFAs concentration
subsequently decreased. The curves showed that stir-
ring was conducive to VFAs production, which agreed
with the results of Yuan et al. [47]. Three possible rea-
sons can explain this phenomenon. First, the particle
size of the large particulate matters was reduced by
the shear action of mechanical stirring. Moreover, it
was facilitated to contact organic with microbial even
extracellular enzyme. Lastly, the concentration of dis-
solved solids around the hydrolyzed microorganism

Fig. 4. Effect of pH on the type of VFAs in brewery waste activated sludge hydrolysis process: (a) Comparison chart of
volatile fatty acids which measured by gas chromatography, (b) product of sludge anaerobic hydrolysis in acidic condi-
tion, (c) product of sludge anaerobic hydrolysis in neutral condition, and (d) product of sludge anaerobic hydrolysis in
alkaline condition.
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was decreased, which in turn reduced the inhibition
of hydrolysis. As the device was not sealed, increasing

the speed also increased the dissolved oxygen in the
sludge, which inhibited the microbial activity. Thus,
the production of VFAs at the stirring speed of 60 rpm
was better than at the stirring speed of 120 rpm.

The maximum TP released was approximately
45 mg/L on the 8th day with stirring speed of 60 rpm;
consequently, its concentration remained constant.
Stirring prevented the accumulation of the released
phosphorus, reduced the phosphorus concentration
around PAOs, and promoted the release of phospho-
rus by PAOs. The profile of the released NHþ

4 -N was
similar to that of the produced VFAs, and the elevated
concentration declined with long residence time.
This indicated that high stirring speed promoted
proteolysis and NHþ

4 -N release.

Fig. 4. (Continued).

Fig. 5. The grangular sludge generated during stirring.
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Similar to the previous study, the stirring speed
affected the geometric and rheological characteristics
of sludge and the pattern of combined sludge; the
sludge after stirring obtained granular properties [48].
The maximum production of VFAs was obtained at
the stirring speed of 60 rpm, at which the release of
TP and NHþ

4 -N was highest (Fig. 6).

4. Conclusions

This work investigated the dosage of seed sludge,
pH, and stirring intensity as the factors that affect
brewery waste activated sludge hydrolysis. After mea-
suring the concentration and types of VFAs, the opti-
mum dosage of seed sludge, the optimal pH, and the
optimal stirring speed for acid production in the
hydrolysis process were 40%, 10, and 60 rpm, respec-
tively. The maximum production of VFAs reached
approximately 1,000 mg/L, which mainly contained
acetic acid. The release of TP and NHþ

4 -N changed
according to different conditions, and the maximum
outputs were 60 and 500 mg/L, respectively. In gen-
eral, this study would benefit the practical engineering
of brewery waste activated sludge hydrolysis.
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