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Considering characteristics of breaking down H2O2 into water and molecular oxygen by catalase in waste
activated sludge (WAS), the effect of H2O2 dosing strategy on sludge pretreatment by the advanced oxi-
dation process (AOP) of microwave-H2O2 was investigated by batch experiments for optimizing H2O2

dosage. Results showed that the catalase in sludge was active at the low temperature range between
15 ◦C and 45 ◦C, and gradually lost activity from 60 ◦C to 80 ◦C. Therefore, the H2O2 was dosed at 80 ◦C, to
which the waste activated sludge was first heated by the microwave (MW), and then the sludge dosed with

◦

dvanced oxidation process
ydrogen peroxide
icrowave

ludge pretreatment

H2O2 was continuously heated till 100 C by the microwave. Results at different H2O2 dosages showed that
the higher the H2O2 dosing ratio was, the more the SCOD and total organic carbon (TOC) were released
into the supernatant, and the optimum range of H2O2/TCOD ratio should be between 0.1 and 1.0. The per-
centages of consumed H2O2 in the AOP of microwave and H2O2 treating the WAS were 25.38%, 22.53%,
14.82%, 13.61% and 19.63% at different H2O2/TCOD dosing ratios of 0.1, 0.5, 1, 2, 4, respectively. Along with

ratio
istrib
the increasing H2O2/TCOD
increased and the TCOD d

. Introduction

As the most widely used biological wastewater treatment for
oth domestic and industrial plants in the world, one of the draw-
acks of activated sludge processes is high sludge production.
reatment and disposal of sewage sludge from wastewater treat-
ent plants (WWTPs) accounts for about half, even up to 60%, of

he total cost of wastewater treatment [1]. To manage the excess
ludge will be one of the most challenging tasks for the wastewater
esearch field in the years to come [2]. Both sludge reduction and
ludge reutilization are good strategies for sewage sludge treatment
nd disposal. The bottleneck of sludge pretreatment is the barrier
f cell wall and the membrane composition of complex organic
aterials that are not readily biodegradable, therefore sludge pre-

reatment technologies are of great interest in recent researches to
nhance anaerobic digestibility of waste activated sludge (WAS) for
iogas production [3,4], to improve dewatering of excess sludge for
educing sludge volume [5,6], to recover nutrients (nitrogen and
hosphorus) from sludge [7,8], to reduce sludge production [1,9].

owadays, among these sludge pretreatment technologies based
n physical, chemical and biological methods [1], microwave (MW)
s emerging as a promising method for WAS disintegration. Indus-
rial use of microwave heating as an alternative to conventional

∗ Corresponding author. Tel.: +86 10 62923543; fax: +86 10 62849108.
E-mail address: ys wei@yahoo.com (Y. Wei).

304-3894/$ – see front matter © 2009 Published by Elsevier B.V.
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, the contents of TCOD on particles, soluble substances and mineralization
ution on solids decreased.

© 2009 Published by Elsevier B.V.

heating (CH) in chemical reactions is becoming popular, mainly
due to dramatic reductions in reaction time [10], i.e., most of pre-
vious researches with regard to microwave irradiation have used
the thermal effects of galvanic heating. Recently the application of
microwave heating in combination with hydrogen peroxide (H2O2)
for sludge pretreatment has shown to be an efficient advanced
oxidation process (AOP) technology [8,10–14]. H2O2 is a strong
chemical oxidant that destroys the cell walls of micro-organisms,
which leads to the release of cytoplasm, as well as oxidation of
many recalcitrant organic compounds. AOPs related to the forma-
tion of OH radicals are a new approach to treat waste sludge, which
will accelerate an oxidative degradation of numerous organic com-
pounds dissolved in supernatant.

