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Abstract The anaerobic biodegradability of combined
microwave-ultrasonic pretreated thickened excess acti-
vated sludge (PTEAS) mixed with raw primary sludge
(PS) was investigated in this study. The pretreatment
resulted in the enhancement of mesophilic anaerobic
digester performance which in turn improved biogas
production capacity and quality, total and volatile solid
reduction, dewaterability, protein solubilisation and sig-
nificant reduction of pathogens to produce class A bio-
solid. This study presented the results of two continu-
ously stirred mesophilic anaerobic digesters charged
with various proportions of a mixture of PTEAS and
PS similar to the large-scale industrial practice. Digester
1 was charged with 75 % PTEAS and 25 % PS, while
digester 2 was fed with 25 % PTEAS and 75 % PS. The
methane production was 122 mL CH4/g total chemical
oxygen demand for digester 2 after 20 days of anaerobic
digestion. This amount further increased for both di-
gesters with digestion time. The biogas quality in terms
of methane to carbondioxide ratio (CH4/CO2) was sig-
nificantly improved for digester 1 compared with digester
2 after 20 days of digestion. Volatile solid reduction of 76
and 57 % was achieved for digester 1 and digester 2
respectively after the same 20 days of digestion. The

CH4/CO2 ratio reached 2.2:1 and 1.1:1 after 20 days of
digestion for digester 1 and digester 2, respectively.
Higher percentage of PTEAS increases the digestion
kinetics, the methane production capacity and the biogas
quality. Furthermore, total coliform reduction of 84 and
44 % was achieved for digester 1 and digester 2 respec-
tively after 22 days of digestion. Hydrolysis rate and
biochemical methane production were improved for
both digesters based on the results of Gompertz kinetic
model and the hydrolysis rate constants as determined
by model fitting of the experimental data.
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1 Introduction

Sewage sludge handling and processing for ultimate
disposal is one of the major challenges in the operation
of municipal wastewater treatment plants. The produc-
tion of waste activated sludge has significantly increased
as a result of increase in the number and capacity of
wastewater treatment plants over time. Sludge disposal
is subjected to more stringent environmental policies
and regulations and social constraints. Sludge treatment
technologies like incineration are also quite expensive
(Navaratnam 2007).

Biogas production through anaerobic digestion has
recently captured global attention. This is because of
various advantages of the anaerobic digestion process.
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The benefits of anaerobic digestion include eco-friendly
energy generation, greenhouse gases emission reduc-
tion, high organic removal, high capacity to stabilise
large volume of diluted organic slurry at low cost, low
biomass production, high decay rate of pathogenic mi-
croorganisms, and the capacity of producing solid resi-
due suitable for use as soil conditioner. Anaerobic di-
gestion reduces up to 80 % of the odours in the feed-
stock (Ghosh et al. 1975). It is rated as one of the most
energy-efficient and environmentally beneficial technol-
ogies for bioenergy production (Chong et al. 2012;
Müller 2001; Weiland 2010). Generally, anaerobic di-
gestion is a favoured stabilisation method compared to
aerobic digestion due to its lower cost, lower energy
footprint and moderate performance, especially for
stabilisation (Appels et al. 2008). Basically, the process
involves four major microbiological degradation steps
comprising hydrolysis, acidogenesis, acetogenesis and
methanogenesis. The hydrolysis step is a slow rate-
determining part of the process that lowers the gas yield
and retards the kinetics. The slow degradation or hydro-
lysis of microorganisms also accounts for 70 % of
excess sludge which is the primary degradation step in
the anaerobic digestion process. The microorganisms in
the excess sludge contain extracellular polymeric sub-
stances (EPS) that are resistant to biodegradation which
in turn limits the rate of the whole anaerobic digestion
process (Chong et al. 2012; Tiehm et al. 1997). There-
fore, minimisation of the amount of sludge produced
coupled with the increased generation of value-added,
renewable sources of energy like methane of higher
quality is the best strategy for sustainable sludge man-
agement. In an effort to improve sludge hydrolysis,
biodegradability and dewaterability, many desired ex-
perimental studies were documented on the pretreat-
ment of sludge. Such technologies include ultrasonic
treatment (Apul and Sanin 2010; Farooq et al. 2009;
Saifuddin and Fazlili 2009; Tiehm et al. 2001), chemical
treatment (Stuckey and McCarty 1978; Haug et al.
1978; Penaud et al. 2000; Tanaka and Kamiyama
2002), microwave treatment (Eskicioglu et al. 2007b),
(Park 2011), ozone oxidation (Yeom et al. 2002; Lin and
Lee 2002), mechanical disintegration, supercritical and
subcritical water oxidation and high temperature hydro-
lysis (Carrère et al. 2010). All sludge reduction technol-
ogies are working with the principle of disintegration of
cell walls and large organic molecules. It was reported
that macromolecules with a molar mass of above 40,000
are disrupted by the hydro-mechanical shear forces

