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� Damages of cell structures were evaluated during alkaline pretreatment of sludge.
� Most damages of cell structures occurred at the pH > 10 stage of pH increase.
� Damages of cell structures in the pH stabilization stage were low.
� Damage extent of cell structures should reach the cell membrane to release organics.
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This study investigated the damages of microbial cell structures, as well as the relationships between
these damages and the release of cellular organic matter in the pretreatment of waste activated sludge
(WAS) by using alkaline pretreatment as model. In the alkaline pretreatment of WAS, the most damage
of bound extracellular polymeric substances (EPS), cell walls, cell membranes, and cell nuclei occurred at
pH 11.5–12.0 (46.2%), pH 11.0–11.5 (27.3%), pH 9.0–10.0 (34.2%), and pH 11.5–12.0 (44.4%), respectively.
The damage percentages of these cell structures in the pH stabilization stage were low because most of
the damages occurred when the pH increased. The structural integrities of sludge microorganisms were
all damaged in the pH increase stage. The damages of EPS, cell walls, and cell membranes were signifi-
cantly correlated with the release of cellular organic matter, and these damages were necessary to release
the cellular matter in WAS.

� 2015 Published by Elsevier Ltd.
1. Introduction

Waste activated sludge (WAS) is a main byproduct of the acti-
vated sludge process (an important biological wastewater treat-
ment process), which requires further treatment and disposal
(Wei et al., 2003; Guo et al., 2013). The sludge yield is usually
0.7–0.8 kg/kg of five-day biochemical oxygen demand or
0.3–0.5 kg/kg in terms of chemical oxygen demand (COD) in the
activated sludge process (Grady et al., 2011). Due to the wide
application of activated sludge process, WAS is mass-produced.
For instance, the European Union produced over 10 million tons
of dry WAS in 2005 (Paul and Debellefontaine, 2007). The USA gen-
erated about 8.2 million tons of dry WAS in 2010 (Wang et al.,
2012), and over 3.48 � 107 tons of dewatered sludge (with 80%
water content) was produced in China in 2011 (Feng et al.,
2014). Moreover, the quantity of sludge has been increasing annu-
ally with the development of sewage treatment systems. The treat-
ment and disposal of sludge, which may account for 25–65% of the
total plant operation cost (Wei et al., 2003; Guo et al., 2013), has
become a significant problem for many wastewater treatment
plants.

In WAS, most organic matters are found in insoluble microbial
cells, which are packed by various microbial cell structures, such
as extracellular polymeric substances (EPS), cell walls, cell mem-
branes, and cell nuclei (Weemaes and Verstraete, 1998), which
exhibit low bioavailabilities. To release the organic matter and
improve the bioavailabilities of WAS, various pretreatment pro-
cesses have been widely used. These pretreatment methods
include mechanical, thermal, chemical, and biological ones.
Among them, alkaline pretreatment is a simple, widely used, and
highly efficient chemical method (Li et al., 2012; Weemaes and
Verstraete, 1998; Wonglertarak and Wichitsathian, 2014; Xiao
et al., 2013; Zhang et al., 2010). In alkaline pretreatment, the
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Table 1
Sludge sampling points during alkaline pretreatment.

No. Sampling point pH Stage

No. 1 Raw sludge 6.92 ± 0.01 pH increase stage
No. 2 pH 8.00 after stable 5 min 8.00 ± 0.01
No. 3 pH 9.00 after stable 5 min 9.00 ± 0.01
No. 4 pH 10.00 after stable 5 min 10.00 ± 0.01
No. 5 pH 11.00 after stable 5 min 11.00 ± 0.01
No. 6 pH 11.50 after stable 5 min 11.50 ± 0.01
No. 7 pH 12.00 after stable 5 min 12.00 ± 0.01
No. 8 pH 12.50 after stable 5 min 12.50 ± 0.01
No. 9 pH 12.50 after 1 h 12.46 ± 0.01 pH stabilization stage
No. 10 pH 12.50 after 2 h 12.45 ± 0.01
No. 11 pH 12.50 after 6 h 12.43 ± 0.01
No. 12 pH 12.50 after 24 h 12.42 ± 0.01

