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Abstract

Biological pretreatment methods of waste-activated sludge (WAS) have recently received attention because of
their efficiency and relatively low investment. The application of hydrolysis/acidification step before metha-
nization in anaerobic digestion or the two-phase anaerobic digestion process constitutes one of these methods.
Two phase (thermophilic acidification and mesophilic methanogenesis) anaerobic digestion of WAS was in-
vestigated and reported to perform better in terms of chemical oxygen demand (COD) solubilization, volatile
solids destruction, gas production, and pathogen indicator reduction. The solids loading rates (SLR) used in
these studies were significantly high (6.5–28.9 g volatile solids (VS)/L � day). It is well-known that high SLRs
along with low retention times lead to higher acidification in two-phase systems. However, WAS from differ-
ent wastewater treatment plants is likely to have different concentrations due to different process configura-
tions and operational practices that lead to lower solids loading rates. Therefore, this study investigated the
performance of thermophilic anaerobic preacidification of WAS prior to conventional mesophilic
(methanogenic) anaerobic digestion at low SLRs (0.98–3.93 g VS/L � day). To this purpose, continuous anaer-
obic acidogenic reactors with no recycle were operated at two different HRT (or SRT) values of 2 and 4 days,
and three different SLR values of 0.98, 1.97, and 3.93 g VS/L � day. After the acidification reactors reached to
steady-state conditions, the preacidified WAS samples (or the effluents of thermophilic acidogenic anaerobic
reactors) and raw WAS samples (or the feeds to the thermophilic acidogenic anaerobic reactors) were subjected
to biochemical methane potential (BMP) assay. Results indicated that thermophilic preacidification led to a
20.9–34.8% increase in dissolved (soluble) COD concentration and 18.2–33.3% CODt reduction in acidogenic
reactors. When the CODt removals observed for preacidification and BMP were both considered, preacidifica-
tion (or phase separation) has led to 26.2–49.4% additional CODt removal. It is apparent from these results that
beneficial effect of preacidification on CODt removal is sustained for low SLRs (0.98–3.93 g VS/L � day).
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Introduction

WASTE-ACTIVATED SLUDGE (WAS) is generated by opera-
tion of the conventional biological wastewater treat-

ment plants. WAS treatment and disposal is receiving in-
creasing attention as sludge volumes are becoming higher
and higher as a consequence of more stringent criteria for
wastewater treatment plant effluent and due to the building
of new treatment facilities (Bolzonella et al., 2007). The dis-
posal of WAS poses a significant challenge to wastewater
treatment because sludge handling represents 30–40% of the

capital cost and about 50% of the operating cost of many
wastewater treatment facilities (Vlyssides and Karlis, 2004;
Choi et al., 2006).

Anaerobic digestion is the most widely used method of
WAS disposal due to its high performance in volume re-
duction and stabilization and the production of biogas that
makes the process profitable. However, biological hydroly-
sis, which is the rate-limiting step for the anaerobic degra-
dation of WAS (Li and Noike, 1992; Tiehm et al., 2001) has
to be improved to enhance the overall process performance
as well as the associated cost. Several mechanical, thermal,
chemical, or biological pretreatment methods have been con-
sidered to improve hydrolysis and anaerobic digestion 
performance. These pretreatments result in the lysis or 
disintegration of cells (Delgenes et al., 2003) and release of
intracellular matter that becomes more accessible to anaero-
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bic micro-organisms (Bougrier et al., 2005), thus improving
anaerobic digestion (Tiehm et al., 2001).

