
Optimizing the energy efficiency of sludge disintegration via the combined
homogenate and ultrasonic method

Xianjin Li, Tong Zhu*, Meiyan You, Tianyu Chai, Yang Shen, Yuanhua Xie

School of Mechanical Engineering and Automation, Northeastern University, 3–11, Wenhua Road, Heping District, Shenyang
110004, China, Tel. +86 024 83679925; email: 15940153182@163.com (X. Li), Tel. +86 024 83679926;
emails: tongzhu@mail.neu.edu.cn (T. Zhu), 296578095@qq.com (M. You), Tel. +86 024 83679925; emails: chai_tianyu@qq.com
(T. Chai), 543451383@qq.com (Y. Shen), Tel. +86 024 83679926; email: islandxyh@126.com (Y. Xie)

Received 6 July 2015; Accepted 21 January 2016

ABSTRACT

To enhance the effect of sludge disintegration, we proposed the following two-stage process
and a new index: (1) dispersion of sludge to facilitate homogeneity and to reduce the size
of flocs; (2) destruction of zoogloea and bacterial cells; energy disintegration ratio
(EDR = DDCOD/ES) was used to evaluate this process energy efficiency. Thus, a combined
homogenate + ultrasonic (H + U) method was implemented to disintegrate sludge. The
analysis of the disintegration degree (DDCOD), EDR, and particle size distribution revealed
the high efficiency of the H + U pretreatment method for sludge disintegration. And it also
turned out that EDR was an important rational index for sludge disintegration. Transmis-
sion electron microscope images showed intuitive evidence for sludge disintegration of the
two-stage process. According to the central composite design and response surface method-
ology results, the second-order response surface model can adequately predict sludge
disintegration. The optimal condition was sludge disintegration of 12 min (H of 2 min and
U of 10 min). DDCOD, EDR, and median particle size were 28.9, 7.01%, and 7.8 μm,
respectively. These results also proved the effectiveness of the proposed two-stage process.
Moreover, the selection of effective disintegration methods that correspond to sludge
characteristics could increase the efficiency of sludge disintegration and reduce the amount
of energy consumed in the process.

Keywords: Homogenate method; Ultrasonic method; Sludge disintegration; Energy
disintegration ratio; Response surface methodology

1. Introduction

Rapid urbanization and population growth have
resulted in the increased production of excess sludge
in wastewater treatment plants [1]. Excess sludge can
lead to serious environmental problems [2]. Sludge
disintegration is a pretreatment method of sludge

degradation to reduce organic matter in sludge and
increase the efficiency of resource recovery from
sludge [3]. Various technologies of sludge disintegra-
tion have been proposed; these technologies include
thermal hydrolysis, mechanical treatment, chemical
treatment, and combined treatment method [4]. How-
ever, these methods have common disadvantages of
extensive energy consumption and high pollution.
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To address the need to select effective disintegra-
tion methods that correspond to sludge characteristics,
we proposed the following two-stage sludge disinte-
gration process: (1) dispersion of sludge to facilitate
homogeneity and to reduce the size of flocs; and (2)
destruction of zoogloea and bacterial cells. This pro-
cess could increase efficiency and reduce the energy
consumption of sludge disintegration.

Excess sludge typically contains a large amount of
organics and heavy metals. A large amount of
organics mainly exists in the form of zoogloea and
flocs [5–7]. Sludge flocs are perceived as a polymeric
network formed by cross-linked extracellular poly-
meric substance (EPS) and microbial cells or zoogloea
[8,9]. The particle sizes of sludge flocs range from 25
to 250 μm [10]. The cohesion and adhesion of EPS in
sludge are weak [11], and the bacterial cell walls have
an elastic macromolecule structure, which define the
shape of the bacterium and enable it to resist hostile
environments [12].

The homogenate method, which is an efficient pre-
treatment technology, is reportedly capable of improv-
ing the rate and extent of sludge disintegration
through the combination of highly focused turbulent
eddies and strong shearing forces [1,13,14]. Moreover,
the sludge disintegration efficiency of this method is
weak, and the EPS are degraded easily by macro-
scopic fluid shear stress, which is characteristic of the
homogenate method. However, disintegration is
difficult with this method when the bacteria are small
(1–10 μm) [13] because the bacterial cell walls are firm.
These conditions result in excessive heat energy
dissipation.