Table 2
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amount of soluble organic matter of sludge increases with increas-
ing pH. Given that most organic matters released from the micro-
bial cells of sludge are biodegradable (such as proteins,
carbohydrates, and lipids), the bioavailability and treatment of
sludge are improved (García Becerra et al., 2010). Most sludge pre-
treatments aim to solubilize biomass, disintegrate biological floc
structure, and disrupt bacterial cells (Guo et al., 2013; Müller,
2001; Weemaes and Verstraete, 1998). In these pretreatments,
the microbial cell structures of sludge are disrupted or damaged,
resulting in solubilization of sludge and release of sludge organic
matter. Several studies on sludge pretreatment have reported that
such pretreatment can disrupt or damage some sludge microbial
cell structures (Weemaes and Verstraete, 1998).

To date, most studies about sludge pretreatment have mainly
focused on the release of sludge organic matter, which can be mea-
sured in terms of solubilization degree, disintegration degree, sol-
uble COD (SCOD), soluble protein (SPro), and soluble carbohydrate
(SCarb). Few studies have discussed the damages of various micro-
bial cell structures, their degrees, and their relationships with the
release of organic matter during sludge pretreatment. After pre-
treatment (including alkaline pretreatment), the sludge needs fur-
ther treatment and disposal. Subsequent treatments of pretreated
sludge include methane production with anaerobic digestion,
hydrogen production with anaerobic fermentation, electricity pro-
duction with microbial fuel cells, and volatile organic acid produc-
tion with anaerobic fermentation. However, increased
solubilization does not always improve the bioavailability, treat-
ment, and disposal of sludge, and the released organic matter is
not always utilized (Kim et al., 2013). These characteristic param-
eters cannot be used to accurately evaluate the economy of sludge
pretreatments in improving the bioavailability of WAS and evalu-
ating the damages of these cell structures. Additionally, few studies
have discussed excessive sludge pretreatment and its economy
because the previous parameters are insufficient to evaluate
whether the intensity of pretreatment is necessary to improve
the bioavailability of the sludge. Given that previously character-
ized parameters cannot be used to accurately evaluate the eco-
nomics of sludge pretreatment, new parameters should be
determined using novel insights obtained in other studies.
Research about damages of sludge microbial structures may pro-
vide a new perspective because most of the sludge organic matters
are cellular ones, and most of the soluble organic matters are
released because of these damages in the sludge microbial
structures.

Therefore, to provide a scientific basis for further research on
the economy of sludge pretreatments in improving the bioavail-
ability of WAS, the present study investigated the damages of
sludge microbial structures, their characterizations and degrees,
as well as the relationships between these damages and the release
of sludge organic matter in the sludge pretreatment process by
using alkaline pretreatment as model.
Damage percentages of microbial cell structures in the alkaline pretreatment of WAS.

Sample Damage percentage of

Bound EPS
(%)

Cell walls
(%)

Cell membranes
(%)

Cell nuclei
(%)

No. 1 0 0 0 0
No. 2 6.4 0 3.0 0.7
No. 3 18.4 0.7 6.2 1.5
No. 4 23.0 1.7 40.4 3.9
No. 5 37.8 12.5 50.5 20.4
No. 6 43.2 39.8 60.5 45.5
No. 7 89.4 62.8 65.0 89.9
No. 8 94.2 86.0 79.1 91.4
No. 9 102.8 93.1 86.1 93.0
No. 10 103.1 97.3 95.2 94.8
No. 11 103.7 99.2 99.5 97.9
No. 12 100 100 100 100
2. Methods

