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In order to stabilize the growth of A. hemprichi and minimize the sludge production through biological
predation, A. hemprichi was inoculated in batch and continuous experiments to investigate the growth
characteristics and the effect on sludge reduction in this study. Various available volatile suspended solid
(AVSS) concentrations were obtained after the ultrasonic irradiation on pre-sterilized sludge. It was found
the density of A. hemprichi was proportionate to AVSS concentration. A. hemprichi reached the maximum
density when AVSS concentration was more than 3000 mg/L. No obvious difference was found between the

gej;l‘:;;ﬁém initial specific growthratio (u) of A. hemprichi at various AVSS concentrations. When N > 0.5Ny, u decreased
A.ctivated sludge with the increase of A. hemprichi and Logistic model was adopted to fit the growth of A. hemprichi. Sludge
Predation reduction rate was correlated with both the growth rate and the density of A. hemprichi. The results

Sludge reduction indicated the sludge reduction rate was maximum at the density of 315ind./mL. Sludge retention time

(SRT) could effectively control the growth density of A. hemprichi in continuous tests.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The activated sludge process is the most widely used biologi-
cal wastewater treatment for both domestic and industrial plants.
One of the drawbacks is high sludge production which is difficult
to treat and dispose. With the strictly enforced environmental and
legislative requirements on the discharge of excess sludge, the cost
of excess sludge treatment and disposal has accounted up to about
60% of the total operating cost in municipal wastewater treatment
plants [1]. There is considerable impetus to explore strategies and
technologies for reducing excess sludge production in biological
wastewater treatment processes which represents a rising chal-
lenge for wastewater treatment plants [2-7]. One way to reduce
excess biomass production would be to encourage the growth of
organisms higher in the food chain which feed on sludge [8,9]. Dur-
ing transfer from a low level to a high trophic level, energy is lost
due to inefficient biomass conversion [10]. More and more atten-
tion has been paid to this method because it is energy saving and
brings no secondary pollution [11,12].

The performance of worms in biological wastewater treatment
has beenresearched because of their bigger sizes and greater poten-
tial for sludge reduction [1,13,14]. Three dominant types of worm
are usually found in the conventional activated sludge process
(CAS): Pristina aequiseta, Nais elinguis and Aeolosoma hemprichi.
Some researches found that worm growth in CAS reactors con-
tributed to neither sludge reduction nor improvement of sludge
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settling characteristics because the CAS reactor was designed to
treat wastewater, and the operation parameters are not suited for
the bloom of worms. No significant sludge reduction was found
when worms were present in low density. So reactors were devel-
oped to produce worm growth that will correlate with sludge
reduction [15]. However, their growth is unstable and uncontrol-
lable even in regulated conditions [16,17], and it is impracticable to
reduce sludge production with worms unless their growth is stable
in continuous operation.

In this study, A. hemprichi was chosen to be the sludge predator,
because A. hemprichi was one of the three species frequently occur-
ring during the biological wastewater plant operation. They were
more dominant than the other two species of worms: Pristina aequi-
seta and Nais elinguis [13]. It indicated A. hemprichi was not strongly
influenced by the changing of surroundings which made them pos-
sible to be applied in practice. The purpose of this study is to
research the growth characteristics of A. hemprichi fed on activated
sludge and the factors influencing the density of A. hemprichi. A
Logistic model was extended to describe the density of A. hemprichi
on specific growth ratio. Factors influencing the sludge reduction
were analysed. In addition, correlations were established between
SRT and the density of A. hemprichi in the continuous tests.

2. Materials and methods
2.1. A. hemprichi cultivation

Aeolosoma hemprichi is a minute meiofaunal Annelida. Its body
is about 50 wm in width and 800 wm in length. The epidermal is
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covered with orange red glands and red oil globules. A. hemprichi
reproduces asexually by the formation of pygidial buds. A. hemprichi
used in the study was isolated from activated sludge which was
aerated for a long term. A. hemprichi was washed repeatedly with
sterilized water until no fungi or protozoa were observed under a
steroscopic microscope. Then the isolated A. hemprichi was cultured
in sterilized activated sludge.