Ultrasonic method is widely applied to disintegrate
sludge. The combination of its multiple effects—high
shear force, thermal hydrolysis, free radical species,
and ultrasound—can disintegrate bio-macromolecules
and bacteria in sludge [4,15–17]. Nevertheless, because
of the inhomogeneity of sludge, microscopic ultrasonic
effects cannot be fully maximized. This condition
leads to high-energy consumption. In addition, micro-
scopic ultrasonic effects are weaker than the macro-
scopic fluid shear stress from traditional mechanical
methods with regard to the flocs disintegration in the
sludge [4,14].

In the present study, the macroscopic fluid shear
stress from the homogenate method is assumed to
generate homogeneous sludge and small flocs effi-
ciently; the same assumption is made for the micro-
scopic ultrasonic effects for disintegrating small flocs,
zoogloea, and bacteria in homogeneous sludge. Hence,
the homogenate method (H), ultrasonic method (U),
and homogenate + ultrasonic (H + U) methods for
sludge disintegration are compared in this work, and

the combined H + U pretreatment method is opti-
mized with the response surface methodology (RSM).

2. Material and methods

2.1. Material

Seed sludge was obtained from a sewage plant.
The active sludge was artificially cultivated in a labo-
ratory. The characteristics of the sewage sludge used
for the subsequent experiments were as follows: sol-
uble chemical oxygen demand (SCOD) of 127.5 mg l−1,
a total chemical oxygen demand (TCOD) of
12,820 mg l−1, a total solid (TS) of 14,735 mg l−1, and
median particle diameter of 114 μm.

2.2. Experimental and analysis method

Sludge disintegration was conducted using a
homogenizer (HGB550, Waring, USA; volume of
2,000 ml, speeds of 19,000 rpm and 24,000 rpm, and
power of 746 W) and an ultrasonic cell disruption sys-
tem (GM1200D, Shunmatech, China; volume of
2,000 ml, frequency of 20 kHz, and power of 1,200 W).
The electrical power of the homogenizer with a speed
of 24,000 rpm for 500 ml sludge was evaluated
(400 W). To ensure the consistency of the electrical
power inputs of the homogenizer and the ultrasonic
system, the electrical power of the ultrasonic cell dis-
ruption system was adjusted.

Table 1 shows the experimental design for the H,
U, and H + U methods. The mechanism of sludge dis-
integration via the H, U, and H + U methods were
analyzed according to DDCOD, energy disintegration
ratio (EDR), particle size distribution, and morphologi-
cal structure.

Based on the above experiment, RSM was
employed to optimize the parameters of sludge disin-
tegration and the central composite design (CCD) with
two independent variables (H time–U time). The opti-
mal experiment was further expanded with Design

Table 1
Experimental design for the H, U, and H − U methods

H time (min) U time (min) H + U time (min)

3 3 2–1
7 7 2–5
10 10 2–8
15 15 2–13
20 20 2–18
25 25 2–23
30 30 2–28
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Expert (Version 8.0.6, Stat-Ease Inc., USA) [18]. The
factors and levels are arranged in Table 2. The experi-
mental data obtained from the BBD were analyzed
with the following second-order polynomial equation:

Y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

biix
2
i þ

Xk

i¼1\

Xk

j¼2

bijxixj (1)

where Y is EDR, X is the independent variable (time),
and b is the coefficient.

2.3. Energy disintegration ratio (EDR)

Disintegration degree (DDCOD) is a key parameter
for evaluating the release of soluble organics from
sludge solids into the liquid phase. This parameter is
calculated as follows [16]:

DDCOD ¼ SCOD� SCODraw

TCOD� SCODraw
� 100% (2)

where SCODraw is the COD of the sludge supernatant
before treatment.

The optimization of the energy consumption of the
sludge disintegration process is highly important.
Thus, specific energy (Eq. (3)) was considered an
essential parameter in the analysis [16].

ES ¼ P � t
v � TS0 (3)

where ES is the specific energy input (kJ g−1 TS), P is
the electrical power (W), t is the disintegration time
(min), v is the sample volume (l), and TS0 is the initial
total solid concentration (g l−1).

Zhang et al. presented kWh kg−1 SCOD-increase
index, which evaluated the energy efficiency that cov-
ered both sludge characteristics and lysis effectiveness
[19]. Based on the kWh kg−1 SCOD-increase index and
considering the influence of TS to SCOD increasing in
ultrasonic disintegration, a new index of EDR (Eq. (4))

was introduced to represent the relationship between
energy consumption and sludge disintegration ratio in
the evaluation process.

