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ABSTRACT: Key dissimilarities between thermophilic and mesophilic anaerobic digestion of waste activated
sludge (WAS) were experimentally studied in this research. Typical WAS with total solids (TS) concentrations
of 30 and 60 g/L were digested anaerobically in a batch digester at mesophilic and thermophilic temperatures.
Solids reduction, total COD changes, the production of different volatile fatty acids (VFAs), pH variation, the
quality and quantity of the produced biogas, an energy audit, pathogen inactivation and sludge dewaterability
during anaerobic digestion were investigated and compared for mesophilic and thermophilic processes in this
research. Only the thickest sludge (TS concentration 60 g/L) provided auto-thermality under mesophilic
conditions. The mesophilic digestion took place after 32 to 36 days with slightly more methane production
and removal of organics than thermophilic digestion. The results showed that there was no significant difference
between thermophilic and mesophilic digestion with respect to the gas composition. Among the VFAs (key
intermediates), only propionate accumulated during sludge anaerobic digestion at both the mesophilic and
thermophilic temperatures. Thermophilic anaerobic digestion imparts improved dewaterability. The required

time for sludge pathogen inactivation under mesophilic conditions was more than one month.
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INTRODUCTION

WAS, is generated as a by-product in large and
increasing quantities (for example, in Iran, 25000 tons/
year is generated) (Abduli and Azimi, 2010; Firdaus
and Ahmad, 2010). Different studies have considered
the potentials of waste degradation and possible reuse
(Mehrdadi et al., 2007, Rasapoor etal., 2009, Uemura,
2010, Nwabanne et al., 2009). Anaerobic digestion is an
appropriate technique for the treatment of WAS before
final disposal and it is employed worldwide as the oldest
and most important process for sludge stabilization
(Dohanyos and Zabranska, 2001, Rahmani et al., 2009).
However, WAS anaerobic digestion is difficult and with
the technologies available nowadays, only
approximately 20-30% of'the sludge TS is mineralized
(Rulkens, 2008).

In general, mesophilic anaerobic digestion of WAS
is more widely used than thermophilic digestion, mainly
because of the lower energy requirements and the higher
stability of the process. However, the thermophilic
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anaerobic digestion process is usually characterized
by accelerated biochemical reactions, higher growth
rates of microorganisms and accelerated interspecies
hydrogen transfer, resulting in an increased
methanogenesis potential at lower retention times
(Zabranska et al., 2000; Nwabanne et al., 2009). Also,
thermophilic anaerobic digestion of WAS can lead to
the EPA’s class A sludge, which is suitable for
subsequent land application (Watanabe et al., 1997).
Studies undertaken by several researchers (Ahn and
Forster, 2000; Kim et al., 2002; Song et al., 2004)
showed that thermophilic systems were capable of
treating higher organic loadings and had a higher
specific growth rate as compared to their mesophilic
counterparts. The yield of microorganisms per unit
amount of substrate for thermophilic systems is also
lower. The lower growth yield of thermophilic
anaerobes could be due to their increased decay rate,
which is double that of mesophilic cultures, because
the cells have a tendency to lyse quickly under
thermophilic conditions; it may also be due to their
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higher energy requirement for maintenance or the
specific molecular properties of enzymatic reactions at
thermophilic temperatures (Kim et al., 2002; Amani et
al.,2010).

The main problems with thermophilic WAS
digestion (as compared to mesophilic digestion)
include energy requirements, instability, and a highly
polluted supernatant, all of which prevent this
technique from being widely used and commercialized
(Zabranska et al., 2000; Zupan¢i¢ and Ros, 2003; Gavala
et al., 2003). The biogas produced can be used as a
heat source for the digester and to generate power. To
decrease the energy requirements of anaerobic
thermophilic digestion, Zupanci¢ and Ro$ (2003)
evaluated the ability of the combined heat and power
(CHP) unit performance to compensate for the excess
heat requirements of a thermophilic digester. Their
results showed that a CHP unit can produce excess
heat that could be utilized elsewhere. The problem of
process stability can be avoided by combining the
thermophilic and mesophilic digestion processes into
one; reaping the benefits of both while eliminating the
problems associated with these systems when operated
independently (Han and Dague, 1997).