2.2. Sludge preparation

For the present study the domestic wastewater sludge was col-
lected from an aeration tank at the Wuhan Water Treatment Plant.
It was placed in a plastic container to maintain the temperature at
4°C. Fresh activated sludge was withdrawn from the container and
aerated for 24 h before experiments.

Many species of activated sludge microorganisms live together
with A. hemprichi in sludge without sterilization. Endogenous res-
piration of floc and the excreta of A. hemprichi reused by activated
sludge was necessary to be considered. Sludge predated by proto-
zoa would also cause sludge reduction. It is difficult to distinguish
the part of sludge reduced by A. hemprichi from that by other
species. In addition, the growth of A. hemprichi was greatly influ-
enced by interspecies competition and soluble microbial products
in fresh sludge. Therefore, the sludge was sterilized for the conve-
nience of studying the growth characteristics of A. hemprichi. The
sterilization was set at 120 °C for 20 min. The supernatant contain-
ing the soluble fraction of organic materials was removed after the
sludge was centrifuged at 4000 rpm for 10 min. Then the sludge was
used for batch and continuous tests.

A reactor was set up in order to find the self-solubility effect of
sterilization sludge during the long-term mixing in the reactor. It
was found the MLSS in the reactor was almost unchanged without
inoculating A. hemprichi. So sludge reduction caused by solubility
effect was ignored and not discussed in the paper.

2.3. Batch tests

Batch tests were used to investigate the growth characteristics of
A. hemprichi. Five Erlenmeyer flasks with working volume of 500 mL
were used as reactors. Sludge after the pretreatment was trans-
ferred to the flasks and diluted with sterilized water. The initial VSS
was 6000 mg/L in each flask. Most of the sludge flocs in the sludge
were larger than A. hemprichi’s body size which is 50 wm in width.
It is more difficult for A. hemprichi to predate the large size floc,
and their growth is slowed down with low efficiency of predation.
Only flocs of a size smaller than 50 pm were considered as available
volatile suspended solids (AVSS) in the tests. It was found only 9% of
the total VSS was in this size range. Due to the lack of enough food
for A. hemprichi’s growth, results could not reflect the growth char-
acteristics of A. hemprichi at high density. So ultrasonic treatment
was used to disintegrate the flocs and increase the amount of AVSS
concentration [18]. In batch tests, five sludge samples at the same
VSS of 6000 mg/L were sonicated for different irradiation time in a
water bath-type ultrasonic processor (KQ-100VD, China). The ultra-
sonic frequency was setat 28 kHz and the power level was 0.2 W/mL
which would not severely destroy the activated sludge sample and
change the properties of the floc. Total volume of particles smaller
than 50 pm increased with the increase of ultrasonic irradiation
time as shown in Table 1. After the sonication, A. hemprichi was
inoculated into five flasks. The initial density of A. hemprichi was
set to 3 ind./mL. Then the flasks were placed in a shaking incubator
at 25°C and 150 rpm to provide mixing and aeration.

The main purpose of ultrasound treatment was to destroy the
structure of floc, but the property of sludge was changed at the
same time. Some of the bacterial cells were destroyed and EPS was

Table 1

The effect of ultrasonic treatment on AVSS concentration

Reactor Ultrasonic irradiation Volume of particle AVSS (mg/L)
time (min) size <50 wm (%)

R1 0 9.5 570

R2 4 12 720

R3 8 229 1374

R4 40 51.4 3084

R5 80 70.2 4212

released to the supernatant fluid. It would be unlikely to totally dis-
rupt the floc by sonication without causing cell lysis. It was desired
to keep the sludge property as close to its original conditions as
possible. Therefore for this study, the ultrasonic power was set at
a low level which would not severely destroy the activated sludge
samples and change the properties of flocs. The change of compo-
nents and their concentrations were not discussed in this study.
The soluble chemical oxygen demand (SCOD) in supernatant was
slightly increased when sludge was treated at a short period of son-
ication, but 60 min ultrasonic treatment could markedly increase
SCOD from 25 mg/L to 280 mg/L. The property of sludge could be
taken on as unchanged in the tests.