2.1. WAS

The WAS used in the tests was obtained from a municipal
wastewater treatment plant in Beijing, China, which uses an acti-
vated sludge process and handles 400,000 tons of wastewater
daily. The collected sludge samples were first screened and filtered
using a 40-mesh sieve to remove large particles, washed thrice
with deionized water, and stored at 4 �C until use. The pH, total
suspended solids (TSS), volatile suspended solids (VSS), SCOD,
and total COD (TCOD) of WAS were 6.92 ± 0.01, 8.80 ± 0.03,
5.86 ± 0.02, 35 ± 5, and 5830 ± 120 mg/L, respectively.
2.2. Alkaline pretreatment of WAS

The alkaline pretreatment of sludge can be divided into two
stages: the pH increase stage and the pH stabilization stage after
the sludge pH reaches a set value. In the experiment, the alkaline
pretreatment pH was set to 12.50, and the sludge pH was gradually
adjusted to 8.00, 9.00, 10.00, 11.00, 11.50, 12.00, and 12.50 by add-
ing 6M NaOH (AR) with stirring at 100 rpm in the pH increase stage
at room temperature (20–25 �C). Each pH of sludge was kept stable
for 5 min to ensure treatment efficiency. The sludge was sampled
at each pH to study the changes of the sludge characteristics in
the pH increase stage. After the sludge pH reached 12.5, the pH sta-
bilization stage started, and the pretreated sludge was then stirred
(300 rpm) at room temperature (20–25 �C) for 24 h. To study the
changes of the sludge characteristics in the pH stabilization stage,
the sludge was sampled at 1, 2, 6, and 24 h. The sludge sampling
points during alkaline pretreatment are summarized in Table 1.

2.3. Analysis

The sludge pH was measured using a pH meter (Sartorius PB-10,
Germany). The TCOD and SCOD of sludge were determined using a
HACH COD detector (DR2800, USA). SCOD was measured after the
sludge was filtered using a 0.45 lm membrane. The VSS and TSS of
sludge were analyzed via standard methods (APHA, 1998). The pre-
treated sludge (including raw sludge) was washed thrice with
deionized water before the bound EPS were extracted via
formaldehyde-NaOH methods (Liu and Fang, 2002). The SPro of
sludge and bound EPS (EPS-Pro) were determined using the
Lowry method (Lowry et al., 1951) with bovine serum albumin
as the standard. The SCarb of sludge and bound EPS (EPS-Carb)
were determined using the phenol–sulfuric acid method with glu-
cose as the standard (Dubois et al., 1956).
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The average sizes of the sludge samples were determined using
a laser particle size analyzer (Malvern Mastersizer 2000, UK).
Sludge dewaterability was investigated via the capillary suction
time (CST) method (Standard Methods 2710G) by using a CST
meter (304M, Triton Electronics, Essex, England) (Murugesan
et al., 2014). For the Fourier transform infrared spectroscopy
(FTIR) analyses of the soluble organic matter, the filtrate of
0.45 lm membrane was freeze-dried, and the dry matter mixed
with dried KBr was analyzed with an FTIR spectrometer (TENSOR
27, BRUKER Germany) at a frequency range of 4000–400 cm�1.
The damages of microbial cell walls were evaluated in terms of
the N-acetylglucosamine content (one of cell wall hydrolysates)
(Guo et al., 2014), which was detected via the Morgan–Elson col-
orimetric method with glucosamine as the standard (Morgan and
Elson, 1934). The damages of microbial cell membranes were eval-
uated via flow cytometry (FCM; FACSCalibur, BD Pharmingen,
Heidelberg, Germany) (Prorot et al., 2008; Guo et al., 2014). The
damages of microbial cell nuclei were evaluated in terms of the
DNA content, which was measured via the diphenylamine colori-
metric method by using fish sperm DNA and sodium salt as the
standard (Sun et al., 1999). The sludge samples were analyzed
via scanning electron microscopy (SEM; S-3000N, Hitachi Co.,
Japan) following the sludge sample preparation method as previ-
ously described (Xiao et al., 2013).
2.4. Statistical approach for correction analysis