produced by ultrasonic cavitation (Tiehm et al. 2001).
The mechanisms of ultrasonic treatment are influenced
by the energy supplied, ultrasonic frequency and the
nature of the sludge. Cell disintegration is proportional
to energy supplied (Bougrier et al. 2005). High frequen-
cies promote oxidation by radicals, whereas low fre-
quencies promote mechanical and physical phenomena
like pressure waves (Portenlanger 1999). Only ultrason-
ic pretreatment method was applied on large-scale
wastewater treatment plants (WWTP) compared to oth-
er pretreatment methods (Carrère et al. 2010).

Microwave (MW) irradiation is also an efficient
sludge pretreatment technology that enhances biode-
gradability, methane production and digester perfor-
mance (Park 2011). It is a novel pretreatment method
for stabilisation of waste activated sludge (WAS). Mi-
crowave pretreatment of sludge increases biogas pro-
duction, reduce sludge viscosity, improve dewaterability
and improve pathogen decay as compared to digestion
of sludge pretreated through conventional heating and
untreated sludge (Eskicioglu et al. 2007a). The use of
MWs in the digestion of sludge was found to increase
the ratio of soluble chemical oxygen demand (COD) to
total chemical oxygen demand (SCOD/TCOD) from 2
to 22 % (Toreci et al. 2010).

Very few researchers reported that the microwave
combined with ultrasonic would be a rapid and econom-
ical method of sludge pretreatment for enhanced biogas
production and quality. Combined microwave-
ultrasonic pretreatment resulted in significant improve-
ment in gas product ion, sol id removal and
dewaterability of municipal sludge compared to the
individual ultrasonic or microwave pretreatment ap-
proaches (Saifuddin and Fazlili 2009; Yeneneh et al.
2013a, b). There is a complementary synergy between
the two treatment techniques causing improved sludge
disintegration, floc destruction, thermal and athermal
cell wall disruption and release of organics. Therefore,
the objective of this research is to investigate the effect
of combined microwave-ultrasonic pretreatment on the
anaerobic digestibility of thickened excess activated
sludge and mixed sludge. It focuses on intensive inves-
tigation of combined microwave-ultrasonic pretreat-
ment when the pretreatment is applied only on the
thickened excess activated sludge part before it is mixed
with primary sludge. The impacts in terms of biogas
production, solid removal, COD reduction and sludge
dewaterability were studied. This investigation is moti-
vated by the significant enhancement effect of combined
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microwave-ultrasonic pretreatment on the digestibility
and organic matter removal for thickened excess
activated sludge (Yeneneh et al. 2013b).

2 Materials and Methodology

Thickened excess activated sludge and primary
sludge samples were collected from Beenyup waste-
water treatment plant (BWWTP), Perth, Western
Australia for the pretreatment and digestion study.
The samples were stored at 4 °C. Digested sludge
from previous experiments was utilised to inoculate
the digesters. Digester acclimation was done for
over 1 month. In this experiment, thickened excess
activated sludge (TEAS) was pretreated under opti-
mum combined microwave-ultrasonic pretreatment
conditions, and the TEAS was mixed with untreated
primary sludge before the mixture was fed into the
anaerobic digesters.

Amount of 800 mL TEAS sample was microwave
irradiated at a frequency of 2450 MHz and density of
36.92 kJ/L g SCOD. The TEAS sample was then
mounted on to Sonics Vibrocell ultrasonication unit for
sonication at 48,000 J, 55/5 pulse, 90 % amplitude, and
for 8 min. Amount of 200 mL of the sample was
transferred to a 250 mL plastic storage bottle, labelled
and stored at 4 °C for the digestion test.

The pretreated TEAS was mixed in two ratios by
volume with untreated primary sludge: 25 % PS and
75 % pretreated TEAS (digester 1), and 75 % PS
and 25 % pretreated TEAS (digester 2). The digester
feed samples were characterised as shown in
Table 1.