Catalase (H2O2:H2O2-oxidoreductase, EC 1.11.1.6), a terminal
respiratory enzyme, is present in all aerobic living cells, can break
down H2O2 into water and molecular oxygen with a two-electron
transfer mechanism and protect cells from damage caused by reac-
tive oxygen species [13,14]. The measurement of catalase activity
has been developed to quantify the microbial content, assess activ-
ity of activated sludge and wastewater quality in sewage treatment
plant because of its so widespread presence. For example, specific
activity of catalase in activated sludge from Jones Island munici-

pal wastewater treatment plant was in the range of 353–550 mmol
H2O2 decomposed/mg Protein. Catalase is active over a wide range
of pH values (3.0–9.0), but catalase activity is temperature sensitive,
i.e., active at low temperature (4 ◦C to 25 ◦C) and gradually inactive
beyond 40 ◦C [15]. As far as sludge pretreatment by AOPs with H2O2

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ys_wei@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2009.04.001
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Table 1
Characteristics of waste activated sludge used in this study.
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and 80 C) in the first minute. These results clearly revealed that the
catalase remained active until 45 ◦C, and gradually lost its activity
beyond 45 ◦C, confirming their research results [15].

According to the enzyme activity definition, one unit of cata-
lase activity corresponds to the breakdown of 1 �mol of H2O2 per
SS (mg/L) TCOD (mg/L) TC (mg/L)

784 5747.51 2034.41

a Values of supernatant.

s concerned, it should consider the impact of catalase on sludge
isintegration, i.e. which temperature is suitable to begin dosing
2O2 during the AOP of microwave and H2O2 treating waste acti-
ated sludge. However, the information is yet unknown about the
mpact of catalase on sludge pretreatment by the AOP of microwave
nd H2O2. In addition, high operational pressure in the closed test
ystem using the AOP of microwave and H2O2 in these researches
8,10–12] may limit its full-scale application of sludge pretreatment.
herefore a H2O2 dosing strategy was proposed in this study, in
hich H2O2 should be dosed at a suitable temperature which the

atalase loses its activity during sludge pretreatment by the AOP of
icrowave and H2O2 operated at the ambient pressure. Through

nvestigating the impact of H2O2 dosing strategy on sludge disinte-
ration, the aims of this study were to optimize H2O2 dosage in the
OP of microwave and H2O2 treating the waste activated sludge,
nd to elucidate the fate and distribution of organic matters in the
aste activated sludge.

. Materials and methods

.1. Sludge and apparatus

The waste activated sludge was obtained from Gaobeidian
unicipal wastewater treatment plant (WWTP) with conventional

ctivated sludge process in Beijing, which is the largest full-scale
unicipal wastewater treatment plant in China. The design capac-

ty of this WWTP is 600,000 t/d, and its sludge age is operated at
0 d. In this study, total suspended solids (TSS) concentration of the
aste activated sludge was adjusted to about 15 g/L for batch tests,

nd characteristics of the WAS are listed in Table 1.
An industrial microwave oven set at 2450 MHz is made by Julong

orp (BaoDing, China) on the basis of our design, which is equipped
ith a rotating blade homogenizer, and a thermocouple tempera-

ure sensor to monitor the real-time temperature. The power of
he microwave oven is in the range from 0 W to 1000 W, but the

icrowave oven was operated at 600 W in this study. Hydrogen
eroxide (A.R., 30%, w/w) at density of 1.12 g/ml was used in this
tudy, and its concentration is 336,000 mg/L.

.2. Batch experiments

.2.1. Catalase activity test of the WAS
Batch experiments at different temperatures (15 ◦C, 25 ◦C, 35 ◦C,

5 ◦C, 60 ◦C, and 80 ◦C) were firstly carried out to evaluate the cata-
ase activity in waste activated sludge. Except batch experiments
t 15 ◦C in a water bath for 3 min, respectively, the WAS of 290 mL
n the beaker of 1 L was moved into the water bath at the same
emperatures as soon as it was heated by the microwave oven to
he set temperatures (25 ◦C, 35 ◦C, 45 ◦C, 60 ◦C, 80 ◦C), and 10 mL of
2O2 (30%) was then dosed and mixed with the WAS in the beaker

or 3 min at the set temperature of the water bath. Samples were
egularly taken to monitor variations of H2O2 concentration in the
eaker. Batch experiments at each set temperature were carried out

n duplicate.
.2.2. Sludge pretreatment by the AOP of H2O2 and microwave
Batch experiments were carried out in 1 L beakers with 300 mL

f waste activated sludge in the microwave oven. The WAS in the
eaker was firstly heated at the rate of 20 ◦C/min by the microwave
luble TOCa (mg/L) Soluble CODa (mg/L) VSS/TSS