Statistical analysis was performed to identify the quantitative
relationships of the cell structures damages and the released
organic matter; moreover, a representative approach of univariate
linear correlations was applied (Ou et al., 2014) using IBM SPSS
Statistics 16.0 software (SPSS Inc., USA). The Pearson’s product
momentum correlation coefficient was referred to as the r value
and used for linear estimation. Pearson’s r can range from �1 to
1. An r of �1 indicates a perfect negative linear relationship
between variables, an r of 0 indicates no linear relationship
between variables, and an r of 1 indicates a perfect positive linear
relationship between variables.
3. Results and discussion

3.1. Release of cellular organic matter during alkaline pretreatment

During alkaline pretreatment, some cellular organic matters
were released into water at different pH values, which resulted
in the increase of soluble matter. SCOD, SPro, and SCarb were
detected for each sludge sample during alkaline pretreatment,
and the results are summarized in Fig. 1.

The SCOD of sludge only increased from 15 to 78 mg/L when the
pH was lower than 10.00 in the pH increase stage. The SCOD then
rapidly increased with increasing pH, and the greatest amount of
SCOD released was 682 mg/L (from 996 to 1648 mg/L) at pH
12.00–12.50 (Fig. 1). In the pH stabilization stage, the SCOD of
the sludge continuously increased with alkaline pretreatment
time. The changes in the solubilization degrees were similar to
those of SCOD because the same sludge was used in the test.
Proteins and carbohydrates were the main components of SCOD
for the alkaline-pretreated sludge. The changes in SPro and SCarb
were similar to those in SCOD, in which they increased with
increasing pH in the pH increase stage and with pretreatment time
in the pH stabilization stage (Fig. 1). By contrast, the increases in
SPro and SCarb were low when the pH was lower than 10.00.
The contents of SPro and SCarb in the SCOD of various sludge sam-
ples were obtained by calculation (Fig. 1). The SPro content chan-
ged in 45.4–80.6%, and that at pH 10.00 was the highest. The
SCarb content changed in 5.4–25.2%, with the lowest change at
pH 12.00 in the pH increase stage, but remained relatively stable
(5.4–7.8%) in the pH stabilization stage. The ratios of SPro and
SCarb changed from 1.8 to 13.6, with the highest ratio at pH
12.00 in the pH increase stage, and then changed from 10.0 to
11.8, with the highest ratio at 2 h in the pH stabilization stage.
These results showed that the alkaline pretreatment of sludge
can be divided into two stages in the pH increase stage: the release
of soluble organic matter was low in the first stage (pH < 10.00)
and then increased in the second stage (pH > 10.00).

FTIR spectroscopy was used to characterize soluble organic
matter in various alkaline-pretreated sludge samples in a fre-
quency range of 4000–400 cm�1 wavenumbers (data were not
shown). In the FTIR spectra of sludge samples, there were broad
and strong FTIR spectra bands ranging from 3300 to 3500 cm�1

for all samples, which might be attributed to OH or NH stretching
vibrations. Meanwhile, there were five bands around 2941, 1660,
1550, 1058, and 574 cm�1 in the FTIR spectra of all samples, which
were corresponded to C–H stretching vibrations, antisymmetric
CO2 stretching vibrations, NH3

+ stretching vibrations in amino acids,
C@O stretching vibrations in carbohydrates, and C–O stretching
vibrations in carbohydrates, respectively (Larkin, 2011). The above
results showed that proteins (including amino acids) and carbohy-
drates were present in these alkaline-pretreated sludge samples.
Compared with the FTIR spectra of soluble organic matter for
sludge samples at different pH values, the peak positions around
550, 1050, 1550, and 3300–3500 cm�1 for the sludge samples
shifted at different pH values in the pH increase stage. The band
shift suggested that the structures of the released organic matter
at different pH values were different. However, the infrared spectra
of all sludge samples in the pH stabilization stage were similar,
which suggested that the characterization results of organic matter
released in this stage were also similar. The aforementioned results
showed that the released organic matter in the alkaline pretreat-
ment of sludge was affected by the pretreatment pH in the pH
increase stage but not by the pretreatment time in the pH stabiliza-
tion stage.