2.4. Continuous tests

In order to reduce sludge efficiently and stimulate the growth.
A. hemprichi’s density was controlled by exhausting some amount
of sludge containing A. hemprichi from the reactor at a given time.
In continuous tests, sludge treated by sterilization and ultrasonic
was continuously pumped into the bottom of a cylindrical reac-
tor with the working volume of 2 L (& =120 mm, H=250 mm), and
the excess sludge after the predation was wasted continuously. VSS
concentration of sludge was 6000 mg/L. Four parallel reactors were
set up at SRT of 6, 8, 10 and 15 days, respectively. The initial den-
sity of A. hemprichi was set to 3 ind./mL. The pH was held at 6.86
by addition of 1 M solutions of nitric acid and sodium hydroxide.
The oxygen concentration in the reactor was kept above 2 mg/L due
to the mixing and aeration provided by fine bubble air diffusers at
0.6 L/min.

2.5. Analysis items and methods

VSS concentrations were measured according to the Chinese
SEPA standard methods [19]. Auto Sizer instrument (Mastersizer
2000E) was used to size the particles of sludge flocs. A. hemprichi
was counted using a stereo microscope (CX31, OLYMPUS, Japan) at
100x magnifications. The value of A. hemprichi’s density was the
average of three samples.

3. Results and discussion
3.1. Influence of AVSS concentration on the growth of A. hemprichi

Batch tests were used to investigate the growth of A. hemprichi
with various available volatile suspended solids concentrations.
Time changes of A. hemprichi’s density at different AVSS was shown
in Fig. 1. It was found A. hemprichi grow at the maximum specific
growth ratio at the initial stage in five reactors. The growth rate of A.
hemprichi decreased and their density came into dynamic balance
after several days cultivation. The influence of AVSS on the den-
sity of A. hemprichi when their population was stable in the reactor
was shown in Fig. 2. It was found the balance density (Ni) of A.
hemprichi increased with elevated AVSS concentration. The results
could be well fitted to the linear regression line when AVSS concen-
tration was below 3000 mg/L. The reciprocal of the slope coefficient
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Fig. 1. Time changes of A. hemprichi’s density.

represents the balance ratio of AVSS to the density of A. hemprichi
(F/M) which is 7 x 10-3 mg/ind. The density of A. hemprichi was
lower than the balance density at the beginning of the batch test,
which means observed F/M was over 7 x 10-3 mg/ind., so the den-
sity of A. hemprichi tended to increase. With increasing the density
of A. hemprichi, observed F/M gradually decreased until it reached
7 x 1073 mg/ind. As observed F/M was lower than 7 x 10~3 mg/ind.
which means the sludge was not enough to support the growth of
A. hemprichi, A. hemprichi’s density tended to decreased. F/M could
be used as an effective tool to estimate the growth trends of A.
hemprichi. and 7 x 10~3 mg/ind. was considered as the minimum
substrate to A. hemprichi ratio requirements for the growth of A.
hemprichi. The fluctuation around the balance F/M dedicated to the
unstable growth of A. hemprichi in the reactor. In some cases, A.
hemprichi disappeared in the reactors for a short period in our tests
(results were not shown in this paper).

When AVSS concentration was more than 3000 mg/L, the den-
sity of A. hemprichi approached the limit of environmental capacity,
which is the maximum density of A. hemprichi allowed to exist in
the reactor. Therefore the growth of A. hemprichi was restrained
and the density fluctuated at about 500 ind./mL even though more
AVSS was provided in the reactor.