.76 37.77 0.71

oven to reach the set temperature, and then the microwave oven
was stopped in order to dose H2O2 (A.R., 30%) in the beaker, and
finally the microwave oven was turned on again to heat the WAS
mixed with H2O2 till 100 ◦C. The H2O2 dosage was determined
according to the ratio of H2O2 concentration and CODtotal concen-
tration of the WAS, which was set at 0, 0.1, 0.5, 1.0, 2.0, 4.0 in
this study, respectively. Samples were taken immediately after the
treatment by the AOP of H2O2 and microwave, and then cooled
for analysis. All of these batch experiments were carried out in
duplicate.

2.3. Analysis

The concentration of residual H2O2 in sludge samples was deter-
mined by the colorimetric method with Ti [16]. Samples’ filtrate of
0.45 �m membrane was used to measure concentrations of soluble
total organic carbon (TOC) and soluble chemical oxygen demand
(COD). The soluble TOC was determined by a TOC-VCPH analyzer
(Shimadzu, Japan). The total TOC of the waste activated sludge was
measured by a solid TOC analyzer SSM-5000A (Shimadzu, Japan).
Because the residual H2O2 in the WAS has strong interference
on COD measurement [17], COD were thus determined after the
removal of residual H2O2 by adding catalase (Sigma C9322). The
COD, TSS, VSS (volatile suspended solids) are measured according
to the APHA [18], SEM pictures of the WAS before and after the treat-
ment by the AOP of H2O2 and microwave were taken by a HITACHI
S-3000N (Hitachi, Japan).

3. Results and discussion

3.1. Catalase activity

As shown in Fig. 1, the concentrations of residual H2O2 in
the WAS decreased more drastically at the low temperatures of
between 15 ◦C and 45 ◦C than those at the high temperatures (60 ◦C

◦

Fig. 1. Changes of H2O2 decomposition by catalase activity in waste activated
sludge at different temperatures (initial TCOD of the WAS = 5000 mg/L; initial H2O2

dosage = 11,000 mg).
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inute under specified conditions [14]. In this study, the specific
atalase activity in the waste activated sludge was 32.1 units/mgVSS
t 25 ◦C, and decreased to 3.7 units/mgVSS at 80 ◦C. Evaluation of
atalase activity in waste activated sludge is helpful to optimize
2O2 dosage in order to save H2O2 cost in sludge pretreatment by

he AOP using H2O2.
On the basis of this study and other study [8] about sludge pre-

reatment by the AOP of microwave and H2O2, the ramp time was
et at the rate of 20 ◦C/min, which means that it takes about 1 min
o reach the temperature (40 ◦C or 45 ◦C) of the denature point of
atalase in activated sludge. In this short time, the H2O2 dosed at
emperature low than 45 ◦C will be decomposed by over 60%. There-
ore the preheating sludge before H2O2 dosing could save the usage
f H2O2 and make the sludge pretreatment by the AOP of microwave
nd H2O2 more cost effective.