2.1 Experimental Digester Set-Up

Two continuously stirred jacketed digesters were used
for the anaerobic digestion test. Jacket heating system
was applied to maintain the desired mesophilic digester
temperature of 36.5 °C. The digesters were placed on
magnetic stirrers to maintain continuous mixing. The
sludge samples were fed to the digesters through the
sludge charging tube and the biogas produced will exit
through another tube to a 1 L buffering bottle, placed
outside the water bath heater, for removal of any con-
densate. Water displacement method was used to mea-
sure the gas volume, and the biogas composition was
measured using GA plus 2000 biogas analyser. The
digested sludge used for inoculation accounts for 20 %
of the digester volume.

Digester 1 was fed with 75 % pretreated TEAS and
25 % primary sludge, and digester 2 was charged with
mixed sludge with composition of 25 % pretreated
TEAS and 75 % primary sludge. This mixing ratio is
similar to large-scale wastewater treatment plants. The
digesters were continuously purged with N2 at 25–
40 mL/min after the charging.

The digesters were operated for a period of 32 days,
and the results in the first 20–27 days were used for the
analysis. Periodically, the volume and composition of
the gas produced were measured and recorded. The gas
composition was measured by connecting the gas
analyser probe to the inlet tube of the buffering bottle
to pump out the biogas from the digesters.

2.2 Analytical Methods

All the analyses required for the experimental work in
this section including determination of TS, VS, SCOD,
TCOD, pH, dewaterability (CST), elemental analysis,
particle size analysis, protein analysis and microbial
analysis were conducted. pH was measured with WP-
90 and WP-81 conductivity/TDS-pH/temperature meter
equipped with a glass electrode according to Standard
Methods of APHA 2005 (APHA et al. 2000). The total
and soluble chemical oxygen demands were determined
using oxidation method with HACH COD reagent and
colorimetric analysis on ORION UV/vis spectropho-
tometer from Cole Palmer, USA. The soluble chemical
oxygen demand was determined by centrifuging the
sample at 5000 rpm for 10 min to separate the superna-
tant from the solid sludge and filtering the supernatant in
Whatman (45 μm) filter paper. The COD measurement

Table 1 Characteristics of digester feed sludge

Parameter 25 % PS +
75 % TEAS

75 % PS +
25 % TEAS

pH 6.95 7.1

TCOD (mg/L) 36,850 26,750

SCOD (mg/L) 13,000 7800

SCOD/TCOD 0.35 0.29

TS (%) 2.9 2.6

VS (%) 84.7 86.6

TCOD total chemical oxygen demand, SCOD soluble chemical
oxygen demand, TS total solid content, VS volatile solid content
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was then conducted on the filtrate exactly in the same
way as total COD.

Standard Method 4500 NH3-F of APHA 2005 was
employed to measure the dissolved ammonia (NH3(aq)
and N–H) concentration. The equipment used for the
measurement was an ammonia electrode model 95-12
and WP-90 and WP-81 conductivity/TDS-pH/tempera-
ture meter (TPS, Australia).

The total and volatile solids contents were deter-
mined according to the Standard Methods for the Ex-
amination of Water and Wastewater, APHA 2005
(APHA et al. 2000). Bicarbonate alkalinity was mea-
sured as alkalinity according to StandardMethodAPHA
2005 (APHA et al. 2000)

The biogas composition was measured using
Geotech GA 2000 plus (Keison Products, UK). The
gas meter is designed to measure the volume percentage
of methane, carbon dioxide, oxygen and other gases.
Temperature measurement was conducted using WP-90
and WP-81 conductivity/TDS-pH/temperature meter
(TPS, Australia) for all analytical measurements to en-
sure consistency of the results. Temperature during the
digestion process was maintained constant using the
water bath heater which pumps the water flowing in
the jacket of the digesters.

The particle size distribution of the feed, intermediate
and digested sludge samples was determined using
Mastersizer 2000® laser diffraction particle size
analyser (Malvern Instruments Ltd, UK).