The commonly used pretreatment methods for WAS are
thermal (Li and Noike, 1992), alkaline (Ray et al., 1990; Lin
et al., 1997), ultrasonic (Tiehm et al., 2001; Bougrier et al.,
2005), mechanical (Nah et al., 2000; Choi et al., 2006), ther-
mal-alkaline (Vlyssides and Karlis, 2004), thermochemical
(Tanaka et al., 1997), microwave (Park et al., 2004; Kennedy
et al., 2007), and ozone (Weemaes et al., 2000; Yeom, 2002)
pre-treatment. Provided that these methods are energy-in-
tensive and costly (Takashima et al., 1996), biological pre-
treatment methods of WAS has recently received attention
because of their efficiency and relatively low investment
(Bolzonella et al., 2007). Two-phase anaerobic digestion pro-
cess or the application of hydrolysis/acidification step be-
fore methanization constitutes one of these methods (Gavala
et al., 2003; Lu et al., 2005; Bolzonella et al., 2007).

The different growth rate and pH optima for acidogenic and
methanogenic anaerobic organisms and, thus, different re-
quirements regarding reactor conditions, has led to the devel-
opment of the two-phase AD process (Borchardt, 1971; Ghosh
and Klass, 1977; Ghosh, 1987; Guerrero et al., 1999). The two-
phase configuration has several advantages over conventional
one-phase processes, such as selection and enrichment of dif-
ferent bacteria in each phase, increased stability of the process,
preventing pH shock to the methanogenic population, etc.
Thus, the process can be smaller and more cost-efficient (Ghosh
and Klass, 1977; Fox and Pohland, 1994; Speece, 1996; Solera
et al., 2002; Demirer and Chen, 2004 and 2005).

Bhattacharya et al. (1996) studied the volatile solids re-
duction in two-phase and conventional anaerobic sludge di-
gestion of WAS. They reported that the volatile solid (VS)
reduction efficiency in the two-phase system was 8.7%
higher than in conventional system. In another study, Shana
et al. (2005) investigated the two-phase anaerobic digestion
of a mixture of primary sludge and WAS first in bench and
then in full scale. Both the acidogenic and methanogenic
phases were operated at a mesophilic temperature range
with hydraulic retention times (HRTs) of 2.4 and 10 days, re-
spectively. The performance of the two-phase configuration

was assessed by comparing it with that of a one phase con-
ventional anaerobic sludge digestor. The results indicated
that the two-phase process performed better than the con-
trol digester in terms of volatile solids destruction, gas pro-
duction, and pathogen indicator reduction.

Bolzonella et al. (2007) reported the main findings in recent
literature with particular attention to two-phase anaerobic 
digestion of WAS (Table 1). Data reported in Table 1 
indicates that level of COD solubilization and biogas produc-
tion are significantly increased for pretreatment (acidification)
at thermophilic temperatures over 60°C and HRTs of 2–3 days.
It has to be noted here that the concentrations and thus the
solids loading rates (SLR) used in the pretreatment (acidifica-
tion) studies were significantly high, namely 6.5–28.9 g VS/L �
day (Shana et al., 2005; Bolzonella et al., 2007). Considering that
high SLRs and/or low retention times lead to higher acidifi-
cation in two-phase systems (Ghosh, 1987; Shin et al., 2001), the
high performance presented in Table 1 is mainly due to the
high SLRs applied (6.5–28.9 g VS/L � day) in these studies.
However, it is well known fact that WAS from different waste-
water treatment plants is likely to have different concentra-
tions due to different process configurations and operational
practices which lead to lower SLRs.

Based on the previous studies and the above discussion,
this study investigated the performance of thermophilic
anaerobic preacidification prior to conventional mesophilic
(methanogenic) anaerobic digestion or two-phase anaerobic
digestion of waste activated sludge (WAS) at low SLRs,
namely 0.98–3.93 g VS/L � day. The objective was simply in-
vestigating whether the advantages of anaerobic phase sep-
aration can still be exploited at low SLRs. To this purpose,
continuous anaerobic acidogenic reactors with no recycle
were operated at two different HRT (or SRT) values of 2 and
4 days, and three different SLR values of 0.98, 1.97, and 3.93
g VS/L � day. Then, after the acidification reactors reached
steady-state conditions, the preacidified WAS samples (or
the effluents of thermophilic acidogenic anaerobic reactors),
and raw WAS samples (or the feeds to the thermophilic aci-
dogenic anaerobic reactors) were subjected to biochemical
methane potential (BMP) assay.