EDR ¼ DDCOD

ES
� 100% (4)

2.4. Analytical methods

The sludge sample was centrifuged at 10,000 rpm
for 10 min (3H16RI, Hersey, China). The SCOD in the
sludge supernatant was measured according to the
APHA Standard Methods [20]. The sludge sample
was treated with 0.5 mol l−1 NaOH for 24 h, and then
the SCOD in the sludge supernatant was used to
determine the TCOD [21]. DDCOD and EDR were cal-
culated with Eqs. (2) and (4), respectively. Particle size
distribution was measured with a laser granularity
analyzer (Bettersize 2000, Dandong Bettersize, China).
The morphological structure of the disintegrated
sludge was measured with a transmission electron
microscope (TEM; JEM-1200EX, Japan Electron Optics
Laboratory, Japan).

3. Results and discussion

3.1. Sludge disintegration of single method

3.1.1. Homogenate method

The influence of H time on sludge disintegration
on DDCOD and ERD is shown in Fig. 1(a). With an
increase in H time, DDCOD increased from 6.1 to
18.7% and ERD decreased from 5.8 to 1.6%. In the first
7 min, DDCOD increased by 1% and ERD quickly
decreased by 2.9%. These results demonstrate that
mechanical disintegration can disrupt the cell walls,
causing the release of organic materials from the cells.
However, energy consumption rapidly increased with
the increase in H time.

Microscopic characteristic of sludge disintegration
was observed by TEM as intuitive evidence. Raw
sludge existed in the form of zoogloea. Different
shapes of bacteria gathered in flocs, and EPS filled the
void between microorganisms [7]. As shown in
Fig. 2(a) and (b), H method can homogenize the
sludge, disperse flocs to a great number of zoogloea
and bacteria individuals, and partly cut off rod-
shaped bacteria and spherical bacteria. With an
increase in H time, most rod-shaped bacteria were
destroyed, most spherical bacteria were undamaged,
and most organic matter remained existing in the
bacterial cell.

Table 2
Experimental range and levels of the independent test
variables

Variables Factor Units Low High −α +α

H time X1 min 1 3 0.5857 3.4142
U time X2 min 5 15 2.929 17.071
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In brief, H method can disperse flocs in the sludge
and release organic matter (protein and nucleic acid)
from weak bacteria through high-speed rotation. T.P.
Devi used a disperser (speeds of 4,000–24,000 rpm,
similar to that in our study) for sludge disintegration
[14]. In that study, mechanical pretreatment was con-
sidered costly; thus, excess sludge was disintegrated
through a cost-effective method with a dispenser by
deflocculating the sludge. The results showed that
deflocculated sludge presented a higher SCOD of 26%
than flocculated sludge at a specific energy input of
5,013 kJ kg−1 TS. These findings reveal that our
proposed two-stage process is reasonable. However,
the calculation method of energy and homogenizers of
various parameters were different, so the results can-
not be compared.

3.1.2. Ultrasonic (U) method

As shown in Fig. 1(b), with an increase in U time,
DDCOD steadily increased from 5.4 to 38.2% and ERD
decreased from 5.2 to 3.7%. EDR was the highest dur-
ing the first 10 min and then quickly decreased. As
shown in Fig. 2(c) and (d), ultrasound irradiation
degraded a large number of bacteria and caused the
formation of numerous holes; however, the flocs
were not damaged thoroughly. A large number of

ultrasonic cavitation bubbles were consumed because
the flocs and bacteria in the sludge were heteroge-
neous. These results indicate that ultrasound can effec-
tively disintegrate sludge by solubilizing flocs and
destroying bacterial structure; however, ultrasound
was inferior in terms of energy consumption [22,23].

DDCOD of U method reached 5.4% in 3 min and
was lower than that of the H method. Then, DDCOD of
U method was higher than H method after 3 min.
These results indicate that the micro-effect from U
method can effortlessly disrupt microscopic bacteria,
and that the macroscopic fluid shear stress from the H
method was extremely difficult in the sludge.