The microbial content was measured using Coliscan
Kit (Micrology Laboratories, USA). The Coliscan kit
incorporates two special chromogenic substrates which
interact with the enzymes galactosidase and glucuroni-
dase to produce pigments of contrasting colours. Bio-
Rad assay was used for the determination of total protein
concentration in the hydrolysis and methanogenesis

stages. One part of the Bio-Rad reagent was mixed with
four parts of ultra-pure water. Protein standard solution
of gamma bovine serum (IgG) was prepared in the range
of 0.2 to 1.5 mg/mL. Sludge samples withdrawn at
different solids retention times (SRT) from digesters
were diluted 50 times. Amount of 200 μL of four
standard protein samples and the unknown diluted
sludge samples were mixed with 5 mL of the Bio-Rad
reagent. The samples were analysed on UV/vis spectro-
photometer, after thorough mixing. The calibration
curve was first developed using the known standards
of IgG.

The dewaterability of the different sludge samples
was measured using capillary suction timer (type 304M
CST from Triton Electronics Ltd, England).

3 Results and Discussion

The samples from the two continuously stirred anaero-
bic digesters were collected and analysed. The results
from the analyses are presented as follows.

3.1 Effect of Combined Microwave-Ultrasonic
Pretreatment on Biochemical Methane Potential
and Biogas Composition

The results obtained from the biochemical methane
potential test conducted during the 32 days of digestion
are presented. Figure 1 shows the specific methane yield
for both digesters where the yield from digester 1 was
significantly greater than that of digester 2 after the lag
phase of the hydrolysis stage of the digestion process is
completed. The slow lag phase at the start is the result of
the rate-limiting hydrolysis process where sludge disin-
tegration and solubilisation of complex organic
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molecules take place followed by the rapid acidogenesis
and acetogenesis stages. Substantial amount of methane
with a maximum of 205 mL CH4/g TCOD was pro-
duced in digester 1 after 8 days in the lag phase. The
maximummethane yield of digester 2 was 157mLCH4/
g TCOD which was produced after a lag phase of
13 days. The difference in sludge yield is attributed to
the percentage composition of pretreated TEAS in the
two digesters which determines the rate of sludge disin-
tegration. Digester 1 contains significantly greater
amount of pretreated TEAS, which has more readily
degradable organics. On the other hand, the higher
percentage of the primary sludge in digester 2 prolongs
the period of hydrolysis to disintegration unlike the case
in digester 1.

The results of this study confirm that combined
microwave and ultrasonic pretreatment of TEAS is
better than microwave pretreatment or other
pretreatment methods on waste activated sludge. Saha
et al. (2011) pretreated mixed sludge sample composed
of 40 % WAS and 60 % PS using microwave only
(2450 MHz, 0–1250W, 25–260 °C) and ultrasonic only
(20 kHz, 1 W/mL, 15–90 min) pretreatment techniques.
The maximum specific methane yield achieved at a
digestion time of 20 days was 80 mL CH4/g TCOD
for microwave and ultrasonic pretreatment which was
lower than the specific methane yield obtained from this
study where digester 2 in this study produced 100 mL
CH4/g TCOD for SRT of 20 days. This clearly shows
the effectiveness of the combined microwave-ultrasonic
pretreatment method in terms of enhancing the perfor-
mance of anaerobic digestion process.

Figure 2 represents the biogas quality of each digest-
er in the form of methane to carbon dioxide ratio. The
methane/carbon dioxide ratio (biogas quality) indicated
the level of methanogenic activity in the digesters. High

CH4/CO2 ratio justifies how healthy the digesters are to
convert all VFA into acetate and ultimately to methane
(acetogenic methanogenesis) or CO2 and H2 to methane
(hydrogenotrophic methanogenesis). It was observed
that digester 1 achieved significantly higher methane
to carbon dioxide ratio in a short duration of time,
whereas digester 2 produced more carbon dioxide than
methane up until 20 days. Methanogenesis in digester 1
happened faster and more readily due to the higher
degree of degradation and availability of soluble or-
ganics and due to the pretreatment which makes the
hydrolysis and acidogenesis stages much shorter,
whereas digester 2 which contains more primary sludge
showed slow degradation rate. The primary sludge con-
tains a large fraction of lignin and cellulose, with poly-
saccharides present in the cell walls of organic structures
(Saha et al. 2011). The reduction of such compounds to
the soluble phase requires a large amount of energy; this
can explain the slow hydrolysis step in digester 2. In
terms of environmental sustainability of the process,
reducing the carbon dioxide produced is very beneficial
as greenhouse gas emissions is a nuisance to the envi-
ronment. The carbon dioxide generated in digester 1 is
reduced after 5 days to the value digester 2 achieved
after 20 days. This is a substantial difference, which
demonstrates the benefits of combined microwave-
ultrasonic pretreatment of the TEAS portion of the
mixture.

