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Abstract This study describes the effect of microwave
and low-frequency ultrasonic pretreatment power inten-
sity, time and density on thickened excess activated
sludge (TEAS) characteristics and anaerobic digester
performance. Key parameters affecting the efficiency
of ultrasonic and microwave pretreatment were identi-
fied and optimised. The effect of change in
ultrasonication and microwave pretreatment conditions
on sludge degradation and other characteristics were
analysed. Ultrasonication power, density and time were
important factors in the sludge solubilisation process.
Microwave density and pretreatment time also influ-
enced solubilisation of TEAS, and the effects were
investigated for treatment densities of 3.2, 4.6 and
6.4 W/ml and treatment duration of 1–7 min. Higher
sludge degradability, higher volatile solid removal and
better digester performance were achieved for anaerobic
digestion with lower ultrasonication power of 80 W,
ultrasonication time of 6 min, and ultrasonic density of
0.32 W/ml. The volume of biogas produced and kinet-
ics, dewaterability of digested sludge, COD reduction
and other sludge properties were optimised for the
aforementioned ultrasonication and microwave pretreat-
ment conditions for TEAS. It was observed that sludge

dewaterability deteriorated with increasing sonication
power density and sludge solubilisation. Hence, the
balance between sludge dewaterabi l i ty and
solubilisation should be maintained for optimum perfor-
mance. Thus, the selection of ultrasonic pretreatment
time and power is a trade-off between sludge
solubilisation and dewaterability.

Keywords Microwave pretreatment . Ultrasonic
pretreatment . Energy density . Sludge solubilisation

1 Introduction

Anaerobic digestion performance enhancement can be
achieved by improving slow rate-limiting hydrolysis
step. Biogas production, solid reduction, dewaterability,
pathogen removal and process kinetics can be enhanced
using different pretreatment technologies. These tech-
nologies can be applied to increase digester performance
individually or in combination; such technologies in-
clude ultrasonic treatment (Apul and Sanin 2010;
Farooq et al. 2009; Saifuddin and Fazlili 2009; Tiehm
et al. 2001), chemical treatment (Haug et al. 1978;
Penaud et al. 2000; Tanaka and Kamiyama 2002), mi-
crowave treatment (Eskicioglu et al. 2007; Park 2011),
ozone oxidation (Yeom et al. 2002; Lin and Lee 2002),
mechanical disintegration, supercritical and subcritical
water oxidation and high-temperature hydrolysis
(Carrère et al. 2010). All sludge reduction technologies
are working with the principle of disintegration of cell
walls and large organic molecules.
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Microwave pretreatment has a significant enhance-
ment effect on anaerobic digestion performance and the
quality of digested sludge produced from the process
(Park and Jang 2011). Increase in methane gas produc-
tion capacity, improved solid removal, higher organic
reduction and enhanced pathogen destruction rate are
among the major benefits of the pretreatment or
prehydrolysis step recommended by many researchers
(Eskicioglu et al. 2008; Park et al. 2004; Park 2011;
Toreci et al. 2011; Zheng et al. 2009). Rapid heating and
heat penetration effects, energy efficiency, non-contact
heating, athermal effects, selectivity, space saving, flex-
ibility and many more other benefits make microwave
pretreatment a very efficient pretreatment technique
(Yeneneh 2014).

Ultrasonic pretreatment has been extensively tested
in industry, particularly as pretreatment for anaerobic
digestion. It has been shown that macromolecules with
a molar mass above 40,000 are disrupted by the hydro-
mechanical shear forces produced by ultrasonic cavita-
tion. The mechanical forces are most effective at fre-
quencies below 100 kHz (Portenlanger 1999). Due to
the ultrasonic disruption of putrescible biomass in the
sludge, subsequent microbial degradation occurs up to
four times faster than in the conventional treatment. The
violent collapse of cavitation bubbles in water produces
shear forces that can disrupt cell membranes and kill
bacteria. At lower acoustic intensities, these forces
weaken the membranes rendering the bacteria more
susceptible to the effect of biocides. The hydroxyl rad-
ical produced during cavitation can also assist disinfec-
tion (Oh 2006; Portenlanger 1999). The mechanisms of
ultrasonic treatment are influenced by the energy sup-
plied, ultrasonic frequency, duration of pretreatment and
the nature of the sludge. Cell disintegration is propor-
tional to energy supplied (Bougrier et al. 2005). High
frequencies promote oxidation by radicals, whereas low
frequencies promote mechanical and physical phenom-
ena like pressure waves (Portenlanger 1999).