DEMIRER AND OTHMAN1292

TABLE 1. EXPERIMENTAL RESULTS FROM PREVIOUS STUDIES ON TWO-PHASE ANAEROBIC DIGESTION OF SLUDGE

Pretreatment
(acidification) Pretreatment Increase in
step (acidification) Dissolved gas
temperature step HRT COD production
(°C) (day) (%) (%) Reference

35 2 4.8 — Bhattacharya et al., 1996
47 2 22.4 69. Watts et al., 2005
54 2 25.3 81. Watts et al., 2005
55 0.2 — 29.5 Roberts et al., 1999
55 3.5 11.8 — Lu and Ahring, 2005
60 5.5 — 16.6 Oles et al., 1997
60 2 38.9 98. Watts et al., 2005
62 1 — 26.9 Cheunbarn and Pagilla, 2000
70 4 — 144.6 Gavala et al., 2003
70 3.5 27.8 — Lu and Ahring, 2005
75 3.5 29.5 — Lu and Ahring, 2005
80 3.5 30.5 — Lu and Ahring, 2005

COD, chemical oxygen demand; HRT, hydraulic retention time.



Materials and Methods

Waste activated sludge and anaerobic seed cultures

Unthickened WAS was collected from the Sunburry
Wastewater Treatment Plant in Melbourne, Australia. It was
filtered through a screen of 1.0-mm mesh size and stored at
4°C prior to use. The characterisation of the WAS is given in
Table 2. The mixed anaerobic culture used as seed was ob-
tained from the anaerobic sludge digesters of the Eastern
Wastewater Treatment Plant in Melbourne, Australia. It was
filtered through a screen of 1.0-mm mesh size and concen-
trated by settling before being used as inoculum. It was
stored at 4˚C prior to use. The characterisation of the seed is
given in Table 3.

Experimental setup

Thermophilic Anaerobic Acidification of WAS. Twenty
daily-fed continuously mixed acidogenic anaerobic reactors
(Supelco, Bellefonte, PA), with no recycle were operated at
two different HRT (or SRT) values of 2 and 4 days, and three
different SLR values of 0.98, 1.97, and 3.93 g VS/L � day. Du-
plicate reactors were operated for each HRT (or SRT) and
SLR pair. The effective and total volumes of the reactors were
50 and 120 mL, respectively. Reactor operation involved
daily feeding of raw WAS and wasting of corresponding re-
actor contents (Table 4). Solids and hydraulic retention times
(SRT and HRT) applied to each reactor (Table 4) was the
same because no recycle of the effluent was practiced. Ini-
tially, 25 mL of concentrated anaerobic seed was added to
all the reactors except Blank (B) reactors (Table 4). The con-
trol reactors received seed but not WAS. The reactors with
HRT (or SRT) of 2 and 4 days were fed with 25 and 12.5 mL
of original (undiluted, see Table 2) or 1/2 diluted WAS every
day, respectively. Namely, reactors B1, T1, B2, and T2 were
fed with undiluted WAS. While reactors B3, T3, B4, and T4
were fed with WAS diluted by 1/2.

The Control (C) reactors were fed with water (Table 4).
Then, the reactors were flushed with 100% N2 gas for 5 min,
sealed with natural rubber sleeve stoppers, and maintained
in a shaking water bath (Stuart Scientific, Staffordshire, UK)
at 60 � 1°C and 100 rpm. Daily feeding and wasting were
conducted as seen in Table 4. The daily effluents from all the

acidogenic reactors were used for the analysis during the op-
eration of the reactors. Furthermore, the effluents from the
reactors on the last day (day 15) of operation were collected
and subjected to biochemical methane potential (BMP) assay
along with corresponding raw (not subjected to anaerobic
acidification) WAS and WAS(1/2) samples of 25 (HRT or SRT
of 2 days) and 12.5 mL (HRT or SRT of 2 days) in separate
reactors.