Figures 3 and 4 demonstrate the biogas compositions
for both digesters separately. It can be observed that the
methane/carbon dioxide ratio became 1:1 in less than
10 days for digester 1. This shows high methanogenic
activity in digester 1 at a reasonably short retention time
as discussed earlier. The most important feature of this
graph is the maximum methane production of 71 %,
which was achieved after 15 days. Other studies,
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applying alternative pretreatment methods to mixed
sludge feed achieved significantly lower methane per-
centages. For microwave pretreatment of a 1:1 ratio of
primary to secondary sludge mixture, a methane com-
position of 59 % was achieved after 20 days (Park and
Ahn 2011). Applying ultrasonic pretreatment on the
secondary sludge (activated sludge) feed methane per-
centage of 65.9 % was achieved a for an ultrasonication
pretreatment duration of 30 min (Tiehm et al. 2001).
This further indicates the benefits of combined
microwave-ultrasonic pretreatment in terms of enhanc-
ing organic solubilisation that are more readily available
for reduction, hence increasing methane production.

Figure 4 shows that for digester 2, the steps discussed
above take significantly longer time due to the large
percentage of primary untreated sludge available in the
digester. Methane production reached a steady percent-
age composition of 55%CH4 after 15 days of digestion.
As 75 % of the digester feed is raw primary sludge in

digester 2, 55 % methane production in 15 days is an
interesting result compared to the results from other
studies by Tiehm et al. 2001.

It is also important to note the oxygen content re-
corded in both digesters was very low at all stages of
digestion indicating that appropriate anaerobic condi-
tion was maintained throughout the process. Exposing
anaerobic bacteria to oxygen can result in the formation
of toxic radicals, which result in the destruction of the
anaerobic environment, causing digester inhibition
(Rolfe et al. 1978).

3.2 Effect of Pretreatment on Solids Removal
and Sludge Disintegration

Total and volatile solids reductions are used to directly
measure the degree of biodegradation that has occurred
in the sludge through the anaerobic digestion process.
Figure 5 shows the total solid content of the sludge at
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different times in the 32 days digestion time. Digester 1
achieved a 43 % total solids reduction over 20 days
digestion, while digester 2 experienced a 46% reduction
in the same amount of time. The most important feature
to note from the percentage reductions is the rate of solid
removal in the first 5 days of the digestion process. The
total solids percentage in digester 1 was reduced more
significantly in the first 5 days of digestion as compared
to digester 2. This is due to the larger percentage of
pretreated TEAS present in digester 1 where pretreat-
ment helps to degrade the sludge, making it more sus-
ceptible to reduction by hydrolysis. Hence, the organic
complexes originally available in the solids phase will
be solubilised faster, and the availability of soluble
organics facilitate the acidogenic and methanogenic
stages of anaerobic digestion.

Interestingly, as shown in Fig. 5, the total solid con-
tent in both digesters did not shown much change after
20 days of digestion. This justifies that anaerobic diges-
tion for duration longer than 20 days is not required
especially for large-scale anaerobic digestion applica-
tions. Sufficient sludge degradation and methane

production achieved in shorter digester time significant-
ly reduce the sludge treatment cost (Lee et al. 2011).

The total solids reduction achieved in this research
was found to be much greater than what is reported by
other researchers. This confirms the effectiveness of
combined microwave-ultrasonic pretreatment for effi-
cient sludge solubilisation. For two digesters charged
with a 40:60 WAS to PS feed, the maximum total solids
reductions of 25 and 20 % were achieved using micro-
wave (2450 MHz, 0–1250W, 25–260 °C) and ultrason-
ic (20 kHz, 1 W/mL, 15–90 min) pretreatment options,
respectively (Saha et al. 2011). Significantly higher
solids reduction was achieved for similar mixed feed
sludge composition in this study confirming that com-
bined microwave-ultrasonic pretreatment results in bet-
ter solids removal than the individual pretreatment
options.

Volatile solids as a percentage of the total solids in the
sludge are shown graphically in Fig. 6. The graph de-
picts the volatile solids reduction achieved in the sys-
tem. Volatile solids reduction of 57.8 and 76 % was
achieved for digesters 1 and 2 respectively after 20 days
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of digestion. Volatile solid measures the amount of
biodegradable and non-biodegradable organic compo-
nents present in the sludge and therefore, it can be
inferred from Fig. 6 that digester 2 contains significantly
larger percentage of reducible organics. This is due to
higher percentage of primary sludge in the digester feed
stock. It is well known that primary sludge digestion
results in higher volatile solids reduction (Grönroos
et al. 2005). Figure 6 shows that digester 1 has volatile

solids percentage almost equal to that of digester 2, but
the reducible organic fraction is more predominant in
the digester with more primary sludge.