Thermophilic anaerobic digestion was
investigated by many researchers (Kim et al., 2002;
Gavala et al., 2003; Song et al., 2004; Mottet et al.,
2009; Rubio-Loza and Noyola, 2010), but all the aspects
of the thermophilic anaerobic digestion of WAS and
its dissimilarities with anaerobic mesophilic digestion
still need to be studied precisely and comparatively.
The main objective of this research was to investigate
the performance of the anaerobic digestion of a typical
WAS with respect to VSS reduction, total COD
reduction, VFA concentrations, pathogens inactivation,

pH variations, gas composition in terms of methane
content, gas production rate and dewaterability of the
sludge in order to experimentally determine the main
differences between mesophilic (35 °C) and thermophilic
(55 °C) anaerobic digestion of WAS. Also, the energy
audits for both of conditions were carried out.

MATERIALS & METHODS
WASTEACTIVATED SLUDGE

Undigested WAS (secondary sludge) was
collected from one of the clarifier bottoms from the
Delhi Jal Board sewage treatment plant. Table 1 shows
the characteristics of the initial WAS. The amount of
volatile dissolved solids (VDS) shown in Table 1
indicates that only a small amount of non-cellular
organics was present in the WAS. Also, the volatile
suspended solids (VSS) were never observed to
increase with further aeration. Therefore, the sludge
could be considered a typical WAS. Thickened sludge
samples, having TS concentrations of 30 and 60 g/L,
were generated from the original sludge. For obtaining
total suspended solids (TSS) up to 30 g/L, simple
gravity thickening was applied. However,
centrifugation was used to thicken the sludge further.

ANAEROBICBATCH DIGESTER

Four bench scale batch anaerobic digesters (20 L),
as illustrated in Fig.1. were set up for the studies and
operated in parallel. An electrical heating tape (200 cm
and 200 Ohms) was wound on the outside surface of
each digester vessel and a thick layer of glass wool
was installed to insulate them from the surrounding.
This was augmented with a layer of thermo-col. Finally,
athin layer of aluminum foil was applied to the outside
surface. The tape was energized using 230 V alternating

Table 1. Initial characteristics of undigested secondary sludge

Solids (£0.1 g/L) Indicator Organisms pH SVI (mL/g) SCST CcoD
(CFUL) [s/(g/L)] (mg/L)

TS 8.0 TC 4.8x10% 6.7 44 12 8700+0.5%
TSS 7.6 FC 1.0x 10
TDS 0.4 FS 2.7x107
TVS 6.1
VDS 0.1
VSS 6.0

Note: TS: total solids, TSS: total suspended solids, TDS: total dissolved solids, TVS: total volatile solids, VDS:
volatile suspended solids, VSS: volatile suspended solids, SCST: specific capillary suction time, SVI: sludge index
volume, COD: chemical oxygen demand. TC: total coliforms, FC: fecal coliforms, FS: fecal streptococci.
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current (AC) connected through an auto-transformer
and a Watt meter. Gas produced by the digestion
process could vent out from the digester through a
connecting pipe and was measured at fixed times each
day by the water displacement method as specified in
Standard Methods (APHA, 1992). The gas collector
was not insulated and it was exposed to an ambient
temperature. To avoid gas pressure build-up inside
the vessel, the collected gas was measured and
discharged frequently. In each experiment, 15 L of
sludge were digested anaerobically. For keeping the
digester’s temperature under thermophilic conditions
(55°C in this work), 3.0 Watts of electrical power energy
input was required.

INOCULUMNS

The mesophilic upflow anaerobic sludge blanket
(UASB) reactors were inoculated with 2 L of granular
sludge harvested from a mesophilic lab-scale UASB
reactor. Also, the inoculums were taken from a
thermophilic lab-scale UASB for the thermophilic
digesters in this research. Both lab-scale UASB
reactors had been operating for 1 year and treating
dairy wastewater.