Biochemical methane potential (BMP) assay. In order to
determine the anaerobic biodegradability and biogas pro-
duction from raw and anaerobically preacidified WAS, BMP
experiments (Owen et al., 1979; Erguder et al., 2000; Gungor-
Demirci and Demirer, 2004; Demirer and Chen, 2004) were
performed.

Thirty-two batch methanogenic anaerobic reactors (Su-
pelco) were operated. Duplicate reactors were fed with the
daily effluent of each reactor from the thermophilic anaero-
bic acidification phase as well as their corresponding feeds
[or WAS and WAS(1/2)]. The effective and total volumes of
the reactors were 50 and 120 mL, respectively. Initially, 25
mL of concentrated anaerobic seed was added to all the re-
actors except Blank (B) reactors (Table 5). The Control (C) re-
actors contained seed but were fed with water (Table 5).
Then, the reactors were flushed with 100% N2 gas for 5 min,
sealed with natural rubber sleeve stoppers, and maintained
in a shaking water bath (Stuart Scientific, Staffordshire, UK)
at 35 � 1°C and 100 rpm and daily gas production was mon-
itored by a water displacement device in each reactor. At the
end of the BMP assay (day 30), the reactor contents were
analysed for chemical oxygen demand (CODt), CODs, and
volatile acid (VA).

Analytical methods

The measurement of pH was made using calibrated pH
meter (ThermoOrion, Model 550A). The total solids (TS) and
VS were measured gravimetrically according to the Standard
Methods (American Public Health Association, 1998). The
measurements of COD, VA, total phosphorus (P), total N,
PO4

3�, and NH4
� were made by colorimetric techniques us-

ing HACH Spectrophotometer (DR/4000). The content of
methane in the biogas was determined as follows. A known
volume of the headspace gas (V1) produced in a serum bot-
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TABLE 2. CHARACTERIZATION OF THE

WAS USED IN THE STUDY

Parameter Concentration

Total COD 14,550 � 250 mg/L
Soluble COD 280 � 20 mg/L
Total Solids 8,180 � 35 mg/L
Volatile Solids 7,860 � 27 mg/L
Total P 873.75 � 8.75 mg PO4

3�/L
Soluble TP 65.5 � 1.0 mg PO4

3�/L
[PO4

3�] Total 64.2 � 3.0 mg PO4
3�/L

Total N 500 � 25 mg N/L
Soluble Total N 37.5 � 2.5 mg N/L
NH3-N 7.5 � 0.5 mg NH3/L
pH 6.82

COD, chemical oxygen demand; P, phosphorus; TP, total phos-
phorus.

TABLE 3. CHARACTERIZATION OF THE ANAEROBIC

SEED USED IN THE STUDY

Parameter Concentration

Total COD 30,900 � 0 mg/L
Soluble COD 540 � 0 mg/L
Total Solids 19,370 � 230 mg/L
Volatile Solids 12,860 � 160 mg/L
Total P 2,104 � 124 mg PO4

3�/L
Soluble TP 1,013 � 75 mg PO4

3�/L
[PO4

3�] Total 371.5 � 38.5 mg PO4
3�/L

Total N 1,662.5 mg N/L
Soluble Total N 625 � 125 mg N/L
NH3-N 468.5 � 56.5 mg NH3/L
pH 7.50

See table 2 for abbreviations.



tle used in the biochemical methane production (BMP) ex-
periments was syringed out and injected into another serum
bottle which contained 20 g/L KOH solution. This serum
bottle was shaken manually for 3–4 min so that all the CO2

and H2S were absorbed in the concentrated KOH solution.
The volume of the remaining gas (V2), which was 99.9% CH4,
in the serum bottle was determined by means of a syringe.
The ratio of V2/V1 provided the content of CH4 in the head-
space (Erguder et al., 2000). The methane content of biogas
was determined in six duplicate samples and found to be
62.4 � 4.8%.