TCOD and soluble chemical oxygen demand
(SCOD) are other indicators of the degree of sludge
biodegradability. These parameters show the amount
of organic and inorganic species and organisms that
can be chemically oxidised in the sludge. Figures 7
and 8 show that the TCOD fraction decreased more
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significantly in digester 1 than digester 2. A 37.5 %
reduction in TCOD was observed in the first 6 days of
digestion for digester 1, whereas a 16.8 % reduction is
achieved in digester 2 for the same duration of digestion.
This justifies the advantage of applying combined
microwave-ultrasonic pretreatment on the activated
sludge portion of the mixture before digestion. It also
shows that the higher the percentage of pretreated
TEAS, the greater will be the solid disintegration and
biodegradation. Microorganisms required for sludge
oxidisation can be disrupted to a greater extent by
pretreatment.

The SCOD trend shown in Figs. 7 and 8 displays
slight change in SCOD fraction over the total sludge
retention time for digester 1, whereas digester 2 shows
an increase up to 6 days of digestion and then decreases
progressively until 27 days. The fact that the SCOD
fraction in digester 1 does not change can be explained
by the faster mixing and solubilisation of SCOD after
mixing of the feed that no discernible decrease in the
SCODwas observed over the digestion period. This can
be supported by the rapid rate of TCOD reduction
observed in the digester containing more pretreated
TEAS. The results shown in digester 2 for the SCOD
removal are more typical of anaerobic digestion process,
as the SCOD fraction increases in the original phase of
digestion due to increased solubilisation of organics in
the hydrolysis stage, and then a decrease is observed due
to the consumption of organics with increasing sludge
retention time. SCOD reduction in digester 2 took place
at a slower rate because of the lower fraction of
pretreated TEAS in the feed. Pretreating the sludge
increases the fraction of soluble organics available for
oxidisation which will, in turn, increases the percentage
reduction in SCOD and enhances biogas production and
solid removal. Furthermore, the maximum reduction
achieved in the first 6 days of operation confirms ad-
vantage of pretreatment for the reduction.

3.3 Effect of Pretreatment on Bacterial Reduction

The total coliform content of sludge after digestion is
one important factor determining effluent quality. Coli-
forms are bacteria that are associated with faecal matter,
and the degree of coliform and Escherichia coli
(pathogen) removal is an important target of the anaer-
obic digestion process (Lafitte-Trouqué and Forster
2002) to produce class A biosolids ultimately. The bac-
terial analysis of the two digesters at the beginning and
end of a 20-day digestion process was completed, and
the results are displayed in Table 2.

The results portray an 84 % reduction in the total
coliform count for digester 1, while digester 2 resulted in
a lesser reduction of 44 %. This is again attributed to the
larger percentage of pretreated TEAS in digester 1, as
the pretreatment disturbs the cell membranes of the
bacteria prior to digestion, which results in improved
destruction of microbial bacteria through the anaerobic
digestion process. It can also be noted that complete
destruction of the E. coli bacteria was observed in both
digesters, which is very beneficial as these pathogens
and the major nuisances which should not be present in
the biosolids or the liquid effluent after the digestion
process.

3.4 Effect on Protein Solubilisation

Protein is an organic compound that occupies approxi-
mately 50 % of the total organics present in waste
activated sludge (Shao et al. 2013). The reduction of
protein can be used to measure sludge degradation in
terms of the total organics removal achieved throughout
the anaerobic digestion process. Figure 9 displays the
amount of total protein available in 500 mL of sludge at
different stages of the digestion process both in digester
1 and digester 2, respectively.