3.2. Sludge disintegration of combined method

3.2.1. Homogenate + Ultrasonic (H + U) method

As shown in Fig. 1(c), with an increase in disinte-
gration time, DDCOD steadily increased from 8.6 to
44.8% and ERD steadily decreased from 8.2 to 4.3%.
The macroscopic fluid shear stress fully dispersed the
flocs in the sludge. The ultrasonic cavitation bubbles
broke the zoogloea and bacteria, causing the formation
of numerous holes (Fig. 2(e)). With an increase in dis-
integration time, nearly all bacteria were destroyed.
Many bacterial cell wall fragments were uniformly

5 10 15 20 25 30

4

6

8

10

12

14

16

18

20

H time (min)

D
D

C
O

D
(%

)

1

2

3

4

5

6

7
 DDCOD
 EDR

E
D

R
(%

)

(a) 

5 10 15 20 25 30

10

20

30

40

50

Disintegration time (min)

D
D

C
O

D
(%

)

4

5

6

7

8

9

 DDCOD
 EDR

E
D

R
(%

)

5 10 15 20 25 30
0

5

10

15

20

25

30

35

40  DDCOD
 EDR

U time(min)

D
D

C
O

D
(%

)

3.5

4.0

4.5

5.0

5.5

E
D

R
(%

)

(b) (c)

Fig. 1. Changes in DDCOD and EDR under the H, U, and H + U method: (a) H method, (b) U method, and (c) H + U
method.
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(a) (b)

(c) (d)

(e) (f)

Fig. 2. TEM images of sludge under the H, U, and H + U method: (a) H method for 7 min, (b) H method for 25 min, (c)
U method for 7 min, (d) U method for 25 min, (e) H + U method for 7 min, and (f) H + U method for 7 min.
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distributed in the visual field and bacterial cytoplasm
was released into the aquatic phase (Fig. 2(f)). Com-
bining the results of DDCOD, EDR, and TEM reveals
that H + U is an efficient pretreatment method for
sludge degradation, and that the proposed two-stage
process proposed is correct.

3.2.2. Contrastive analysis of single and combined
disintegration method

As shown in Fig. 1, at 3 min, the EDR of the U
method was the lowest, whereas that of the H + U
method was the highest. With an increase in disinte-
gration time, the EDRs of the three methods decreased
gradually. The H method showed the fastest decline
and the U method showed the slowest decline. At
7 min, the EDR of the three methods (H, U, H + U)
reached 2.9, 5.0, and 6.6%, respectively. After 7 min,
the EDR of combined H + U method was still the
highest, followed by that of U method and H method.
In short, the combined H + U method was the most
efficient among all the three methods for the sludge
disintegration process.

Particle size analysis is unsuitable for characteriz-
ing the release of the organic material. However, it

can describe the size variation of the sludge [23].
Sludge disintegration can lead to changes of sludge
particle size as DDCOD increases [24]. Fig. 3(a)–(c)
were sludge particle size distribution with the three
methods (H, U, H + U) for 3, 10, and 25 min, respec-
tively. As the disintegration time increased, the parti-
cle size decreased. During the first few minutes, the
change of particles into smaller particles was quick,
but eventually, the change slowed down. After 3 min,
the efficiency of the U method decreased. After
10 min, the efficiency of the H method decreased.
After 25 min, the three methods reached median parti-
cle diameters of 7.6, 6.7, and 6.3 μm, respectively. The
combined H + U method produced smaller and more
homogeneous particle sizes than those produced by
either the H method or the U method.

The above results showed that H + U method had
the advantages of the H and U methods, thus proving
the viability of the two-stage process. The macroscopic
fluid shear stress from the H method was efficient in
generating homogeneous sludge and small flocs
(median particle diameter exceeded 10 μm). Then,
microscopic ultrasonic effects were efficient for
destructing zoogloea and bacteria in the homogeneous
sludge (median particle diameter was approximately
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Fig. 3. Sludge particle size distribution under the three methods for 3, 10, and 25 min: (a) three methods for 3 min, (b)
three methods for 10 min, and (c) three methods for 25 min.

X. Li et al. / Desalination and Water Treatment 57 (2016) 24724–24732 24729



10 μm). In addition, with an increase in disintegration
time, cytoplasm was released into the aquatic phase
(median particle diameter was under 10 μm).
Furthermore, the effective disintegration methods
corresponding to sludge characteristics increased the
efficiency and reduced the energy consumption of
sludge disintegration.

3.3. Optimization studies on the combined disintegration
method

3.3.1. ANOVA and model fitting

By performing multiple regression analysis based
on EDR, a second-order polynomial (Eq. (5)) was
obtained to describe the correlation of factors.

