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ABSTRACT

Large amounts of sewage sludge are produced from activated sludge processes, causing
serious secondary pollution. Thus, the development of stable, safe, and low-cost methods to
dispose excess sludge has gradually become a popular research topic. The anaerobic/anaer-
obic microorganism method shows good prospects for industrialization because of its
advantages such as low cost and no secondary pollution. The current study focuses on the
effect of anaerobic microorganisms on waste activated sludge during anaerobic fermenta-
tion. In this research, the changes of organic compounds, extracellular enzymes, and size
distributions in the process of anaerobic flora disintegrating excess sludge were measured
to clarify the disintegrating process. In various disintegrating products, COD was observed
to be suitable for characterizing the degree of sludge disintegration. The disintegration effi-
ciency of anaerobic flora was 34.86% or 3.5 times higher than that of the anaerobic environ-
ment. Lipase played an important role in breaking cell walls. There was a dynamic
equilibrium in the sludge disintegration and reuse of disintegration products. The change in
size distribution showed that easily degraded materials accumulated and large granular
sludge was destroyed. The present study lays the foundation for future studies on the
optimization of conditions for sludge disintegration.
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1. Introduction

Activated sludge processes are used worldwide
and large amounts of sewage sludge are produced
from these processes. According to the incomplete sta-
tistics in 2012, sewage sludge (moisture content 97%)
was yielded over 97 million t/a in China [1]. Proper
treatment procedures must be established to deal with
excess sludge, because this substrate contains large
amounts of heavy metals and pathogens. However,

most available treatment methods require high energy
consumption and use chemicals which could result in
secondary pollution [2,3]; these methods are not
suitable for large-scale application.

The main methods currently used to dispose
excess sludge are sanitary landfills and anaerobic
digestion. Sanitary landfill is not sustainable because
they occupy large areas of landfill space [4], and
anaerobic digestion is only suitable for large wastewa-
ter treatment plants [5]. Hence, establishing a stable,
safe, and low-cost method to dispose excess sludge is
urgently needed.*Corresponding author.
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Cell-lysing methods, which can quickly kill bacte-
ria in the sludge to release a matrix that other bacteria
can reuse, are widely applied in sludge reduction pro-
cesses [6]. The biggest advantage of cell-lysing meth-
ods is easy to realize in engineering application,
which only needs to increase the related treatment
device in the sludge return line. Another outstanding
advantage is the decomposition of degradation prod-
ucts would use the dissolved oxygen in the aeration
tank, which need not increase the aeration rate more
[7]. Considering factors such as the cost and stability
of various cell-lysing methods, anaerobic or anaerobic
microbial digestion methods appear to be more favor-
able for sludge reduction than other methods.

Unfortunately, existing anaerobic or anaerobic
microbial digestion methods, such as the oxic-settling-
anaerobic (OSA) activated sludge process, present
obvious disadvantages such as slow digestion speed
and the need for large anaerobic zone volumes and
long retention times [8]. In Xings’ study [9], for exam-
ple, the total volume of the anaerobic function carrier
was 66 L, far larger than that of the aerobic zone vol-
ume (16 L). These disadvantages greatly affect the
practical application of anaerobic microbial digestion
methods.

The anaerobic environment [low oxidation–
reduction potential (ORP)] and disintegrating ability of
anaerobic microorganisms are the main factors influ-
encing sludge reduction during anaerobic or anaerobic
microbial digestion [10,11]. While decreasing the ORP
to increase the speed of reduction is not feasible (high
cost and upper limit), improving the disintegrating
ability of anaerobic microbial is feasible in theory. In
our previous study [12,13], an anaerobic bacteria group
containing six anaerobic strains was screened; this
group showed a higher sludge reduction effect than the
naturally domestication sludge in smaller volumes (e.g.
when the anaerobic zone is 11.8% of the aerobic zone
and less than the 37.78% of the natural sludge, volume
decreased by 68.74%).