Ultrasonic and microwave pretreatment efficiency is
affected by pretreatment power, time, density and pH
during the pretreatment process. The pretreatment con-
ditions directly affect the degree of sludge disintegration
and solubilisation which in turn influence the gas pro-
duction, solid removal, dewaterability and flow charac-
teristics of the sludge and overall operational cost of the
wastewater treatment plant (Fernández-Cegrí et al.
2012; Saha et al. 2011). Microwave irradiation and
ultrasonication are energy-intensive processes where

the cost-effectiveness of these techniques is an impor-
tant aspect to be addressed. This particular study pro-
vides valuable results for the optimisation of ultrasonic,
microwave and combined-ultrasonic microwave pre-
treatment methods for enhanced process performance.
The effect of change in ultrasonic and microwave pre-
treatment power, time, density and intensity on biode-
gradability of sludge is discussed and optimised. The
optimum combined microwave and ultrasonic pretreat-
ment power and time for maximum gas generation,
improved dewaterability and solid removal is also pre-
sented. Optimisation of pretreatment duration, intensity
and density contributes significantly to the reduction of
operational cost, duration of pretreatment and results in
improved digester performance, better digested sludge
quality and dewaterability (Wang et al. 2005).

2 Materials and Methods

The effects of microwave and ultrasonic power, time
and density on sludge solubilisation and degree of dis-
integration of organics were investigated when the pre-
treatment methods are applied individually and in com-
bination. Thickened excess activated sludge sample
used in the study was obtained from Beenyup waste
water treatment plant, Perth, Western Australia. The
characteristics of thickened excess activated sludge
samples used for this optimisation study are shown in
Table 1.

The sludge samples were subjected to microwave,
ultrasonic and combined microwave-ultrasonic pretreat-
ment after characterisation was conducted. Table 2
shows detailed experimental conditions for pretreatment
including t ime, power and densi ty. Sludge
solubilisation, dewaterability, pH and other parameters
were measured after each pretreatment, and the effect of

Table 1 Characteristics of the thickened excess activated sludge
samples used in the study

Characteristic parameter Thickened excess
activated sludge (TEAS)

Total solid 45 g/l

Volatile solids 40.5 g/l

TCOD 35,600 mg/l

SCOD 3,200 mg/l

pH 7.1
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each pretreatment factor on each of these parameters
was investigated. The change in soluble chemical oxy-
gen demand (SCOD) was measured after microwave,
ultrasonic and combined microwave-ultrasonic pretreat-
ment for the different pretreatment conditions to inves-
tigate the effect of these pretreatment methods on
solubilisation of the sludge samples. Pretreatment den-
sity and duration of pretreatment were varied. The
SCOD/TCOD ratio was measured by using standard
COD measurement colorimetric technique for each of
untreated and pretreated sludge samples (Park et al.
2004). Each sample was first diluted 50 times and
filtered on Whatman filter paper type 1PS-110mm and
then SCOD was measured. Three continuously stirred
batch digesters each with working volume of 250 ml
and five other digesters which were operating in parallel
were inoculated separately with digested sludge (DS) as
seed from BWWTP. The three digesters were operated
to investigate the effect of change ultrasonic pretreat-
ment power for a fixed microwave pretreatment condi-
tion. Microwave treatment was conducted in a conven-
tional microwave generator with a microwave frequen-
cy of 2450 MHz and a maximum microwave power of
800 W. The ultrasonication unit utilised was SONICs
digital ultrasonication unit with titanium tip. This equip-
ment can deliver a maximum power of 500 W at a
frequency of 20 kHz. The stack equipment of ultrasonic
processor used had a 3–16 μmp-p converter, a 3:1 gain