Y ¼ 8:75þ 0:54X1 � 0:23X2 þ 0:05X1X2 � 0:31X2
1

� 2:66X2
2 (5)

ANOVA was employed for the regression analysis of
the experimental data and the RSM results. This step
is important in determining the significance of a pre-
dictive model [25]. The F-value of 37.82 and the
“Prob. > F” value of less than 0.05 indicated the signif-
icance of the model. X1, X2, X1X2, and X2

1 were highly
significant, indicating the significant effect of the U
method, which also demonstrated a considerable influ-
ence on the H method. The “Lack of Fit F-values” of
10.75 implied that the lack of fit was significant with
only a 2.20% chance that a “Lack of Fit F-value” this
large could occur because of noise (Table 3). In
addition, the following results proved the high
credibility and precision of the model: R2 = 0.9643,
R2
Adj: − R2

Pred: = 0.17 < 0.2, Adeq precision = 18.661 > 4,
C.V.% = 2.98 < 10. Therefore, the quadratic equation
model (Eq. (5)) described the change of the two

independent variables in this study. It could be used
to predict the increase in EDR within the design
range.

3.3.2. Response surface plots

The 2D contour plots describing the tendency of
EDR under the H + U method are shown in Fig. 4. In
contour plots, oval or saddle contours show significant
factor interaction [18]. Fig. 4 shows that contour plots
of interactive effects of X1 and X2 on RSM. With the
increase in U time, EDR steadily decreased. In the first
H for 2 min, EDR was consistent, and then EDR stea-
dily decreased. The interactive effects of H method
and U method were significant, thus proving the effec-
tiveness of the two-stage process previously described.

Table 3
Analysis of AVOVA for a quadratic response surface model of the CCD

Source Sum of squares DF Mean square F-value Prob. > F

Model 7.8 5 1.56 37.82 <0.0001
X1 0.23 1 0.23 5.62 0.0495
X2 6.63 1 6.63 160.73 <0.0001
X1X2 0.27 1 0.27 6.59 0.0372
X2

1 0.66 1 0.66 16.03 0.0052
X2

2 0.031 1 0.031 0.74 0.4168
Residual 0.29 7 0.041
Lack of fit 0.26 3 0.086 10.75 0.022
Pure error 0.032 4 7.97E-03
Cor total 8.09 12

Notes: R2 = 0.9643, Adj. R2 = 0.9388, Pred. R2 = 0.768, Adeq. precision = 18.661, C.V.% = 2.98.

Fig. 4. Contour plots of interactive effects of X1 and X2 on
RSM.
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3.3.3. Optimization and verification of the model

According to the CCD–RSM results, at the 12 min
(2–10) min of sludge disintegration, EDR was 7.04, as
determined by point prediction. At this point, a more
interaction between H and U was observed, the sludge
disintegration efficiency was relatively high. To con-
firm the validity of the statistical experimental strategy
and to acquire a comprehensive understanding of
sludge disintegration by H + U method, repeated
experiments were performed under optimal condi-
tions. The DDCOD, EDR, and median particle sizes
were 28.9, 7.01%, and 7.8 μm, respectively, all of which
indicate the correctness of the optimization model.
Zhang et al. achieved a statistical formula as
DDCOD = 38.7 × power density (W mL−1), where ultra-
sonic power density was at 0.1–1.5 W mL−1 and ultra-
sonic time was 30 min [26]. Under the ultrasonic
power density of 0.8 W mL−1 and the ultrasonic time
of 30 min, the calculated DDCOD was 30.96%. It was
very close to the experimental result of 28.9%, but
ultrasonic time was shorter (12 min) with the same of
ultrasonic power density. Thus, this study presented
two-stage process with high efficiency.

4. Conclusions

The analysis of DDCOD, EDR, and particle size dis-
tribution revealed that the H and U methods were
effective sludge pretreatment methods; however, the
U method and H method had difficulty in disrupting
flocs and small bacteria, respectively. The combined
H + U method for sludge disintegration was highly
efficient. TEM images showed intuitive evidence for
sludge disintegration by the two-stage process. These
findings proved the effectiveness of the proposed two-
stage process: (1) dispersion of sludge to facilitate
homogeneity and to reduce the size of flocs; and (2)
destruction of zoogloea and bacterial cells. According
to the CCD–RSM results, the second-order response
surface model can adequately predict sludge disinte-
gration. The optimal condition was sludge disintegra-
tion for 12 min (H of 2 min and U of 10 min). The
results showed that DDCOD, EDR, and median particle
size were 28.9, 7.01%, and 7.8 μm, respectively. These
results also prove the effectiveness of the two-stage
process proposed.
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