The experimental results showed that the organic matters
released in the alkaline pretreatment of sludge were different in
terms of content and structure when the pretreatment pH and time
were varied. These results suggested that the damages of microbial
cell structures may vary at different pH values during the alkaline
pretreatment of WAS.
3.2. Damages of microbial cell structures

In WAS, the cellular matter was wrapped with various microbial
cell structures, including EPS, cell walls, cell membranes, and cell
nuclei. These microbial cell structures were damaged during the
alkaline pretreatment of sludge, and cellular matters were released
and converted into soluble ones. Tests were conducted to evaluate
the damages of these microbial cell structures.
3.2.1. Damages of bound EPS
EPS, an important microbial cell structure of activated sludge,

serves an important function in biological wastewater treatment
(Wilén et al., 2003; Sheng et al., 2010). Given that EPS are extracel-
lular compounds located outside microbial cells, these compounds
are damaged first in the alkaline pretreatment of sludge. EPS
include proteins, carbohydrates, humic substances, lipids, and
nucleic acids, and the first two are the main types (Liu and Fang,
2002). An extremely high pH during alkaline pretreatment causes
proteins to lose their natural shapes and leads to lipid saponifica-
tion and RNA hydrolysis (Neyens et al., 2004), resulting in damages
of bound EPS. In the present study, the bound EPS content was
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Fig. 1. Changes of organic matters in alkaline pretreated sludge.
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determined on the basis of the protein and carbohydrate contents
(Fig. 2).

The contents of proteins and carbohydrates in bound EPS
decreased from 122.3 and 84.4 to 23.5 and 27.5 mg/L with increas-
ing pretreatment pH in the pH increase stage, respectively. The
maximum decrease occurred at pH 11.50–12.00 (50.6 mg/L protein
and 25.7 mg/L carbohydrate). In the pH stabilization stage (at pH
12.50), the contents of proteins and carbohydrates in bound EPS
were relatively stable at 14.2–23.5 and 21.3–27.5 mg/L, respec-
tively, which suggested that no further damages of sludge bound
EPS occurred in the pH stabilization stage. The ratios of proteins
and carbohydrates in the bound EPS ranged from 0.81 to 1.59 in
the pH increase stage and were relatively stable from 0.66 to
0.85 (Fig. 2). The above results suggested that alkaline pretreat-
ment can damage the bound EPS in terms of content and composi-
tion, and various pH values resulted in different levels of damages.
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The bound EPS plays an important role in maintaining the
sludge floc structure and functions, and the damages of bound
EPS would affect the structure of the sludge floc and result in
changes in floc structures (Sobeck and Higgins, 2002; Sheng and
Yu, 2006). The alterations in sludge floc structures were presented
in terms of the changes in average particle size, specific surface
area, and dewaterability (CST) (Fig. 3). The average particle size
of the sludge during alkaline pretreatment decreased from 101.2
to 82.4 lm in the entire process, whereas the specific surface area
of the sludge increased from 0.114 to 0.130 m2/g. Both the
decrease rate of average particle sizes and the increase rate of
specific surface areas differed in the two stages of alkaline pre-
treatment. In the stage with pH 7.00–12.00, the CST of the sludge
slightly increased from 8.5 to 56.3 s. Following this stage (pH
12.00–12.50 after 2 h), the CST of the sludge rapidly increased from
56.3 to 408.1 s then slowly increased. At the end of the pH
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stabilization stage (pH 12.50 after 6 h to pH 12.50 after 24 h), the
CST of the sludge decreased. The alterations in average particle
sizes, specific surface areas, and CST suggested that the sludge floc
structures changed, which indicated that the function of bound EPS
also changed. The results showed that alkaline pretreatment can
damage the function of sludge EPS.

3.2.2. Damages of cell walls, cell membranes, and cell nuclei
After the bound EPS was damaged, the cells were exposed to an

environment with extreme pH. The cell walls, cell membranes, and
cell nuclei of sludge microbial cells were further damaged because
of hydroxyl anions during alkaline pretreatment.