.2. Temperature of H2O2 dosing

Compared to minor soluble COD (SCOD) release into the super-
atant in the control experiment of sludge pretreated only by
he microwave in the absence of H2O2, a considerable increase in
ludge solubilization occurred in batch experiments with the AOP of
icrowave and H2O2 (Fig. 2). The higher temperature H2O2 dosed

t, the quicker SCOD released. For example, the rate of SCOD release
n the batch experiment of H2O2 dosing at 80 ◦C was much higher
han that at 60 ◦C, though their behaviors of SCOD release were
imilar from 90 ◦C to 100 ◦C. These results indicated that the sludge
isintegration by the AOP of microwave and H2O2 was rapid and
emperature sensitive since 60 ◦C. As mentioned above, catalase is
ctive in the range of the low temperature (15–45 ◦C) and gradu-
lly inactive beyond 45 ◦C. In the test of H2O2 dosing at 15 ◦C, the
esidual H2O2 concentration sharply decreased from 11,000 mg/L
o 3190 mg/L in the temperature range of 15 ◦C to 40 ◦C due to cata-
ase actively decomposing H2O2, and then maintained stable at the
ange of 3190–2631 mg/L between 40 ◦C and 80 ◦C. Different from
he behavior of H2O2 at 15 ◦C, the residual H2O2 concentrations in
oth tests of H2O2 dosing at 60 ◦C and 80 ◦C, respectively, decreased
lowly along with temperature increasing, but were higher than
hat at 15 ◦C in the end of batch experiments. Due to lost activity
f catalase at high temperatures (60 ◦C and 80 ◦C), such decrease
f H2O2 concentration nearly resulted from the AOP of microwave
nd H2O2 treating the WAS rather than catalase degradation. These

esults showed that the amount of H2O2 dosage should be opti-
ized in order to reduce H2O2 by catalase degradation and then

ave H2O2 consumption in sludge pretreatment by the AOP of
icrowave and H2O2.

ig. 2. Changes of SCOD and residual H2O2 at different H2O2 dosing temperatures
initial TCOD = 5000 mg/L, initial H2O2 dosage = 11,000 mg/L).
Fig. 3. Profiles of solubilization and residual H2O2 in the sludge pretreatment by
MV–H2O2 at different H2O2/TCOD ratio (TSS = 5784 mg/L, TCOD = 5850 mg/L).

3.3. Optimization of H2O2 dosage

On the basis of the above mentioned results of H2O2 dosing
at different temperatures, the waste activated sludge was firstly
heated to the temperature of 80 ◦C, at which H2O2 was thus dosed
in the sludge in order to avoid its degradation by the catalase,
and the WAS with the addition of H2O2 was then continuously
heated till 100 ◦C by the microwave oven. For optimizing the H2O2
dosage, batch experiments were carried out to investigate the
impact of H2O2 dosages on sludge pretreatment by the AOP of
microwave and H2O2. As shown in Fig. 3, the degree of sludge
solubilization was strongly affected by the dosage of H2O2. The
higher the H2O2 dosing ratio was, the more the SCOD and TOC
released into the supernatant. Compared to the SCOD and TOC
released in the test of sludge only pretreated by the microwave
without H2O2, the SCOD release rates at 0.1, 0.5, 1, 2, 4 of dosing
ratios of H2O2/TCOD, respectively, in the WAS pretreated by the
AOP of microwave and H2O2 were 63.67%, 91.87%, 140.59%, 181.61%
and 246.36%, respectively, and the TOC release rates at these dif-
ferent dosing ratios of H2O2/TCOD were 42.20%, 115.50%, 167.15%,
211.98% and 282.52%, respectively. Although the AOP of microwave
and H2O2 was effective for sludge pretreatment in this study, there
were still high concentrations of residual H2O2 in the WAS, ranging
436–18773 mgH2O2/L. The higher the H2O2/TCOD dosing ratio was,
the less the consumed H2O2 was. The percentages of consumed
H2O2 in the AOP of microwave and H2O2 treating the WAS were
25.38%, 22.53%, 14.82%, 13.61% and 19.63% at different H2O2/TCOD
ratios of 0.1, 0.5, 1, 2, 4, respectively, neglecting the degradation of
H2O2 by catalase in the WAS because of H2O2 dosing at 80 ◦C. There-
fore, the optimum range of H2O2/TCOD ratio should be between
0.1 and 1.0 based on the results of SCOD and TOC releases and the
residual H2O2 concentration in the batch tests.