3.2. Influence of AVSS concentration on specific growth ratio and
growth rate of A. hemprichi

Observed specific growth ratio (14,5 ) was usually used to evalu-
ated the growth ability of A. hemprichi individual. At the initial stage
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Fig. 2. Influence of AVSS on the A. hemprichi’s density. Concentrations of A.
hemprichi’s density are given as mean +S.D.
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Fig. 3. Dependence of t on A. hemprichi’s density.

of batch tests, no obvious difference was found between (45 of A.
hemprichi in different reactors. Without the limit of food and space.
A. hemprichi proliferated at the maximum specific growth ratio. @
was equal to 4 maximum which could be calculated by Eq. (1):

= 2.303(log N — log Np)

t—to (1)

where Nis the density of A. hemprichi, t the time, ty is the time at
the beginning of the cultivation, Ny is the density of A. hemprichi at
the beginning of the cultivation. When N> 0.5N, observed specific
growth ratio (/4ops) decreased with the increase of A. hemprichi. The
specific growth ratio calculated from Fig. 1 was shown in Fig. 3. It
was found the Logistic model could be well fitted to simulate the
decrease of [14s. The Logistic model was shown in Eq. (2):

N —N

) @)

Mobs = tm(

where py is maximum specific growth ratio. It gives values
of 0.5d~! for py which is comparable with that presented else-
where [20]. It indicated the growth potential was dominated by
the density of A. hemprichi.

Growth rate was an important factor to evaluate the growth abil-
ity of A. hemprichi in the whole reactor which was related to both
the specific growth ratio and the density of A. hemprichi. It could be
calculated by Eq. (3):

dN
E = Nt“obs (3)

where dN/dt is the growth rate of A. hemprichi. Subsituting Eq. (2)
to Eq. (3), growth rate could be calculated by Eq. (4):

dN N; — N¢

ar = mNe( N,

) (4)

It was found the growth rate of A. hemprichi was dependent on
the density of A. hemprichi. It was maximum when the density of A.
hemprichi was equal to 0.5N;. Then the growth rate of A. hemprichi
decreased with increasing the density of A. hemprichi.

3.3. Effect of A. hemprichi on sludge reduction in batch tests

Three causes were contributed to sludge reduction in the pres-
ence of predator [21]. First, the sludge predated by the predator to
produce energy for growth and maintenance; Second, the excreta of
the predator was reused by microorganisms in the sludge [22]; And
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Fig. 4. Influence of A. hemprichi’s density on AE and .

Third, sludge was reduced during the endogenous processes of bac-
teria for maintenance [23]. Because the sludge was pre-sterilized,
endogenous respiration of floc was ignored. Predation was the only
reason for sludge reduction in the tests.

The sludge reduction rate of A. hemprichi individual and whole
reactor were two important factors to evaluate the reduction ability.
Their relationships could be represented by Eq. (5):

AAVSS = NAE (5)

where AE is sludge reduction rate of A. hemprichi individual, AAVSS
is sludge reduction rate of the whole reactor. It was found AE and
. was negatively correlatively with the density of A. hemprichi as
shown in Fig. 4. It indicated most of the energy produced by preda-
tion was used for growth of A. hemprichi. AE decreased when the
growth of A. hemprichi was restrained as the density increased.
The effect of A. hemprichi on sludge reduction rate of the reactor
and A. hemprichi’s growth rate at various A. hemprichi’s density was
shown in Fig. 5. It was found AAVSS increased to 445 mg/Ld when
the density of A. hemprichi was 315ind./mL in the reactor. Then
AAVSS tended to decline as the density of A. hemprichi increased
which means that high density of A. hemprichi did not improve the
sludge reduction rate. Intraspecific competition slows down the
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Fig. 5. Influence of A. hemprichi’s density on AAVSS and dN/dt.

500
’,0

450 -— ‘. /

400777777 /'\\’\ e Y

—— —=—6d SRT
------- —+—8d SRT
---- —v—10d SRT
———————— +—15d SRT

P T NI Y PR T N I |
0 2 4 6 8 10 12 14 16 18 20 22

Time (d)

A.hemprichi's density
(ind./ml)

TT Y Y[ YT YT I 'I'r'rrr

Fig. 6. Effect of SRT on A. hemprichi’s density (lines were the value calculated by Eq.
(9), points were the density measured in the continuous test).

growth rate of A. hemprichi and decreases the sludge reduction rate.
Results clearly showed that reduction ability of the reactor could
be effectively improved by controlling A. hemprichi at the optimal
density.