booster and a 2:1 gain probe of 2.54 cm (1 in.) diameter.
The amplitude could thus be modulated from 6 to 90%.
The ultrasonication chamber used for batch operation
was a common borosilicate 250 and 500 ml glass bea-
ker. The lowest 3 cm of the probe was immersed in the
solution. The pulse during all ultrasonication tests was
55/5. This depth was enough to avoid air introduction
and scum formation in the media (according to sounds
produced and visual observations) which would reduce
the acoustic transmission and enhances ultrasonication
efficiency. Besides, this depth was shallow enough to
allow the entire sample to be mixed by acoustic stream-
ing and cavitation. The diameter of the beakers (approx-
imately 7 cm for 250 ml beaker and 13 cm for 500 ml
beaker) allowed the half wave length (around 12.7 cm at
20 kHz) to be fully created in this containers. The
diameter of the beaker was selected to avoid the intro-
duction of unwanted wall effects. The effects of change
in microwave and ultrasonic density, ultrasonic intensity
and ultrasonic duration (pretreatment time) were inves-
tigated. The digesters were charged with thickened ex-
cess activated sludge samples pretreated according to
the conditions shown in Table 2 to undergo mesophilic
(36.5 °C) digestion for a sludge retention time of
28 days. Biochemical methane potential (BMP),
dewaterability, solid and COD removal tests were per-
formed on sludge samples from each of the digesters.
The biochemical methane potential test involved regular

Table 2 Ultrasonic and microwave pretreatment test conditions

Test Pretreatment method Test conditions

Microwave
pretreatment

Effect of pretreatment power Frequency = 2450 MHz, time = 3 min
Power = 800, 640, 400, 240, 80 W

Effect of pretreatment time Frequency = 2450 MHz, Power = 800 W
Time = 1, 2, 3, 5 min

Effect of power density (W/ml) and
pretreatment time (min)

Microwave irradiation conditions (power = 640 W,
frequency = 2450 MHz, time = 1, 3, 5, 7 min)

Microwave density = 3.2, 4.2, 6.4 W/ml

Ultrasonic
pretreatment

Effect of pretreatment time Ultrasonic density = 0.4 W/ml, amplitude = 90%, pulse = 55/5,
power = 150 W, time = 4, 6, 8, 12 min

Effect of ultrasonic density (W/ml) and
pretreatment time

Ultrasonication conditions (amplitude = 81%, power = 100W, pulse = 55/5,
probe depth = 2 cm, time = 1, 3, 6, 8, 12 min)

Ultrasonic density = 0.5, 0.66, 1 W/ml

Combined
microwave-
ultrasonic
pretreatment

Combined microwave-ultrasonic treatment
(MU) with varying ultrasonic time

Microwave: 2450MHz, 800 W, 3 min and ultrasonic treatment: 0.4 W/ml
density, 90% amplitude (140 W), 55/5 pulse, time = 4, 6, 10 min

Combined microwave-ultrasonic pretreatment
(effect of pretreatment density and time)

Microwave: 2450 MHz, 3.2 and 4.2 W/ml, 3 min and ultrasonic
treatment density: 0.66, 0.55, 1 W/ml; 90% amplitude, 55/5 pulse,
pretreatment time: 1, 3, 6, 8, 12 min
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and continuous measurement of the methane production
capacity and methane quality of each digester having
specific volume and composition.

2.1 Analytical Methods

All the analyses required for the experimental work in
this study include the determination of TS, VS, SCOD,
TCOD, pH and dewaterability (CST). pHwas measured
with WP-90 and WP-81 conductivity/TDS-pH/temper-
ature meter equipped with a glass electrode according to
Standard Methods APHA 2000 (Federation 2000). pH
was measured before and after pretreatment and during
the anaerobic digestion process on a regular basis. Total
and soluble chemical oxygen demand was determined
by using oxidation method with HACH COD reagent
and colorimetric analysis on ORION UV/Vis spectrom-
eter. The total and volatile solids content were deter-
mined according to Standard Methods for the

Examination of Water and Wastewater, APHA 2000
(Federation 2000).