In a study of comparing mechanical, thermal and oxidative disin-
tegration techniques, thermal treatment with or without the H2O2
addition was considered the least interesting sludge pretreatment
technology among the four based on results of specific energy and
COD release [19]. Sludge thermal pretreatment [20] and sludge
ozonation [21] have been successfully applied in practice. How-
ever, compared with the threshold value of released COD at 150 ◦C
in sludge thermal treatment processes [19], the sludge disintegra-
tion in the AOP of microwave and H2O2 mainly occurred in the
range of 80 ◦C and 100 ◦C (Fig. 2), which implied that it would save
energy consumption if the recovered heat were used to preheat the

excess sludge before the AOP of microwave and H2O2. The sludge
pretreatment by the AOP of microwave and H2O2 is less cost effec-
tive than that by ozonation, because the prices of ozone and H2O2
were D1.0–1.5/kgO3 [21] and D1.0/kgH2O2 [22], and the recom-
mend ozone dosage (0.2 kgO3/kgTSS) [23] in sludge pretreatment
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ig. 4. The fate of organic matters in the WAS pretreated by the AOP of microwave
nd H2O2 at different ratios of H2O2/TCOD (TCOD = 5850 mg/L) (concentration unit
n the table, mg/L).

y ozonation was less than that (1 kg H2O2/kgTSS) in the AOP of
icrowave and H2O2 of this study. Notably, it is found in this study

hat the residual H2O2 in the sludge bulk solution was as high as
ver 75%, which means that there is great potential to reduce the
osage of H2O2. Therefore the H2O2 dosage in the AOP of microwave
nd H2O2 for sludge pretreatment still needs further optimization
o increase the amounts of H2O2 consumption in order to make
t cost effective technology through reducing both H2O2 costs and
esidual H2O2 in sludge.

.4. Fate of organic matters in the WAS
Due to disintegration, solubilization and mineralization in the
AS pretreatment by the AOP of microwave and H2O2, the waste

ctivated sludge was transferred into four parts as residual solids,
articles in suspension (after 30 min settling), soluble substances,

ig. 6. Morphological changes of sludge. (A) Sludge suspension after pretreatment (1, ra
t 4 gH2O2/gTCOD); (B)–(D) are SEM photos of these three samples (×10 K).
Fig. 5. Changes of TSS, ash and VSS/TSS in the sludge pretreatment by MV–H2O2

process at different H2O2 dosages (TSS = 5784 mg/L, TCOD = 5850 mg/L).

and CO2. In this study, the changes of these four parts were investi-
gated using their distribution in TCOD. Fig. 4 shows changes of the
TCOD distribution in the WAS pretreated by the AOP of microwave
and H2O2. It is clear that nearly all TCOD contents in the raw sludge
are distributed on solids, which are similar to the sludge pretreat-
ment by the ozonation [23]. Along with the increasing H2O2/TCOD
ratio in the WAS pretreated by the AOP of microwave and H2O2, the
contents of TCOD on particles, soluble substances and mineraliza-
tion increased, and the TCOD distribution on solids decreased, i.e.,
contents of TCOD on particles, soluble organic matters and min-
eralization were increased from 1.04%, 10.16% and 0% in the WAS

pretreated only by microwave without H2O2, respectively, to 8.69%,
35.59% and 14.48% at 4 of H2O2/TCOD ratio in the sludge pretreated
by the AOP of microwave and H2O2; the content of TCOD on resid-
ual solids were correspondingly decreased from 88.79% to 41.23%.
The fractions of soluble organic matters and particles significantly

w sludge; 2, sludge treated by microwave; 3, sludge treated by microwave-H2O2
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ncreased with the H2O2 dosage increasing at the low range of
2O2/TCOD ratio between 0.1 and 1.0, meanwhile the fraction of
ineralization was relatively small, less than 5%. However, the rate

f mineralization increased faster than those of solubilization at
igh H2O2 dosages (ratios of 2 H2O2/TCOD and 4 H2O2/TCOD), e.g.,
he concentration of soluble substances at 4.0 of H2O2/TCOD ratio
as 2.12 times of that at 0.1 of H2O2/TCOD ratio, but the mineraliza-