Table 2 Results of bacterial analysis of digested sludge

25 % PS + 75 % TEAS (digester 1) 75 % PS + 25 % TEAS (digester 2)

Coliform E. coli Total coliform Coliform E. coli Total coliform

Feed sludge (number of coliform/100 mL) 135,000 20,000 155,000 200,000 55,000 255,000

Pretreated digested sludge
(number of coliform/100 mL)

25,000 0 25,000 145,000 0 145,000
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Figure 9 shows that the protein content decreased
continuously in digester 2 over the total digestion
and sludge retention time considered in the study.
However, the rate of reduction in the first 5 days is
faster in digester 1, which is attributed to greater
percentage of pretreated TEAS in the digester feed.
Greater proportion of PTEAS increases the avail-
ability of proteins for reduction by hydrolysis in
the early stage of digestion. However, an increase
in the protein content was observed in digester 1
following the initial period of faster protein reduc-
tion. This can be explained by the original biomass
in the sludge being reduced in the first stage of
digestion and due to the solubilisation of more pro-
teins from the original sludge and growth of new
microorganisms (methanogens) in the later stages of
the anaerobic digestion process.

3.5 Particle Size Distribution of Sludge
During Anaerobic Digestion

The particle size distributions for the two digesters
are shown in Tables 3 and 4. The average particle
size of the feed sludge is different from the average
particle size of digested sludge at different days

during the anaerobic digestion process. The particle
size distribution of the two digesters generally
shows similar trend, yet there is a difference in the
average particle size and specific surface area at
different days. This is because of the differences in
biodegradability of the different types of feed
sludge. The d(0.1), d(0.5) and d(0.9) values indicate
that 10, 50 and 90 % of the particles measured were
less than or equal to the size stated. According to the
distributions shown in Tables 3 and 4, the particle
size distribution of digester 1 appeared to have
smaller particles as compared to the distribution of
particles in digester 2 in the first 13 days. This is
related to increased disintegration of the TEAS par-
ticles which accounts for 75 % of feed in digester 1
than the case in digester 2 after the combined
microwave-ultrasonic pretreatment. The sludge spe-
cific surface area was derived from the particle size
distribution. The specific surface area data quoted in
Tables 3 and 4 illustrate that the smaller particles
contributed more in terms of specific surface area
than the larger size fractions, and specific surface
area increases with increasing number of days of
digestion. Table 4 shows greater specific surface
area of particles for digester 2 after long digestion

Table 3 Particle size distribution of sludge in digester 1 at different days during digestion

Digestion time (days) d(0.1) um d(0.5) um d(0.9) um Surface area (m2/g) Surface weighted
mean diameter (um)

Volume weighted
mean diameter (um)

Feed 0.252 1 88.524 9.9 0.606 23.175

13 0.078 0.199 1.96 35.9 0.167 2.736

27 0.097 0.374 34.442 25.4 0.236 7.07

32 0.08 0.217 2.254 34.2 0.176 3.015
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Fig. 9 Results of protein
solubilisation analysis of a
500-mL sludge sample
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time. The smaller particle sizes are indicative of the
disintegration and floc disruption that happened be-
cause of pretreatment which has ultimately assisted
the release of organic matter for biogas production
and digester performance.

3.6 Modelling of Anaerobic Digestion Kinetics
and Sludge Hydrolysis Rate

The hydrolysis rate constant can be calculated using
biochemical methane potential data from the digesters.
The methane yield is a function of the reduction of
organic material achieved during anaerobic digestion,
which reflects on the hydrolysis rate. The hydrolysis rate
constant is an indicator of the speed of hydrolysis
achieved in the digesters. Enhancing the hydrolysis rate
constant is an important factor.

The model developed by Gompertz was used to
determine the hydrolysis rate constant. This model rep-
resents cumulative methane production as a function of
the methane production potential, maximum methane
production rate and duration of the lag phase
(Gadhamshetty et al. 2010). The equation is given as
follows:

M ¼ P � exp −exp
Rm � e

P
λ−tð Þ þ 1

�
�
�
�

� �

ð1Þ

whereM is the cumulative methane production (mL), P
is the methane production potential (mL), Rm the max-
imum methane production rate (mL/day), λ is the dura-
tion of the lag phase (day), and t is the duration of the
assay in which cumulative methane production M is
calculated (day).

Using the nonlinear regression technique, the
Gompertz equation was used to develop the predictive
model curves based on the experimental results
achieved for the cumulative methane production in both
digesters 1 and 2. These results are shown in Figs. 10
and 11.

Subsequent to fitting the equation to the experimental
results, the values of the methane production potential
(P), maximum methane production rate (Rm), and the
duration of the lag phase (λ) can be calculated by
applying a least squares regression fit to the experimen-
tal data obtained. The various kinetic parameters calcu-
lated from the analysis are presented in Table 5.