Results and Discussion

Thermophilic anaerobic acidification of WAS

Figure 1 depicts the pH profile in all the acidogenic reac-
tors during the course of operation. After the onset of the

operation, the pH of all test reactors decreased with varying
rates and extent, which was determined by the combination
of HRT (or SRT) and SLR applied.

For the same HRT, the rate of pH drop during the opera-
tion was increased with the increase in the SLR (Fig. 1) as
expected. While for the same SLR, the pH drop was inversely
proportional with the increase in HRT of the reactor (Fig. 1).
This is an expected observation because it is a well-known
fact that low retention times and high SLRs lead to higher
acidification in two-phase systems (Ghosh, 1987; Shin et al.,
2001). The extent of pH drop observed for all the reactors
did not vary too much and the minimum pH value obtained
in reactor T1 was 6.40 (Fig. 1). The relatively high pH values
observed can be explained by the alkalinity generated by the
anaerobic biodegradation of nitrogenous organic com-
pounds (Speece, 1996) contained in the WAS used in this
study. Similar observations were reported for dairy manure
which was also rich in nitrogenous compounds (Demirer and
Chen 2004/2005; Yilmaz and Demirer, 2008). The pH drop
in the control reactors (Fig. 1) is due to the low pH of the tap
water (6.36) with which these reactors were fed. The pH pro-
file in all test reactors relative to their blanks (containing no
anaerobic seed) was an indication of anaerobic acidification.
However, this phenomenon had to be confirmed with fur-
ther parameters and analysis. Therefore, degree of solubi-
lization and acidification and VA production were deter-
mined in the acidifying reactors.

Figure 2 depicts the total and soluble COD concentrations
in the reactors as well as the degree of solubilisation (or per-
centages of soluble to total COD). As seen in Table 4, due to
presence or absence of seed, different volumes and/or
strengths of WAS used (undiluted or 1/2 diluted), the initial
total and soluble COD values (Fig. 2a and b) for acidogenic
reactors are different. All the reactors except controls were
fed by either original or 1/2 diluted WAS. Therefore, the in-
fluent total and soluble COD concentrations for reactors B1,
T1, B2, and T2 were 14,550 � 250 mg/L and 280 � 20 mg/L,
respectively. While the influent total and soluble COD con-
centrations for reactors B3, T3, B4, and T4 were 7,275 � 125
mg/L and 140 � 10 mg/L, respectively. Discarding the mi-
crobial conversion, which will be discussed below, the daily
feeding of the reactors (except controls) with WAS or
WAS(1/2) would converge the COD concentrations in the re-
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TABLE 4. EXPERIMENTAL SETUP FOR ACIDOGENIC REACTORS

HRT
Daily or Daily SLR

Seed feeding SRT feeding/wasting (g
Reactor addition with (days) volume (mL) VS/L day)

C1-Acid � Water 2 25.0 0.00
B1-Acid � WAS 2 25.0 3.93
T1-Acid � WAS 2 25.0 3.93
C2-Acid � Water 4 12.5 0.00
B2-Acid � WAS 4 12.5 1.97
T2-Acid � WAS 4 12.5 1.97
B3-Acid � WAS(1/2) 2 25.0 1.97
T3-Acid � WAS(1/2) 2 25.0 1.97
B4-Acid � WAS(1/2) 4 12.5 0.98
T4-Acid � WAS(1/2) 4 12.5 0.98

VS, volitile solids; WAS, waste-activated sludge.