As the mechanism of anaerobic microbial disinte-
gration of sludge cells is unclear [14], optimization of
this process and its industrial application are limited.
Hydrolysis acidification theory is generally used to
explain the disintegration process of sludge cells; how-
ever, our previous studies showed some phenomena
which did not conform to this theory. For example, the
amount of large molecular weight materials (molecular
weight >100,000) was larger than that of low molecular
weight materials (molecular weight <4,000) in the
anaerobic zone effluent. The pH of anaerobic zone efflu-
ents did not decrease significantly, which shows that
acidification of the quantity may be limited. On one
hand, previous studies have reported that the quantity

of fatty acids in the anaerobic zone effluent is low [9],
which indicate that controlling the process of disinte-
gration during hydrolysis is possible. On the other
hand, in our previous work [12], high molecular weight
materials in the anaerobic zone effluent did not accu-
mulate in the aerobic zone but were reused by aerobic
sludge quickly. Thus, sludge cells may be reused with-
out the need to disintegrate into smaller molecules.

In the related degradation studies, because the
microbe quantity in the sludge could not be measured
exactly, the degradation degree is usually described
by the nutrients in the solution which are released
from the excess sludge. The related results show that
protein, polysaccharide, and other carbohydrates are
the main components of organic compounds in sludge
[15]. Generally, the common indexes include soluble
COD, protein, total N, DNA, NHþ

4 -N, PO3�
4 -P, and

volatile fatty acid. On the other hand, the first step of
sludge degradation is to break the floc and zoogloea
of sludge [16]. So, the size distribution of sludge is an
obvious index of sludge degradation.

To clarify the principles of organic compound
release and to determine the active anaerobic bacteria
secreting enzymes during excess sludge disintegration,
a system of excess sludge disintegration by anaerobic
flora was established. In this system, changes of
organic compounds, extracellular enzymes, and size
distributions were determined.

2. Materials and methods

2.1. Waste-activated sludge

Waste-activated sludge (WAS) was obtained from
the secondary sedimentation tank of Shihezi municipal
wastewater treatment plant (Shihezi, Xinjiang, China).
The characteristics and particle size distribution of
raw (unfermented) WAS are shown in Table 1 and
Fig. 1, respectively.

2.2. Complex microorganism

The mixed anaerobic flora included six anaerobic
strains screened from acclimated sludge originating
from a drainage system in Shihezi, China. The six

Table 1
Characteristics of the raw WAS

Item Value

pH 6.7
MLSS (g/L) 10.7
MLVSS (g/L) 7.8
TCOD (mL/L) 13,600
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strains included Clostridium bartlettii (DSM16795), Bac-
teroides sp. (control 168), Alkaliphilus metalliredigens
(QYMF), Clostridium botulinum (ATCC19397), Bacillus
cereus (NVH0597-99), and Bacillus thuringiensis
(IBL200). The strains were cultured separately for 72 h
in a shake flask. Then the six strains were mixed
together and cultured for 72 h in a larger shake flask
and then the flora was obtained. The medium is the
peptone beef medium (beef extract 0.3%, peptone
1.0%, sodium chloride 0.5%, and pH 7.4–7.6).

There are three reasons of selecting the anaerobic
flora instead of anaerobic sludge in this research. First,
the disintegrating ability of anaerobic flora is much
higher than anaerobic sludge, which has greater
advantage in future industrial applications. Second, to
guarantee the accuracy of experiments, the disintegrat-
ing ability of unit mass anaerobic bacteria should be
consistent. Using the flora could better meet this
requirement. Finally, the optimizations of relevance
would be conducted in the future experiments, which
would be realized by using the flora.

2.3. Treatment system and operation

Tests to reduce sludge were carried out in shake
flasks with a working volume of 500mL. The raw
(unfermented) WAS and anaerobic bacterial liquid
were centrifuged (5min, 5,000 rmp); the settling
sludge and wetting bacteria were obtained. Oxygen in
the flasks was removed from the headspace by nitro-
gen gas purging for 15 s. The shake flasks were then
sealed with parafilm and placed in air bath shaker
(150 rpm) at 35 ± 1˚C. After 48 h of cultivation, the
sludge mixture was centrifuged (5min, 6,000 rpm) and
the COD, protein content, nitrogen content of ammo-
nium, phosphorus content of phosphate radicals,
protease enzyme activity, lipase enzyme activity, and
amylase enzyme activity in the supernatant were
determined.

The experiments included five series of A–E, which
are shown in Table 2. A (no nutrients condition), B
(cultured condition), C (only nutrients), and D (sludge
autolyzed) were set as control, and E was the anaero-
bic flora disintegrating excess sludge system. There
were three parallel samples of each series and all mea-
surements were repeated at least three times.