As it was discussed, sludge reduction rate was correlated with
the growth rate of A. hemprichi, but there was a delay between the
maximum sludge reduction rate and the maximum growth rate
as shown in Fig. 5. The sludge reduction rate kept on increasing
as the growth rate decreased. It could be reasonably explained by
the increasing energy for the maintenance of A. hemprichi. As A.
hemprichi approach their dynamic balance density, the growth rate
of A. hemprichi was low enough to be ignored. Most of the sludge
predated was used for satisfying maintenance energy require-
ments.

3.4. Growth control of A. hemprichi in continuous test

Time changes of the A. hemprichi’s density at various SRT were
shown in Fig. 6. It could be seen that with the prolongation of SRT,
A. hemprichi’s density experienced a sharp increase [24]. It implied
SRT could effectively control the growth density of A. hemprichi
in continuous tests. A model was developed in order to find the
relationship between SRT and the density of A. hemprichi [25,26].
Assuming that, at continuous tests with no excess sludge exhausted
from the reactor, the growth of A. hemprichi was represented by Eq.
(3). At continuous tests with excess sludge continuously exhausted
from the reactors, the time evolution of the density of A. hemprichi
can be written as:

(;1:171:.] = Ntftobs — NtD (6)

D is the dilution rate in the continuous test. When the growth of A.
hemprichi was equalled to the exhaustion, it is given by

dN
G- 0 (7)
Mobs =D (8)

Assuming SRT was 6x which is the reciprocal of D. Substituting
Eq. (2) into Eq. (8) and solving for N¢:

Ne=R (1 - m\}ﬁx) ®

It is evident that N; is dependent on 0. The density of A.
hemprichi at various SRT was calculated by Eq. (9). The result
was shown in Fig. 6. The dynamic balance density of A. hemprichi
was 333, 375, 400, 433ind./mL at SRT of 6, 8, 10 and 15 days. A.
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hemprichi’s density in continuous tests could be roughly fitted with
the density calculated by Eq. (9). It was found that the density of
worms fluctuated without sludge exhausting appropriately [27]. In
this test, it is indicated that the operation of predation reactor at
an appropriate SRT may be feasible from the viewpoint of control-
ling the growth of A. hemprichi and stimulating the activity of A.
hemprichi.

4. Conclusions

(1) The density of A. hemprichi was affected by AVSS concentration.
When AVSS was more than 3000 mg/L, the balance density of A.
hemprichi close to the environmental capacity and the growth
of A. hemprichi was restrained.

(2) The specific growth ratio of A. hemprichi was constant at the
beginning stage of cultivation. Exponential correlation was
observed between N and n. When N> 0.5N;, n decreased with
the increase of A. hemprichi, and Logistic model could be well
fitted to simulate the growth of A. hemprichi.

(3) The sludge reduction rate was found to have a correlation with
the growth rate of A. hemprichi. The maximum sludge reduc-
tion rate by A. hemprichi was 445mg/Ld at the density of
315ind./mL.

(4) The density of A. hemprichi could be effectively controlled with
the elongation of SRT. When SRT was more than 15 days, it did
not affect A. hemprichi’s growth in continuous tests.

(5) This study was aimed to establish a relationship between
the growth of A. hemprichi and sludge reduction. Therefore,
the sludge was sterilized for the convenience of studying the
growth characteristics of A. hemprichi. It is more complicated to
study the growth characteristics of A. hemprichi in fresh sludge
than that in sterilized sludge. The growth characteristics of A.
hemprichi was similar to that in sterilization reactors with the
absence of protozoa and metazoan. If an abundance of protozoa
and other metazoan were presented before A. hemprichi inoc-
ulated, the growth of A. hemprichi was restrained. Interspecific
competition play animportant role in the growth of A. hemprichi
and their predation ability. Further research should study the
stable growth of A. hemprichi in fresh sludge.
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