ANALYTICALMETHODS

Biogas samples were collected using a gas sampling
injector and a sample of 100-200 umL was used for
each run. The biogas composition (CH, + CO,) was
determined using a gas chromatograph (Nucon 5700)

Thermometer

equipped with a thermal conductivity detector (GC-
TCD) and stainless steel column that was 6 ft long
with a 1/4 inch OD and 2 mm ID and contained Porapak
Q 100 that had a mesh range from 80—100. The carrier
gas was N_, and the analysis was carried out at a carrier
gas flow rate of 30 mL/min with the injector, column,
and detector temperatures at 120, 90, and 120 °C,
respectively. The gas quality was checked 2 to 4 times
a day.

To ensure the efficient transfer of the intermediates
and to release gas bubbles trapped in the medium,
mixing was performed for 5 min every 2 h using a
magnetic stirrer. Twice a day, 2-3 mL of slurry was
taken from the sampling port of the digester and
immediately acidified by adding 1 to 2 drops of
concentrated hydrochloric acid to stop more anaerobic
digestion. The samples were kept at 4 °C until the
measurement of the concentration of VFAs. The VFAs
were measured by a gas chromatograph (Nucon 5765)
equipped with a flame ionization detector (GC-FID)
using a D-BFFAP megabore column (2 m x 0.536 mm
ID). The carrier gas was N, (3.5 mL/min) and a sample
size of 2 L was used. The initial column temperature
of 100 °C was increased at the rate of 3 °C/min to a
temperature of 160 °C. It was then increased at the rate
0f 20 °C/min until a temperature of 220 °C was reached.

Sludge dewaterability was measured using the
procedure described in Standard Methods (APHA,
1992) in terms of the capillary suction time (CST). The
results were reported as specific capillary suction time
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Fig. 1. Schematic of the bench scale batch anaerobic digester
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(SCST) (Zhou etal., 2002). Experimental investigations
of the removal of indicator organisms were performed
at35°C and 55°C. Total coliforms (TC), fecal coliforms
(FC) and fecal streptococci (FS) as standard pathogen
indicators were counted by using the colony forming
units (CFU) technique (APHA, 1992). The pH of the
anaerobic slurry (sludge) was measured using a digital
pH meter, which had an accuracy of 0.1 pH unit. Total
solids (TS), total suspended solids (TSS), total
dissolved solids (TDS), total volatile solids (TVYS),
volatile suspended solids (VSS) and chemical oxygen
demand (COD) were determined according to Standard
Methods (APHA, 1992).

65
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RESULTS & DISCUSSION

To study the effect of solid concentration on the
performance of the anaerobic digestion process, WAS
with initial concentrations of TS =30 and TS = 60 g/L
(VSS = 25 and VSS = 40 g/L) at mesophilic and
thermophilic temperatures were digested. Fig. 2a
shows the VSS reduction during anaerobic digestion
process. Under thermophilic conditions, the VSS
concentration was gradually decreased, then its
reduction rate was increased sharply and finally
reached a constant value (within 15 days) and the
anaerobic digestion process was apparently stopped.
No sharp zone of VSS reduction was observed for the

—a— 60 g/l; Thermophilic Digestion at 55 'C
—a— 30 g/l; Thermophilic Digestion at 55 'C
—0— 60 g/l; Mesophilic Digestion at 35'C
—— 30 gl; Mesophilic Digestion at 35 'C
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Fig. 2. Sludge (a) VS reduction and (b) total COD reduction during anaerobic digestion under mesophilic and
thermophilic conditions
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mesophilic digestion. The kinetic profiles of VSS
reduction for the mesophilic and thermophilic
processes were different; however, in the mesophilic
process, more solids were eliminated at the end (within
30 to 40 days). In Fig. 2b, changes in the sludge COD
during the mesophilic and thermophilic anaerobic
digestion processes are illustrated. Similar to the VSS
reduction, total COD reduction rate under thermophilic
conditions is significantly higher than that under
mesophilic conditions. As can be seen from Fig. 2b, no
more total COD removal was observed for the
thermophilic digestions after two weeks of the
anaerobic process.