Actually, the concentration of various nutrients
and enzymes in the disintegrating process are
dynamic changes. The final values may not explain
the disintegrating process. So, a continuous experi-
ment was conducted for 96 h with a working volume
of 500mL similar to the test E described above. Sam-
ples were obtained every 12 h to determine the afore-
mentioned parameters.

On the other hand, the structure of sludge floc had
a protective effect on the disintegration. If the anaero-
bic flora could only use the sludge of smaller particle
size, the disintegrating effect could not be very well.
So, the change of sludge size distribution (the samples
included excess sludge and anaerobic flora because
the two sludge could not be separated) in the disinte-
grating process (system E) was also measured.
Samples were obtained every 4 h in prophase and
extended to 12 h in anaphase. There were three paral-
lel samples and all measurements were repeated at
least three times.

2.4. Analytical methods

The analyses of COD, NHþ
4 -N, and PO3�

4 -P were
conducted in accordance with standard methods [17].
The soluble protein was determined by the BCA
method using a protein determination kit (Sangon Bio-
tech Co. Ltd).

Protease was measured by the Folin phenol
reagent method [18]; here, the K value used was 95.24.
Lipase was measured by lipase checkerboard [19]
(Nanjing Jiancheng Bioengineering Institute), and
amylase was measured using the national standard
method [20]. Sludge size distribution was determined
using a laser particle size distribution instrument
(S3500 Microtrac, American).

All the chemicals were analytically pure and pur-
chased from Sinopharm Chemical Reagent Co. Ltd.

3. Results and discussion

3.1. The nutrient concentrations measurement evaluations
in sludge disintegration

The COD of five series are shown in Table 3. After
culturing, no significant difference in the CODs of B
(1,081) and C (1,075) was observed. It showed that

Fig. 1. Particle size distribution of raw (unfermented)
WAS.
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although the nutrients were easy to use, the growth
rate of the anaerobic flora is slow which would be
caused by the shortened fermentation time. This phe-
nomenon meant that the changes brought by the
anaerobic flora growing may not be considered.

Because only the soluble COD could be used effec-
tively by the aerobe sludge, it was usually measured
to indicate the hydrolysis degree of sludge [21]. After
completely digesting, the COD of 5.0 g wet WAS
(same as the WAS added to the treatment system) was
49.2mg. So, the disintegration efficiency would be
expressed by the ratio of the soluble COD.

When the nutrients were insufficient (D), the
WAS released a spot of organic nutrients which was
equal to 4.9 mg COD (14mg/L * 0.35 L). Hence, 9.96%
sludge was disintegrated under conditions equivalent
to the OSA process, which was much lower than the
related research; for example, in Chen’s study [22],
the sludge reduction efficiency ranged from 23 to
58% (ORPs ranging from +100 to −250mV). There
were two possible reasons: one was the higher ORP
(+50 to 0mV) which decreased the disintegrating
ability and the other was the higher sludge concen-
tration (14.29 g/L compared to 8.64 g/L), which
would bring a higher resistant ability. But the higher
sludge concentration could reduce the volume of
anaerobic region, which was a large advantage in the
industrial application.

When the nutrients are insufficient (A), autolysis
occurs so that anaerobic flora can maintain self-
growth. However, the autolysis degree was lower,
which only released 5.95mg COD (17mg/L * 0.35 L).
But in the subsequent discussion, this condition must
be considered if the insufficient condition existed.

In E, there were two materials including the anaer-
obic flora and WAS. The possible reactions included
the following conditions. First, if the anaerobic flora
could not use the sludge and the disintegrating prod-
ucts of sludge, the anaerobic flora and sludge would
both autolyze. So, the concentration of COD should be
31mg/L (17mg/L + 14mg/L). Second, if the anaero-
bic flora could only use the disintegrating products of
sludge, the anaerobic flora could be of normal growth
and only the sludge was autolyzed. So, the concentra-
tion of COD should be 14mg/L (from the sludge dis-
integration) or lower than that (some used by the
anaerobic flora). In fact, the concentration of COD in E
was 63mg/L, which was obviously higher than the
above conditions. This indicated that another condi-
tion occurred. The anaerobic flora could disintegrate
the sludge to release the nutrients. So, the anaerobic
flora was of normal growth, and the sludge was disin-
tegrated by the anaerobic environment and flora. All
of the COD was released from the sludge. If consider-
ing the utilization of anaerobic flora, the COD released
from WAS would exceed 63mg/L.