TABLE 5. EXPERIMENTAL SETUP FOR BMP ASSAY

Feed
Seed volume Seed

Reactor addition Fed with (mL) (mL)

C1-Acid � Eff 25 25
B1-Acid � Eff 25 25
T1-Acid � Eff 25 25
C2-Acid � Eff 12.5 25
B2-Acid � Eff 12.5 25
T2-Acid � Eff 12.5 25
B3-Acid � Eff 25 25
T3-Acid � Eff 25 25
B4-Acid � Eff 12.5 25
T4-Acid � Eff 12.5 25
B1-Meth � WAS 25 0
B2-Meth � WAS 12.5 0
C1-Meth � WAS 25 0
C2-Meth � WAS 12.5 0
C3-Meth � WAS(1/2) 25 0
C4-Meth � WAS(1/2) 12.5 0

Eff., Effluent of the corresponding acidifying reactor; WAS, undi-
luted raw (not subjected to anaerobic acidification) waste-activated
sludge; WAS(1/2): raw (not subjected to anaerobic acidification)
waste activated sludge diluted by 1/2.



actors to the corresponding influent COD concentrations at
a rate determined by the HRT (or SRT) applied to the reac-
tors.

When a high solids-containing waste is introduced to an
anaerobicly acidifying reactor, the particulate organic mat-
ter is liquefied through hydrolysis along with acidification
(Demirer and Chen, 2004). This mechanism can be quanti-

fied with monitoring the soluble COD concentration as well
as the ratio of soluble to total COD in the acidogenic reac-
tors. When the soluble COD (CODs) values for the reactors
are considered (Fig. 2b), it is seen that there has been a dra-
matic increase in the CODs at varying levels. For example
CODs for T1 increased from the initial value of 412 mg/L to
3,040 and 3,380 mg/L on days 6 and 14, respectively. For the
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reactors with an HRT (or SRT) of 2 days, most of the solu-
bilization was achieved within the first 6 days due to high
solids loading rates which accelerated the acidification rate.
However, for the reactors with an HRT (or SRT) of 4 days,

the rate solubilization was relatively slower. For example,
CODs for T2 increased from the initial value of 393 mg/L to
2,208 and 2,910 mg/L on days 6 and 14, respectively.

It has to be noted at this point that even though anaero-
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bic acidification increases the CODs values through hydrol-
ysis, there is also parallel microbial CODs consumption due
to the incomplete separation of acidogenic and methano-
genic phases as will be discussed below. Therefore, the CODs
values reported in Fig. 2b is the result of these two main mi-
crobial mechanisms.

The headspace gas in acidogenic reactors contained 7–22%
methane. Ideally, the methane content in the headspace gas
produced in acidifying reactors should be negligible. In prac-
tice, however, varied amounts of methane of up to 30% have
been detected in acid-phase digesters (Eastman et al., 1981;
Ghosh, 1987; Shana et al., 2005; Yilmaz and Demirer, 2008).
This may be due to either incomplete separation of the two
phases, which results in the coexistence of heterotrophic
methane producers, or the presence of certain fast-growing
autotrophic methanogenic organisms such as Methanobac-
terium, or both. The HRT (or SRT) values applied in this
study (2 and 4 days) were not favorable for the most sensi-
tive anaerobic bacteria type known as methanogens. How-
ever, the methane production at such low SRTs could be ex-
plained by unintentional extended retention times of
micro-organisms in the reactors due to very high solids con-
centration and thus lack of homogeneity during daily wast-
ing of sludge (Ghosh, 1985, 1987).

A simple completely stirred tank reactor (CSTR) model
was used to demonstrate the CODt reduction as well as the

microbial hydrolysis of the particulate organic matter in the
acidifying reactor. In this CSTR model, each reactor was as-
sumed as operating under feeding and wasting process with-
out any microbial production/consumption of substrate in
terms of COD (Fig. 3). This model was not used to predict
the experimental COD concentrations in the reactor. On the
contrary, the difference between the model output and the
experimental data indicate the reduction of CODt (Fig. 3a)
and the increase of CODs due to hydrolysis (Fig. 3b) in the
acidifying reactor. As an illustrative example, the model was
run for T1. The model outputs as well as the total and solu-
ble COD concentrations are depicted in Fig. 3. The model
output predicts that the initial CODt concentrations of 22,410
and 22,690 mg/L for duplicate T1 reactors, are reduced at a
rate determined by the HRT of the reactor (2 days) and
reaches their steady state value of 14,550 � 250 mg/L (or the
CODt of the feed) in around 8 days. However, the effluent
COD values observed for these reactors on days 6 and 14 are
considerably lower than what the model predicted. On av-
erage, the effluent COD concentration in T1 was 10,550 �
590 mg/L on day 14. This value corresponds to 27.5% re-
duction in CODt. Meanwhile, when Fig. 3b is considered,
when no microbial interaction of the substrate is considered,
the CODs value on day 14 would be 280 mg/L. However,
the experimental data indicated that the average CODs value
in reactors T1 on day 14 was 3,290 � 90 mg/L.