The efficient anaerobic oxidation of acetate,
propionate and butyrate (VFA) affect the overall
performance of the process (Kida et al., 1993; Amani et
al., 2010b; Amani et al., 2010a). The profiles of VFA
production and their degradation during sludge
anaerobic digestion at mesophilic and thermophilic
temperatures are presented in Fig. 3 (a,b&c). At the
beginning of sludge anaerobic digestion, the
concentrations of VFAs were increased and reached
some maximum amounts; then, they were consumed
by the acetogenic and methanogenic microorganisms
and their concentrations decreased. However, VFA
accumulations could be the main reason for
unsteadiness in the anaerobic process (Amani et al.,
2010b). In the present study, acetate and butyrate
concentrations were decreased during anaerobic
digestion and they diminished at the end of the
process for sludge. On other hand, propionate was
not consumed by the anaerobic microorganisms
completely and accumulated partly in the digester.
Accordingly, in some previous studies, propionate has
been reported as the main reason for instabilities in
the anaerobic digestion processes (Wang et al., 1999;
Schink and Stams, 2005; Tatara et al., 2008). Propionate
accumulation in the thermophilic process was more
critical than during the mesophilic process. It seems
that enzymatic issues or microbial spatial proximity are
the main reasons for natural ambiguity of propionate
degradation. A high rate of production for acetate and
butyrate occurred at the beginning of the anaerobic
digestion (initially reached up to 5000 and 7000 mg/L,
respectively); however, they also disappeared quickly
after digestion process proceeded. The issue for
propionate here is that less was produced (maximum
800 mg/L) but that it degraded slowly. Fig. 3b shows
that around 40 to 60 percent of the propionate could
not be degraded in the digester. Although acetate and
butyrate were degraded faster under thermophilic
conditions, they also would be degraded totally under
mesophilic conditions but at a lower rate. However,
mesophilic degradation of propionate is slightly better
than that of the thermophilic process.
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The presence of VFAs in the anaerobic digester
leads to a reduction in pH and the growth of anaerobes;
methanogen growth is especially strongly inhibited
(Turovskiy and Mathai, 2006). Therefore, pH values in
the digester can affect the production of biogas and
methane composition. Fig. 4a and 4b show the pH
variations during the sludge anaerobic digestion and
the methane content in the effluent gas, respectively.
As seen, the pH dropped at first due to the VFAs
production and then gradually increased; finally, it
reached a level about 8. An increase in pH led to
enhanced methane production (Fig. 4a and 4b). In this
study, mesophilic digestion took place in 32 to 36 days
with slightly more methane production and a slightly
higher removal of organics. Fig. 4c confirmed this
property of mesophilic digestion over thermophilic
digestion; also, it was previously reported by other
investigators (Buhr and Andrews, 1977; Kalia et al.,
2000). The study of methane content (Fig. 4b) shows
that there is no significant difference between the
effects of thermophilic and mesophilic digestion on
this property. The pH variations (Fig. 4a), and VFA
concentration profiles (Figs. 3) show that thermophilic
conditions do not accelerate the activity of acidogens;
furthermore, some results reported inhibitory effects
ofhigh temperatures on the growth of acidogens (Buhr
and Andrews, 1977; Roy and Sreekrishnan, 2003). This
issue is also approved thermodynamically (de Bok et
al.,2004).

Fig. 5 illustrates the dewaterability of anaerobic
sludge under mesophilic and thermophilic conditions.
In general, anaerobic digestion provides better sludge
dewaterability compared to aerobic digestion (Nosrati
et al., 2007). Furthermore, as seen in these results,
thermophilic anaerobic digestion causes improved
dewaterability (lower SCSTs). This may be because
sludge dewaterability is reported to be associated with
the existence of substances (e.g. extracellular polymers,
ECPs) produced during the anaerobic digestion of
intracellular materials (polysaccharides and proteins).
There is an equilibrium balance achievable between
production and destruction of these substances,
causing poor dewaterability under thermophilic
conditions.