The biogas composition was measured using
ThermoFisher SCIENTIFIC GA 2000 plus. The gas
meter is designed to measure volume percentage of
methane, carbon dioxide, oxygen and other gases. The
concentration of ammonia and hydrogen sulphide was
monitored by the meter in addition to the other compo-
nents of the biogas. Gas chromatographic technique was
used to confirm the accuracy and consistency of the
biogas composition measured using GA2000 plus bio-
gas analyser. Temperature measurement was conducted
usingWP-90 andWP-81 conductivity/TDS-pH/temper-
ature meter during all analytical techniques to ensure
consistency of the results. Temperature during the di-
gestion process was maintained constant using the water
bath heater which pumps the water flowing in the jacket
of the digesters. The dewaterability of the different
sludge samples was measured using capillary suction
timer (Type 304 CST equipment).
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3 Result and Discussion

3.1 Effect of Microwave Pretreatment Temperature,
Density and Time on Sludge Solubilisation

The degree of sludge solubilisation after microwave
heating is shown Fig. 1a and b. The microwave energy
is transformed into heat derived from the internal resis-
tance to rotation. Temperature rise during sludge heating
is related to heat generated as a result of the absorption
of the microwave energy by water or by organic com-
ponents which undergo constant or induced polarisation
(Jang and Ahn 2013). Thus, the thermal activation and
sludge solubilisation in the sludge samples is due to the
absorption of microwave energy by water and organic
complexes available in the sludge sample. Microwave
heating is due to the absorption of microwaves radiation
by water (Zhao Xiang et al. 2009). The factors influenc-
ing microwave irradiation of the dielectric materials
include temperature, radiation time and penetration. Op-
timum pretreatment conditions obtained in this study
confirm the benefits. A maximum temperature of 80°C
was chosen to avoid vaporisation of liquid (Coelho
2012). Increased solubilisation in SCOD occurred due

to the microwave pretreatment as shown in Fig. 1a and
b. Sludge solubilisation increased with increasing tem-
perature for the microwave pretreatment at different
power intensities. This is because of the fact that the
heat generated in the process is the main physical factor
causing the solubilisation of sludge flocs. Flocs in acti-
vated sludge are composed of a polymeric matrix made
up of variable quantities of extracellular polymeric sub-
stances (EPS) such as proteins, carbohydrates, humic
substances, glycoproteins, lipids and nucleic acids with
the bacterial cells embedded in the mesh (Urbain et al.
1993). However, the most prevalent substances are pro-
teins and carbohydrates. The increase in SCOD is due to
the release of such components (Miron et al. 2000). The
effects of microwave pretreatment temperature, output
power and solid concentration in the sludge were inves-
tigated (Park 2011). Each of these factors affected the
pretreatment process significantly. Correspondingly, the
highest sludge solubilisation occurred at microwave
pretreatment power of 640 W as shown in Fig. 1a and
b. Soluble chemical oxygen demand was the highest for
microwave pretreatment duration of 5 min as shown in
Fig. 2. The increase in SCOD (mg/l) with increasing
microwave pretreatment power density (power/
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volume), intensity (power/area) and pretreatment time
indicates the increase in the degree of sludge disintegra-
tion and solubilisation. This is because of the hydrolysis
of large organic molecules, cell wall lysis and disinte-
gration of sludge which is enhanced by the microwave
pretreatment (Park et al. 2004).

Specific energy of sludge solubilisation calculated
according to Eq. 1 (Kuglarz et al. 2013) shows that for
the combined microwave-ultrasonic pretreatment, mi-
crowave pretreatment duration of 5 min resulted in the
highest degree of sludge solubilisation with the least
energy consumed. Hence, the optimum microwave pre-
treatment duration is 5 min for TEAS during the com-
bined pretreatment as shown in Fig. 3.

ESCOD ¼ P � t
V � SCOD

ð1Þ

where

ESCOD Specific energy consumption (kJ/g soluble
COD released)

t exposure time (s)
P power of the microwave heater (KW)
V volume of sludge treated (l) and
SCOD

soluble organic matter released into the liquid
phase (mg/l).