If, assuming that, the COD originated from the dis-
integration by the anaerobic environment in E was
similar with that in D (14mg/L), the residual COD
would originate from the disintegration by the anaero-
bic flora which was 49mg/L (63mg/L − 14mg/L). So,
it was 17.15mg COD (49mg/L * 0.35 L) which was
equivalent to 1.74 g (17.15 mg/49.2 mg * 5 g) sludge
disintegrated. Then the disintegration efficiency of
anaerobic flora was 34.86% or 3.5 times that of anaero-
bic environment. These results showed that anaerobic
flora was more effective in disintegrating sludge than
anaerobic environment. On the other hand, the disin-
tegration efficiency of 44.82% (9.96% + 34.86%) had
basically reached the level of OSA system (40–50%)
[2]. But the higher ORP level in this research meant
more simple equipment with a lower cost. On the
other hand, the higher sludge concentration meant
higher treatment ability in unit volume which brought
a lower cost. Finally, the disintegration efficiency of
anaerobic flora could be increased by condition
optimization, which could also bring a lower cost.

Table 2
Materials in various systems

　 Wetting bacterium (g) Ammonium chloride (g) Glucose (g) Settling sludge (g) Distilled water (mL)

A 0.3 / / / 350
B 0.3 0.5 0.5 / 350
C / 0.5 0.5 / 350
D / / / 5 350
E 0.3 / / 5 350

Table 3
Effect of complex anaerobic microorganism on COD
(mg/L)

A B C D E

COD (mg/L) 17 1,081 1,075 14 63
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Therefore, the anaerobic flora had a better application
potential.

As other substances could be released during dis-
integration, the protein content, nitrogen content of
ammonium, and phosphorus content of phosphate
radicals were also determined (Fig. 2).

The protein content in each system was high, and
two sources of the protein were identified: hydrolysis
of cells and extracellular enzymes secreted by the
microorganisms [23]. The sludge released more pro-
tein when it disintegrates (A and D), because the main
dry weight of the sludge was protein. Compared to
WAS, anaerobic flora released more protein likely
because of the different compositions of these two cell
types. Anaerobic flora could undergo normal growth
without autolysis when nutrients are sufficient. So, the
protein in system B could be composed of extracellu-
lar enzymes that the flora secreted because of the
absence of protein in extra nutrients (C). The protein
content in E was slightly higher than the sum of that
in B and D, which was obviously lower than the pre-
dictive value. On the one hand, in the previous discus-
sion, more sludge was disintegrated in E than that in
D, which meant a large release amount of protein. On
the other hand, because the sludge was more difficult
to use than the nutrients in B, the anaerobic flora
should secret more extracellular enzyme which also
caused a higher protein concentration [24]. Then, obvi-
ously a higher protein concentration was predicted.
This phenomenon may be caused by anaerobic flora
using lot of protein, which was proved by a much
higher protein concentration released by the anaerobic
flora autolysis. On the other hand, the protein concen-
tration was a little lower than that of the related stud-
ies in OSA system [25]. This phenomenon also

indicated that the released protein was reused by the
anaerobic flora. So in this system, the protein concen-
tration was not suitable to express the disintegration
efficiency.

Fig. 2 shows that lower amounts of nitrogen con-
tent in ammonium were released when the nutrients
were insufficient; higher amounts of nitrogen content
in ammonium was released when the WAS was dis-
integrated by anaerobic flora. If the nitrogen content
in ammonium of D was attributed to anaerobic condi-
tions, then 5.81 mg/L of that system E subtracted sys-
tem D was caused by microorganism. Its 2.8 times
the release amount of anaerobic environment, and
this proportion was less slightly than the proportion
of COD. Its probably because of the different absorp-
tive capacity that microorganism absorbed different
nutrients.

The cell membrane is composed of phosphoric acid
[26]; thus, the extent of sludge disintegration can be
characterized by determining the phosphorus content
in the fermentations systems. The phosphorus content
of phosphate radicals released was low when nutri-
ents were sufficient (B). When WAS was disintegrated
by anaerobic flora, the amount of phosphorus content
of phosphate radicals released was higher at about
1.05 times of the amount released by the anaerobic
environment, which was also lower than the propor-
tion of COD. On the other hand, the phosphorus con-
tent of phosphate radicals in E was obviously lower
than that of related studies in OSA system [25], which
also was caused by the reuse of anaerobic flora.