ion at 4.0 of H2O2/TCOD ratio was as high as 5.65 times of that at
.1 of H2O2/TCOD ratio. For sludge pretreatment, disintegration and
olubilization are preferred to mineralization because it is advan-
ageous to recycle the released organic matters in the biological
astewater treatment processes, i.e., cryptic growth for reducing

ludge production and providing carbon source for denitrification,
s well as mineralization would result in more CO2 emission and
ore H2O2 consumption.
The effects of sludge disintegration, solubilization and mineral-

zation by the AOP of microwave and H2O2 were also determined in
erms of VSS/TSS ratio, TSS and ash contents in the WAS. As shown
n Fig. 5, the ratio of VSS/TSS in the range of 0.1–1.0 of H2O2/TCOD
atios decreased more sharply than that in the range of 2.0 to 4.0
f H2O2/TCOD ratios, but it is interestingly found that the contents
f ash in the WAS pretreated by the AOP of microwave and H2O2 at
ifferent H2O2 dosages maintained stable and varied in the range of
617–1406 mg/L. These results, as well as the above mentioned fate
f organic matters, clearly showed that both the solublized and the
ineralized fractions increased along with the WAS reacted more
2O2.

.5. Morphological changes of sludge

From direct observation as shown in Fig. 6(A), the color of sludge
as changed from the original dark-brown to the pale after treat-
ent by the AOP of microwave and H2O2. And the bulk solution
as changed to green after 5 min treatment gradually with the

ncrease dosage of H2O2. Compared to the agglomerated floc in raw
ludge shown in Fig. 6(B), little morphological changes of sludge
ocs occurred in the sludge pretreated by microwave in the absence
f H2O2 shown in Fig. 6(C), but the cells in sludge were completely
estroyed by the AOP of microwave and H2O2, with the breakage of
he cell membrane and no whole cell observed in the sight field
Fig. 6(D)). Although the cell in the sludge pretreatment by the
OP of microwave and H2O2 was totally broken, the percentage
f organic matter released into the supernatant was not over than
0% (Fig. 4). In addition, it is regarded that the microwave heating
rocess could break down particles with or without hydrogen per-
xide [11]. However, it is noted in this study that the sludge flocs
n the sludge pretreatment only by microwave without H2O2 were
ot completely disintegrated because of short time heating below
00 ◦C. Obviously, the AOP of microwave and H2O2 is effective to dis-
ntegrate sludge and release cytoplasm into bulk solution through
reaking the cell membrane.

. Conclusions

The effects of sludge pretreatment by the AOP of microwave
nd H2O2 at the ambient pressure were investigated by the batch
xperiments, and conclusions are made as follows:

1) The sludge pretreatment by the AOP of microwave and H2O2
should consider the impact of catalase in the activated sludge

on degradation of H2O2. In this study, the catalase was active
at low temperatures of between 15 ◦C and 45 ◦C, and gradually
lost its activity at the high temperatures (60 ◦C and 80 ◦C).

2) The H2O2 dosing strategy in the AOP of microwave and H2O2
treating the waste activated sludge was determined on the basis

[

[

Materials 169 (2009) 680–684

of the results of catalase activity. The waste activated sludge was
firstly heated by the microwave oven to 80 ◦C, at which H2O2
was dosed in the sludge, and the mixed liquor was then continu-
ously heated till 100 ◦C. Meanwhile, the H2O2 dosage in the AOP
of microwave and H2O2 treating waste activated sludge should
be in the range of 0.1–1.0 of H2O2/TCOD ratios considering its
sludge disintegration performance and costs of H2O2.

(3) Along with the increasing H2O2/TCOD ratio in the WAS pre-
treated by the AOP of microwave and H2O2, the contents
of TCOD on particles, soluble substances and mineralization
increased, and the TCOD distribution on solids decreased.
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