3.2 Effect of Ultrasonic Power (Intensity), Density
and Pretreatment Time on Sludge Solubilisation

Ultrasonic pretreatment significantly increased the de-
gree of sludge solubilisation and anaerobic digestion
performance. Ultrasonication pretreatment for a short
duration of time resulted in breakdown of macro-flocs
and micro-biodegradable organics to a reasonable de-
gree (Oh 2006). Shorter sonication duration is preferred
in this study as the sonication is coupled with micro-
wave pretreatment to take advantage of the synergy that
combined pretreatment provides over individual pre-
treatment. Besides, the economic benefit in terms of
reducing pretreatment cost by reducing ultrasonication
time is significant. Sludge solubilisation for combined
pretreatment was far better than individual treatment
techniques where the SCOD was almost doubled after
the combined treatment which potentially produces
higher amount of methane (Figs. 4 and 5).

Sonication density plays a significant role in cavita-
tion bubble formation (Urbain et al. 1993). Particle
disruption can be optimised by sonication of sludge
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sample at high sonication density and shorter sonication
time. The particle disruption study against duration of
sonication revealed that macro-flocs are more affected
than micro-flocs. Larger surface area of exposure fa-
vours higher particle disruption. Combined pretreatment
with ultrasonication density of 0.52 W/ml resulted in
higher degree of sludge solubilisation of 41% for soni-
cation time of 8 min (Figs. 4 and 5). This pretreatment
condition was observed to have less specific energy
consumption compared to other pretreatment densities
with similar sonication time. Generally, the degree of
sludge solubilisation is the highest at this condition with
the least amount of specific energy consumed as shown
in Fig. 6.

The specific energy input is proportional to sonica-
tion time. Longer sonication time requires higher spe-
cific energy input, thus resulting in higher SCOD release
(Fig. 6). Wang et al. (2005) investigated the release in
SCOD concentration at three different sonication times
of 5, 15 and 20 min at TS content of 3%, frequency of
20 kHz and ultrasonic density of 0.768 W/ml (Wang

et al. 2005). This particular study shows the release of
SCOD as a function of the specific energy input for
ultrasonic densities of 1 W/ml, 0.66 W/ml, 0.5 W/ml
and total solid concentration of 45 g/l.

3.3 Effect of Microwave and Ultrasonic Pretreatment
Conditions on Anaerobic Digester Performance

The methane production potential for combined
microwave-ultrasonic pretreated TEAS was higher for
higher ultrasonication density of 1 W/ml and longer
pretreatment duration of 8 min as compared to ultrasonic
density of 0.66 and 0.5 W/ml for the same sonication
time after 28 days of digestion as shown in Fig. 7. The
SCOD/TCOD ratio for the set of TEAS digesters con-
firms that higher sonication density and duration of
pretreatment (1 W/ml, 8 min and 0.66 W/ml, 12 min)
is associated to higher methane production as shown in
Fig. 8. The volatile solid removal for these pretreatment
conditions was significantly higher (60.77 for 1 W/ml,
8 min; 69.28 for 0.66 W/ml, 12 min) than the other
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pretreatment conditions. Total solid reduction of com-
bined microwave-ultrasonic pretreated sludge at the
sonication condition of 0.66 W/ml, 12 min was the
highest as shown in Fig. 9. Ultrasonication at interme-
diate power density, intensity and relatively longer du-
ration favours enhanced methane production and solid
removal (Liu et al. 2009). The total solid and volatile
solid reductions for most of the ultrasonication densities
and treatment durations were similar to each other with
the volatile solid reduction being slightly greater than
the total solid reduction.

3.4 Impact of Microwave and Ultrasonic Pretreatment
Energy Density and Duration of Pretreatment on Sludge
Dewaterability

Dewatering is an essential cost factor that greatly affects
the performance of anaerobic digestion unit in a waste-
water treatment plant; it was shown that microwave
pretreatment with larger intensities and shorter period
of time is more effective than pretreatment for a longer
duration (Yu et al. 2009). Longer pretreatment duration
increases the percentage of fine particles which are not