In general, because the anaerobic flora selectively
absorbed nutrients, the amounts of nutrients remaining
in the fermentation solution were different. From the
aforesaid determined proportion, the use of COD to
characterize disintegration efficiency was appropriate.

3.2. The enzyme concentrations measurement evaluations
in sludge disintegration

In the process from the sludge floc to the dissolved
nutrients, the extracellular enzymes played an impor-
tant role. The amount of extracellular enzymes could
be seen as the magnitude of degradation ability. The
enzyme activities of three systems (A, B, and E) were
shown in Fig. 3. In different systems, the variations in
enzyme amounts secreted by anaerobic flora showed
significant differences.

No significant change in amylase activity was
observed among the different systems studied. Amy-
lase hydrolyzes starch and glycogen. However, since
bacterial cell walls are mainly composed of peptido-
glycans and lipids; amylase plays a role in sludge

Fig. 2. Protein, nitrogen content in ammonium, and phos-
phorus content in phosphate radicals.
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degradation only after cell disruption. Consequently,
the amylase activities observed among the three
systems were not very different.

Protease activities varied according to the growth
conditions. Higher protease activity was observed
when more nutrients were found in the fermentation
system. Thus, the protease activity was related to the
nutrient contents in fermentation systems.

The lipase activity was low when the nutrients in
the fermentation system had a simple structure. When
the nutrients were composed of bacterial cell walls (A
and E), however, lipase activities increased (e.g. com-
pared with system B) and remained higher than the
activities of the other two enzymes. Lysozymes func-
tion in cell lysis, but are absent in most microorgan-
isms. Bacterial cell walls contain massive amounts of
lipid compounds; so, lipase plays an important role in
breaking cell walls. Cell wall breakage improves
sludge disintegration.

3.3. Changes in nutrients concentrations of sludge
disintegration

In previous discussions, it was indicated that the
disintegration efficiency calculation was influenced by
the anaerobic flora using nutrients. So, the changes of
nutrients in the disintegration process of 96 h were
measured every 12 h under the conditions of E.

Variations in each nutrient during the continuous
experiments are shown in Figs. 4 and 5. The trends
observed for all nutrients were nearly identical.
Nutrient contents first increased rapidly and reached
maximum levels after 16–20 h. These levels then
decreased slowly, and reached minima at about
60–72 h. Finally, nutrient contents slowly increased.
The trend was obviously different to that in OSA
system. Because there is only release of nutrients in

OSA system, the relationship between the concentra-
tion of degradation products and time is a direct
ratio, which had only one different ratio in different
studies [10,25,27]. But in the systems studied, two
factors affect the amount of nutrients produced:
production by sludge disintegration and utilization
by anaerobic flora. These two factors maintain a type
of dynamic equilibrium.

At early days of fermentation, the nutrients in the
systems were insufficient and anaerobic flora secreted
extracellular enzymes to hydrolyze the sludge to
obtain more nutrients; this activity resulted in an
increase in nutrient contents. During this time, the
anaerobic flora was in the early growth stage and
required fewer nutrients. The required nutrients
increased with the growth of anaerobic flora. As the
nutrients accumulated in the system, neonatal cells no
longer had any need to secrete extracellular enzymes
to obtain nutrients. Thus, the rate of sludge disintegra-
tion maintained the release of nutrients, but the rate of
utilization continuously increased. Consequently, the
amount of nutrients in the system decreased. The
increasing number of anaerobic flora caused a
decrease in available nutrients in the system; thus, the
flora secreted extracellular enzymes to obtain nutrients
once more, resulting in an increase in the rate of
sludge disintegration and in the amount of nutrients
produced.

Over 96 h of disintegration, various nutrients
reached stable levels after 48 h. Stable levels were
achieved during the production of nutrients when
sludge disintegration and nutrient utilization of
anaerobic flora were balanced. Therefore, it may be
inaccurate that the disintegration efficiency was calcu-
lated based on the data from 48 h of fermentation.