Peptidoglycan, an important component of microbial cell walls,
is hydrolyzed once the cell walls are damaged, and
N-acetylglucosamine and N-acetylmuramic acid are subsequently
released (Guo et al., 2014). To study the damages of the cell walls,
the contents of soluble N-acetylglucosamine in the sludge were
measured (Fig. 4). Minimal increases in the amount of soluble
N-acetylglucosamine (from 0.002 to 0.004 mg/L) were observed
at a pretreatment pH value lower than 10.00 in the pH increase
stage. In the present study, the amount of soluble
N-acetylglucosamine in pretreated sludge rapidly increased from
0.004 to 0.122 mg/L when the pretreatment pH was increased in
the range of 10.00–12.50. In the pH stabilization stage, the amount
of soluble N-acetylglucosamine of sludge slightly increased from
0.122 to 0.142 mg/L, which may be ascribed to the presence of
some cell wall damages in this stage.

During the alkaline pretreatment of sludge, the cell membranes
were exposed and damaged after the cell walls had been damaged.
The damaging and damaged cell membranes of the sludge were
characterized using two fluorochromes (propidium iodide and
FITC Annexin V) via FCM measurements (Fig. 4). In pH 7.00–9.00
of the pH increase stage, the ratio of cell membrane integrity
slightly decreased from 87.0% to 84.7%, and that of the damaging
and damaged cell membranes only increased from 4.8% to 5.7%
and from 8.2% to 9.5%, respectively, which suggested that the dam-
age extent of the cell membranes was low in this stage. When the
pretreatment pH was increased to 10.00, the ratio of cell mem-
brane integrity decreased to 80.4%, and that of the damaging and
damaged cell membranes significantly increased to 7.5% and
12.2%, respectively. The ratio of cell membrane integrity started
to rapidly decrease with increasing pH and reached 12.5% at pH
12.50. In this stage, the ratio of the damaging cell membranes
decreased, whereas that of the damaged cell membranes rapidly
increased and reached 86.3% at pH 12.50. In the pH stabilization
stage, the ratio of the damaging cell membranes decreased, but
that of the damaged cell membranes only slightly increased with
pretreatment time and then reached 95.9% at the end of the exper-
iment. These results showed that the damages of cell membranes
progressed up to the final steps of the pH increase stage
(pH > 9.00) and pH stabilization stage. The results were reasonable
because the disruption of the sludge cell membranes started when
the alkaline hydrolysis pH was higher than 11.00 (Bi et al., 2014).

After the cell walls and cell membranes were damaged, the cell
nuclei were also damaged, and DNA was released and converted
into soluble matter (Celis, 2005). The release of DNA is shown in
Fig. 4. In the first part (pH 7.00–10.00) of the pH increase stage,
the increase in the amount of soluble DNA was low, and its content
only slightly increased from 6.3 to10.5 mg/L, which showed that
the damages of the cell nuclei were minimal in this stage. When
the pretreatment pH increased from 10.00 to 12.00, the content
of soluble DNA rapidly increased from 10.5 to 103.6 mg/L. In the
pH stabilization stage, the soluble DNA content only increased by
approximately 11.0 mg/L (from 103.6 to 114.6 mg/L), probably
because most of the cell nuclei had been damaged (Liu and Fang,
2002; Sheng et al., 2010). The above results showed that the dam-
ages of cell nuclei mostly occurred at pH 10.00–12.00 in the pH
increase stage.

The damage percentages of microbial cell structures in the alka-
line pretreatment of WAS can be obtained using the start sample
(No. 1 with pH 6.92) as 0% and the end sample (No. 12 with pH
12.42) as 100% (Table 2). The most severe damages of bound EPS,
cell walls, cell membranes, and cell nuclei occurred at pH 11.50–
12.00 (46.2%), pH 11.00–11.50 (27.3%), pH 9.00–10.00 (34.2%),
and pH 11.50–12.00 (44.4%), respectively. Most of these microbial
cell structures were damaged in the pH increase stage, and the
damage percentages were 94.2% (bound EPS), 86.0% (cell walls),
79.1% (cell membranes), and 91.4 (cell nuclei).