Table 6 displays the values for these parameters
determined for each digester and the correlation

Table 4 Particle size distribution of sludge in digester 2 at different days during digestion

Digestion time (days) d(0.1) um d(0.5) um d(0.9) um Surface area (m2/g) Surface weighted
mean diameter (um)

Volume weighted
mean diameter (um)

Feed 0.252 1 88.524 9.9 0.606 23.175

13 0.081 0.213 1.729 34.5 0.174 2.436

27 0.081 0.195 1.191 35.9 0.167 0.629

32 0.079 0.186 1.087 37.5 0.16 0.466
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Fig. 10 The results of modelling
the Gompertz equation to the
methane production for digester 1
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coefficient (R2), which indicated the fitting between the
experimental and theoretical models. Furthermore,
Table 5 depicts the experimental and predicted values
of the cumulative methane production after 20 days of
digestion.

From the data presented in Tables 5 and 6, it can be
observed that the Gompertz equation is suitable for
estimating the methane production trend observed in
the experiment. High daily methane production poten-
tial and shorter lag time calculated for digester 1 as
compared to digester 2 correlate well to the experimen-
tal results. Higher daily methane production rate and
shorter lag time in digester 1 are attributed to the higher
proportion of combined microwave-ultrasonic
pretreated sludge in the digester feedstock, which re-
duces the time taken to reach the methanogenesis stage
of digestion.

The hydrolysis rate constant k can be determined
from this data using first-order rate Eq. 2 as shown.
The value for this constant helps to understand the
kinetics of the digestion process and evaluate the effect
that the combined microwave-ultrasonic pretreatment

method and mixing ratio has on the performance of the
anaerobic digestion of sludge.

M ¼ P 1−exp −ktð Þð Þ ð2Þ

whereM is the cumulative methane production (mL)
at time, t (day), P is the methane production potential
(mL) which was assumed to be equal to the final cumu-
lative methane volume.

By linearising the results calculated from the
above equation, the relationship between the cumu-
lative methane production and time is determined.
Figure 12 displays these results graphically, and
Table 7 shows the values for the hydrolysis rate
constant for each digester.

Table 7 shows that the rate of hydrolysis observed in
digester 1, containing a larger portion of pretreated
TEAS, is faster than that of digester 2. This perfectly
agrees with the experimental results discussed through-
out this section about the effects of the combined
microwave-ultrasonic pretreatment method in reducing
the time required for the completion of the hydrolysis
stage of digestion. Moreover, the higher percentage of
PTEAS (greater PTEASmixing ratio) resulted in greater
enhancement in the kinetics of the anaerobic digestion
process.
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Fig. 11 The results of modelling
the Gompertz equation to the
methane production for digester 2

Table 5 Results for the methane potential, daily rate and lag time

25 % PS + 75 %
TEAS sludge
(digester 1)

75 % PS + 25 %
TEAS sludge
(digester 2)

Methane potential, P (mL) 3451.58 1868.22

Maximum methane
production
rate, Rm (mL/day)

180 100

Lag time, λ (days) 6 8

Linear regression coefficient
(R2)

0.993 0.98

Table 6 Predicted and experimental methane production after
20 days of digestion

Cumulative
methane (mL)

25 % PS + 75 %
TEAS sludge
(digester 1)

75 % PS + 25 %
TEAS sludge
(digester 2)

Predicted 2561.7 1268.5

Experimental 2455.2 1424.5
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4 Conclusions

This study showed that combined microwave and ultra-
sonic pretreatment of activated sludge resulted in better
anaerobic digester performance in terms of biogas pro-
duction, total and volatile solid reductions, protein deg-
radation and destruction of pathogens. More important-
ly, pretreatment of thickened excess activated sludge
only before mixing with primary sludge resulted in
substantial improvement in biodegradability, solid re-
duction, methane production kinetics and overall per-
formance of anaerobic digestion process. Furthermore,
increasing the percentage of pretreated thickened excess
activated sludge in the mixed digester feed sludge in-
creases the rate of hydrolysis, the methane production
capacity and the biogas quality, whereas greater volatile
and total solid removal were achieved for the digester
with greater percentage of primary sludge. Great per-
centage of primary sludge mixed with pretreated excess
activated sludge can be easily digested unlike the slow
hydrolysis step and digestion kinetics of raw primary
sludge. The significance of the findings of this study in
large-scale wastewater treatment plants is enormous in

terms of reducing the sludge treatment and handling
costs. It will also help to enhance anaerobic digestion
kinetics and overall performance and popularise the
technology.
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