Fig. 3. Protease, lipase, and amylase enzyme activities.
Fig. 4. Changes in COD and protein concentrations over
96 h of fermentation.
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For example, if calculation was based on COD of
12 h, the degradation product was 25.375mg
[(86.5 mg/L − 14mg/L) * 0.35 L] and the disintegration
efficiency could reach 51.58% (25.375mg/49.2 mg),
which was much higher than that of 48 h (34.86%).
The total disintegration efficiency reached 61.53%
(51.58% + 9.96%), which reached the higher level of
that in OSA system [2,10]. On the other hand, COD
was held constant from 48 to 96 h. It was impossible
that the disintegration was not continuous. A scien-
tific explanation was that the degradation products
were reused by the anaerobic flora. Then three ques-
tions need to be considered further.

First, how to calculate the consumptive amount of
COD which should be added in calculating the disin-
tegration efficiency? One possible method was mea-
suring the rate of anaerobic flora using the
degradation products. Then the consumptive amount
of COD could be calculated based on the rate and
treatment time.

Second is how to set the disintegration time in the
practical application? In OSA system, the retention
time of sludge usually was set by considering two fac-
tors. One was setting an enough long time to maintain
the ORP level. The other was selecting a suitable time
to balance between the disintegration efficiency and
treatment ability [10]. In this research, the ORP level
need not be considered because it was maintained at a
higher level. On the other hand, although the disinte-
gration efficiency was increased in a long retention
time too, the long retention time was not suitable
because of the growth of anaerobic flora. The main
purpose of disintegration was to obtain degradation
products. If excessive degradation products were
reused and more anaerobic sludge grew, the anaerobic

sludge should be discharged as excess sludge which
was not anticipant.

In respect of these problems, the third question
must be considered. Whether the equilibrium state of
nutrient production and utilization reveals be main-
tained in the practical application? In maintaining the
equilibrium state, more degradation products were
used by the anaerobic flora which brought some dis-
advantages. First, the rate of anaerobic flora using the
degradation products was obviously lower than that
of aerobic sludge, indicating a large treatment volume.
Second, there was substrate inhibition in the treatment
process. If the degradation products were ample, the
anaerobic flora did not secret more extracellular
enzymes, which would limit the increase of disintegra-
tion ability. If the degradation products were removed
continuously and placed into an aerobic environment
to be reused, anaerobic flora would maintain a starva-
tion status and the disintegration rate could be
improved effectively. However, it must be paid atten-
tion to that the residual degradation products must be
able to maintain the normal growth of anaerobic flora.
So the best conditions should be that, an appropriate
amount of degradation products was moved from the
treatment system continuously and the excess sludge
was added continuously. How to realize this process
is an important optimization direction in the future
studies.

3.4. Changes in enzyme levels of sludge disintegration

Changes in the amylase and lipase activities in the
continuous experiments were shown in Fig. 6. The
lipase activity increased slowly later in the experi-
ments, which verifies the hypothesis that the secretion
of extracellular enzymes is inhibited in the presence of
adequate nutrients. High, but stable levels of amylase
activity further confirm that the nutrients in system
were adequate. Thus, increasing lipase activities in the
fermentation system is an important method to
increase its disintegration efficiency.

3.5. Relationship between particle size distribution and
sludge disintegration

In the anaerobic degradation process, the organic
substances are released from the cracked aerobic cells
and then degraded, and converted to low molecular
weight materials. The size distribution of sludge dur-
ing the disintegration process was shown in Table 4.
The particulates of original sludge were normally dis-
tributed (Fig. 1), which was consistent with that in
other research [28].

Fig. 5. Changes of nitrogen content in ammonium and
phosphorus content in phosphate radicals over 96 h of fer-
mentation.
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At the beginning of the disintegration process, the
quantity of low molecular weight materials (0–10 μm)
decreased, obviously, because anaerobic flora prefer-
entially degraded small particles of the sludge and
the release rate of low molecular weight materials
was low. As disintegration effects began to increase,
the quantity of low molecular weight materials
increased, which meant that easily degraded materi-
als began to accumulate. At the same time, the
quantity of moderate molecular weight materials
(10–50 μm) began to decrease, which meant that part
of the sludge structure had been damaged [28]. How-
ever, the amount of moderate molecular weight
materials remained constant instead of decreasing
slowly, which may be caused by supplementation
from large molecular weight materials. The quantity
of large molecular weight materials (>50 μm)

increased sharply early in the treatments, probably
because of the addition of anaerobic flora. The size
distribution of anaerobic flora was 50–100 μm (data
not shown). The quantity of materials of 50–100 μm
decreased as the sludge disintegrated, but the quan-
tity of materials larger than 100 μm showed the oppo-
site trend. These large-molecular weight materials
may originate from growing anaerobic flora. The
increase in larger sizes meant that the anaerobic flora
grew well in the system. On the other hand, the dis-
integration efficiency was not well considering from
the size distribution because the average particle size
did not decrease, which was obviously different from
that of other studies [6,29]. This phenomenon was
probably caused by the selective disintegration and
growth of anaerobic flora.