As mentioned above, the increase in CODs (3,290 mg/L)
is through the hydrolysis in the acidifying reactor. When the
CODt reduction in duplicate reactors of T1 is considered
along with the presence of methane in the headspace gas
produced, it was concluded that there was an unintentional
methanogenic activity in the acidogenic reactors due to the
incomplete separation of phases. This observation is paral-
lel to the relevant literature (Eastman et al., 1981; Ghosh, 1987;
Yilmaz and Demirer, 2008). The CODt reductions in all aci-
dogenic reactors ranged between 18.2 and 33.3% (Table 6).

VA production is another important parameter indicating
the performance of acidifying cultures. Therefore, VA analy-
ses were conducted in the effluents of the acidifying reactors
as well their feeds namely WAS and WAS(1/2) on day 13 of
the operation (Fig. 4). As it is clear from Fig. 4, the VA for-
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TABLE 6. CODT REDUCTION IN ACIDOGENIC

AND BMP REACTORS

CODt removal (%)

Reactor Preacidification BMP assay

B1-Acid 20.1 52.2
T1-Acid 27.5 49.2
B2-Acid 27.6 55.4
T2-Acid 33.3 52.4
B3-Acid 20.0 43.5
T3-Acid 18.2 45.0
B4-Acid 25.2 43.2
T4-Acid 18.6 46.7
C1-Meth 38.4
C2-Meth 36.3
C3-Meth 37.0
C4-Meth 34.8

COD, chemical oxygen demand.

FIG. 3. Change in (a) total and (b) soluble COD concen-
trations in duplicate T1 reactors.



mation is due to the acidifying activity because the VA con-
centration in the control reactors were insignificant (less than
24 mg/L). In all the other reactors, the VA formation
(281–881 mg/L) was much higher than that of the feed WAS
solutions (52–86 mg/L). This indicated that anaerobic acid-
ification increased the VA concentration in the WAS and
WAS(1/2) by 6.3 and 9.8 times, respectively. The VA forma-
tion in reactors T1 and T2 was considerably higher (799–881
mg/L) than in reactors T3 and T4 (281–375 mg/L) (Fig. 4).
This observation, which was similar with the CODs/CODt
ratios (Fig. 2c) was expected for the reactors with both higher
SLRs and lower HRTs (or SRTs) (Ghosh, 1987; Shin et al.,
2001). However, despite its higher HRT, reactor T2 had
higher VA (799–881 mg/L) concentration than reactor T3
(281–375 mg/L). If the feeds for these reactors are consid-
ered (Table 4), it will be seen that reactor T2 was fed with
undiluted WAS while reactor T3 was fed with 1/2 diluted
WAS. In order words, the influent COD concentration for re-
actor T2 was twice as much compared to that of T3. There-
fore, it can be stated that higher influent substrate strength
applied to T2 resulted in a higher acidification thus VA for-
mation relative to T3 (Fig. 4). Hence, it must be underlined

that the solids loading rate applied to both of these reactors
(1.97 g VS/L � day) was relatively low and a similar obser-
vation may not necessarily be observed for higher solids
loading rates.