Pathogen inactivation of sludge during anaerobic
digestion under thermophilic and mesophilic
conditions is illustrated in Table 2. Thermophilic
digestion at 55 °C provided complete pathogen
inactivation. Satisfactory pathogen inactivation also
was observed during mesophilic digestion; however,
the required time for this sanitary achievement (or
satisfactory pathogen inactivation) was more than one
month (35 days). Fecal streptococcies are the easiest
indicator to remove (Table 2).
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Fig. 3. Concentrations of (a) acetate, (b) propionate and (c) butyrate during sludge anaerobic digestion under
mesophilic and thermophilic conditions
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Fig. 4. (a) pH variations, (b) purity of methane produced and (c) accumulative volume of methane (measured at
20 °C) produced during sludge anaerobic digestion under mesophilic and thermophilic conditions
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Fig. 5. Dewaterability during anaerobic digestion under mesophilic and thermophilic conditions

Table 2. Pathogen removal from sludge in thermophilic and mesophilic anaerobic digestion

TSo(g/L) Temperature(C) Time(day) TC(CFU/gried sludge) FC(CFU/g FS(CFU/g

dried sludge)  dried sludge)

60

30

60

30

55 15 0.0x10° 0.0x10° 0.0x10°
55 15 0.0x10° 0.0x10° 0.0x10°
35 35 1.3%10° 4.2x10? 3.0x10!
35 35 1.0x10° 3.7x10° 1.0x10"

Note: TSO: initial total solids, TC: total coliforms, FC: fecal coliforms, FS: fecal streptococci.

Table 3. The energy audit for sludge thermophilic and mesophilic anaerobic digestion

TSo(g/L) Tem Qeratur e Time(day) Epre heating E Lost (KJ) Emethane(KJ) Egaance( KJ)
(C) (kJ)

60 55 15 1643 7290 2993 —5940

30 55 15 1643 7290 1553 —7380

60 35 35 705 2498 3540 +338

30 35 35 705 2498 1800 -1403
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The energy audits for sludge thermophilic and
mesophilic anaerobic digestion are presented in Table
3. Reactor body heat loss at 55 and 35 °C were 3.0 and
0.4 Watts, respectively. Sludge pre-heating and energy
loss under thermophilic conditions were significantly
more than those of mesophilic anaerobic digestion.
Therefore, only the thickest sludge (TS = 60 g/L)
provided auto-thermality (energy production from the
biogas produced) under mesophilic conditions;
however, for this treatment, a batch time around 35
days was required (Table 3). Because more retention
time is required for the digestion of the same mass of
sludge in a continuous digester, the pre-heating
process was essential.

CONCLUSION

The following conclusions can be drawn based
on the data generated in this research.
1.Mesophilic anaerobic digestion of sludge takes 30
to 40 days to eliminate around 50 % of the initial mass
of the sludge; for the same results under thermophilic
digestion, 11 to 14 days is required.
2.The hydrolysis step in sludge anaerobic digestion
takes place very slowly; this causes a limitation of
methanogen growth. Therefore, thermophilic anaerobic
digestion of sludge could not be operated as an
independent auto-heated process due to the high
energy requirements (in the sludge pre-heating step)
and the digesters’ heat loss.
3.Under mesophilic conditions, in spite of longer
detention time, the produced biogas could be sustained
auto-thermally (energy production from the biogas
produced) with respect to covering the pre-heating
energy as well as the power loss from the digester
during the anaerobic treatment.
4.Propionate is generated in low concentrations and
consumed slowly but accumulates in both anaerobic
digestion processes (mesophilic and thermophilic). The
accumulation of propionate could not be overcome by
the methanogenic archaea (even partially).
Accumulated concentrations of propionate during the
thermophilic process were, to some extent, greater than
the concentrations seen during the mesophilic process.
5.Mesophilic anaerobic digestion of WAS with an initial
concentration of TS = 60 g/L could be operated auto-
thermally. Consequently, highly concentrated WAS
could be auto-thermally digested anaerobically.

6.The thermophilic anaerobic digestion causes more
improved sludge dewaterability, but little less
degradation.

7.Satisfactory pathogen inactivation was observed
during mesophilic and thermophilic digestions.
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