Because only the disintegration effect existed, the
size distribution in other studies was still normally
distributed with a decrease in average particle size
[28,29]. But in this study, the size distribution was
not normally distributed because of the effect of
anaerobic flora. Considering the treatment time as 48
h in previous studies and various nutrients reached
the stable levels after 48 h, the size distribution at 48
h was discussed which is shown in Fig. 7. Moderate
molecular weight materials significantly decreased
and low molecular weight materials increased, which
indicated that more moderate molecular weight mate-
rials than low molecular weight materials were
degraded in the present system. As aerobic cells
cracked, large molecular weight materials were
released that explained their increased amount in the
system.

The change in size distribution showed that the
sludge can be used without destroying the structure
for a lower cost.

Fig. 6. Changes of amylase and lipase activities over 96 h
of fermentation.

Table 4
Percentage of size distribution as a function of time

Time (h) 0–10 μm (%) 10–50 μm (%) 50–100 μm (%) >100 μm (%)

0 11.6 ± 0.23 69.8 ± 0.63 13.2 ± 0.73 5.4 ± 0.18
4 6.6 ± 0.013 67.3 ± 0.26 18.8 ± 0.39 7.3 ± 0.21
8 5.4 ± 0.053 67.9 ± 0.72 19.3 ± 0.28 7.4 ± 0.62
12 6.1 ± 0.17 64.1 ± 0.36 19.7 ± 0.73 10.1 ± 0.73
24 6.6 ± 0.27 65.1 ± 1.03 19.0 ± 0.69 9.3 ± 0.28
36 6.9 ± 0.27 64.4 ± 0.92 18.8 ± 0.84 9.9 ± 0.19
48 6.9 ± 0.19 66.3 ± 0.95 17.2 ± 0.53 9.6 ± 0.63
60 7.4 ± 0.18 66.5 ± 0.99 17.1 ± 0.92 9.0 ± 0.62
72 7.6 ± 0.28 65.7 ± 0.83 16.7 ± 0.63 10.0 ± 0.27
84 8.3 ± 0.37 67.0 ± 0.82 16.2 ± 0.50 8.5 ± 0.89
96 7.9 ± 0.28 66.6 ± 0.87 16.5 ± 0.53 9.0 ± 0.73
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4. Conclusion

The effect of anaerobic flora on sludge decay under
anaerobic conditions was investigated in the present
study. The main results are as follows:

(1) Anaerobic flora could disintegrate WAS and
use the resulting material as nutrient source.
The disintegration efficiency of anaerobic flora
was much higher than that of anaerobic con-
ditions, which was 3.50 times, 1.19 times, 2.80
times, and 1.05 times calculated based on the
COD, protein, NHþ

4 -N, and PO3�
4 -P, respec-

tively. Considering the flora selectivity absorb-
ing nutrients, it was more suitable to use
COD to characterize the degree of sludge dis-
integration.

(2) In three extracellular enzymes, lipase activity
had a large difference in the different nutrient
conditions, which were higher than 65 U/L in
condition of bacteria cell and lower than 5 U/L
in condition of simple nutrient. So, it was
indicated that lipase played an important role
in breaking cell walls.

(3) According to the changes of nutrients in the
continuous experiments (96 h), there was a
dynamic equilibrium in the sludge disintegra-
tion and the reuse of disintegration products.
This phenomenon suggested that the actual
disintegration efficiency was probably much
higher than that calculated from COD. If the
nutrients are removed, the disintegration effi-
ciency may be improved because the substrate
was shortage.

(4) The change in size distribution showed that
easily degraded materials accumulate and
large granular sludge was destroyed. This
finding indicated that the sludge can be used
without destroying the structure for a lower
cost.
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