required during sludge conditioning. Besides, increased
release of hydrophilic EPS that bound water contributes
to the deterioration of the dewatering process (Hong
et al. 2015). Greater level of microwave density of
6.4 W/ml and shorter duration of treatment of 3 min
resulted in better dewaterability as shown in Figs. 10
and 11. Microwave pretreated sludge shows relatively
better dewaterability than untreated or ultrasonic
pretreated sludge. Yu et al. (2009) have reported that
shorter duration and higher pretreatment density en-
hance dewaterability. Microwave pretreated TEAS for
shorter duration of 1 min (60s) resulted in dewaterability
of 18.6 s (measured in capillary suction time) which was
comparatively better than the result for longer duration
as shown in Fig. 11. Microwave pretreatment under
such a condition enhances sludge dewaterability and
settleability by breaking the flocs into small fragments
which will be reflocculated easily for improved
dewaterability (Tyagi et al. 2013).

Ultrasonication has both negative and positive effects
on sludge dewaterability. Lower ultrasonic power level
enhances dewaterability (Pilli et al. 2011). However, the
extent of solubilisation for lower ultrasonic power is
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limited. Better dewaterability of 198 s was observed for
ultrasonication time of 12minwith ultrasonication power
of 1 W/ml as shown in Fig. 12. This shows that
the selection of ultrasonic pretreatment time and power
is a trade-off between sludge solubilisation and
dewaterability. Dewaterability decreases with increasing
ultrasonic intensity, but anaerobic digestion improves
dewaterability (Quarmby et al. 1999). Greater ultrasonic
power increases boundwater content and reduces particle
size, thereby enhancing the surface area for the adsorp-
tion of more bound water (Chu et al. 2001). Higher
ultrasonic density and intensity resulted in the deteriora-
tion of dewaterability of sludge as shown in Fig. 12.

The increase in SCOD/TCOD ratio is associated with
the increased release of EPS. The increase in the concen-
tration of EPS and soluble organics increases the viscosity
of the sludge (Oliveira et al. 2016). Increased viscosity
along with the thin film that EPS builds on the filter media
deteriorates the dewaterability (Oh 2006). The relation-
ship between SCOD/TCOD ratio and dewaterability can
be represented by an exponential function as shown in
Fig. 13. Dewaterability requires optimisation of sludge
disintegration for enhanced methane production and solid
removal as optimal sludge degradation contributes posi-
tively to the dewaterability. Besides, EPS content of the
sludge significantly affects the bound water content and
the floc network strength. Hence, the flocculation behav-
iour and floc strength of the digested sludge, viscosity and
its dewaterability are a function of the EPS and organic
content of the sludge (Yeneneh et al. 2016; Oliveira et al.
2016; (Liu et al. 2016).

In evaluating the effects of sonication conditions on
sludge, disintegration factors such as pH is also very
important. Figure 14 shows how pH drops down with
increasing pretreatment duration. The release of soluble
organics and EPS (mainly protein, carbohydrates and
VFA) is the cause of the drop in pH. The observed
change in pH is small and limited to a narrow range.
However, this result was shown to initiate further re-
search work in this direction. During anaerobic diges-
tion, lower pH will result in the growth of filamentous
bacteria and a high pH results in build-up of unionised
ammonia (Grady Jr et al. 1999).

4 Conclusion

The optimisation study on microwave, ultrasonic and
combined microwave-ultrasonic pretreatment has

revealed that ultrasonication and microwave pretreat-
ment power density and intensity, duration of pretreat-
ment and sludge concentration have a significant impact
on the performance on anaerobic digestion in terms of
solid removal, reduction of chemical oxygen demand
and biogas production. Besides, these pretreatment
techniques also have a significant impact on the
dewaterability of the sludge. Microwave pretreatment
density of 3.2 W/ml for a duration of 5 min and ultra-
sonic pretreatment condition of 0.66 W/ml and duration
of 8 min resulted in a better anaerobic digester perfor-
mance in terms of biogas production, dewaterability,
solid removal and lower energy consumption. Ultrason-
ic pretreatment with higher pretreatment power resulted
in a higher degree of disintegration of flocs and greater
percentage of fine particles and thus deterioration in
sludge dewaterability. Hence, the selection of ultrasonic
pretreatment time and power is a trade-off between
sludge solubilisation and dewaterability.
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