3.2.3. Integrity of sludge microorganisms
The integrity of sludge microorganisms during the alkaline pre-

treatment of sludge was observed via SEM (data were not shown).
The integrity of sludge microorganisms was damaged once the
microbial cell structures were damaged. In SEM of raw sludge,
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Table 3
Pearson’s correlations between damages of cell structures and released organic matter.

Parameter Damage SCOD SCarb SPro

Cell walls Cell membranes Cell nuclei

Damage to EPS1 �0.977⁄⁄2 �0.962⁄⁄ �0.687⁄3 �0.952⁄⁄ �0.906⁄⁄ �0.944⁄⁄

Damage to cell walls 0.983⁄⁄ 0.684⁄ 0.989⁄⁄ 0.951⁄⁄ 0.979⁄⁄

Damage to cell membranes 0.570⁄ 0.976⁄⁄ 0.965⁄⁄ 0.970⁄⁄

Damage to cell nuclei 0.650⁄ 0.402 0.639⁄

1 EPS = protein and carbohydrate in EPS.
2 ⁄⁄Significant correlation, p < 0.01, 2-tailed.
3 ⁄General correlation, p < 0.05, 2-tailed.
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the sludge microorganisms were intact with smooth surfaces.
When the pretreated pH increased to 9.00, their surfaces were
rough because the EPS was partly damaged. When the pretreated
pH was higher than 10.0, the integrity of sludge microorganisms
deteriorated and the unintact sludge microorganism appeared in
the SEM of sludge samples. Meanwhile the integrity ratio
decreased with increasing pH. In the SEM of sludge samples in
the pH stabilization stage, almost no intact sludge microorganisms
were found. Moreover, the microorganisms in the sludge were all
destroyed after alkaline pretreatment at pH 12.50 for 24 h (specif-
ically at the end of the pH stabilization stage). The above results
showed that the integrities of sludge microorganisms were all
damaged in the pH increase stage. Additionally, the damage extent
of the cell wall and the integrity of the microorganisms were con-
sistent with each other (Fig. 4) because the integrity of microor-
ganisms was lost once the cell walls were damaged (Celis, 2005).

3.3. Relationships of cell structure damages and released organic
matter

The Pearson’s correlations between the damages of various cell
structures and released organic matter are summarized in Table 3.
The damages of EPS, cell walls, and cell membranes were signifi-
cantly correlated with the contents of SCOD, SPro, and SCarb,
respectively, which were also correlated with the damages of the
cell nuclei. The correlation between the damages of EPS and the
other parameters was negative, and the other correlations were
positive. The r value between cell wall damage and SCOD release
was the highest (0.989), followed by the r value between the dam-
age of cell walls and membranes (0.983). The damages of cell
nuclei were positively correlated with the contents of SCOD and
SPro. The results suggested that the damages of EPS, cell walls,
and cell membranes were significantly correlated with the release
of cellular matter, and they occurred almost simultaneously. The
coexistence of many microbial cells in the sludge resulted in their
simultaneous damages during the alkaline pretreatment, although
the individual cell structures were gradually damaged. The rela-
tionship between the cell structure damages and released organic
matter showed that the extent of damage should reach the cell
membrane to release the cellular organic matter of sludge.

4. Conclusions

The damages of EPS occurred at pH 7.00–12.50, and rapid dam-
ages were observed at pH 11.50–12.00. The most damages of the
cell walls and cell membranes occurred at pH 10.00–12.50 and
pH 9.00–12.50, respectively. The highest damage percentage of
the cell nuclei occurred at pH 10.00–12.00. The damages of EPS,
cell walls, and cell membranes were significantly correlated with
each other, whereas those of cell nuclei were only correlated with
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the release of cellular organic matter. Hence, the cell membranes
should be damaged to release the cellular organic matter of sludge.
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