The degree of acidification is also commonly used
(Dinopoulou et al., 1988; Fang and Yu, 2001; Demirel and
Yenigun, 2004; Yilmaz and Demirer, 2008) to assess the ex-
tent of acidification. Acidifying reactors and their acidifica-
tion performances were also compared in terms of the de-
gree of acidification and depicted in Fig. 5. The degree of
acidification was calculated by taking the ratio of COD-
equivalent of VAs produced and the total COD of the influ-
ent wastewater (Dinopoulou et al., 1988). The degree of acid-
ification values (4.48–6.43%) obtained in this study is lower
than stated in the relevant literature. For example, in a study
of two-phase anaerobic digestion of a mixture of fruit and
vegetable wastes, Bouallagui et al. (2004) reported acidifica-
tion yields of 38.9–44.4% for acidifying reactors that were op-
erated at an HRT of 3 days. Dinopoulou et al. (1988) inves-
tigated the influence of various operational parameters the
anaerobic acidification of a complex substrate based on beef
extract. The initial COD concentrations and hydraulic reten-
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FIG. 5. Degree of acidification in acidogenic reactors.



tion times identified as 3 g/L and 6 h, respectively, the de-
gree of acidification achieved was between 30 and 60%. Fur-
thermore, Demirel and Yenigun (2004) reported the degree
of acidification values for the acidification of dairy waste-
water as 20–60%. The reason of obtaining these low acidifi-
cation values is thought to be the low SLRs used in the study.

Similar to the CODs/CODt ratios (Fig. 2c) and VA con-
centrations (Fig. 4), the degree of acidification values are
higher for reactors T1 and T2 (5.85–6.29%) than for reactors
T3 and T4 (4.48–4.76%) (Fig. 5).

Biochemical methane potential (BMP) assay

After the acidification reactors reached to steady-state con-
ditions, the preacidified WAS samples (or the effluents 
of thermophilic acidogenic anaerobic reactors) and raw 
WAS samples (or the feeds to the thermophilic acidogenic
anaerobic reactors; see Table 4) were subjected to BMP as-
say (Table 5).

The BMP assay was run for 30 days, at the end of which
all the reactors were analyzed for CODt, CODs, and VA
(Figs. 2a, b and 4). When the CODt results are considered
(Table 6), it is observed that all the preacidified WAS sam-
ples (T1-Acid, T2-Acid, T3-Acid, and T4-Acid) has led to in-
creased CODt removals than their corresponding feeds (C1-
Meth, C2-Meth, C3-Meth, and C4-Meth). The difference
between the CODt removals of preacidified and raw WAS
samples were more pronounced for reactors T1 and T2 (13.8
and 16.1%, respectively) than T3 and T4 (8.0 and 11.9%, re-
spectively). This observation agrees with higher VA and
CODs/CODt ratios observed for the same reactors as dis-
cussed above.

The increase in the CODt removal by up to 16.1% observed
during the BMP assay is an important enhancement of the
anaerobic biodegradability of WAS. However, when the
CODt removal observed for the same samples during aci-
dogenesis along with the methane production is considered,
the net effect of preacidification on the process can better be
evaluated. This is in agreement with Ghosh (1987), who sug-
gested that the methane from acidification phase could be
transmitted to methanogenic phase of the system to increase
the overall system efficiency. So, when the total CODt re-
movals are considered (Table 6), it will be seen that preacid-
ification has led to 38.3, 49.4, 26.2, and 30.5% additional CODt
removals in reactors T1, T2, T3, and T4, respectively, relative
to reactors fed with nonpreacidified WAS. It is apparent from
these results that beneficial effect of preacidification on CODt
removal (Table 6) is sustained for low SLRs (0.98–3.93 g
VS/L � day). The corresponding values obtained are compa-
rable to the studies reported in Table 1.

Conclusions

This study investigated the performance of thermophilic
anaerobic preacidification of WAS prior to conventional
mesophilic (methanogenic) anaerobic digestion. The aim was
to observe whether the advantages of anaerobic phase sep-
aration which was clearly seen for high SLRs (6.5–28.9 g
VS/L � day) can still be exploited at low SLRs (0.98–3.93 g
VS/L � day). The following conclusions can be drawn based
on the experimental results of this study:

Thermophilic preacidification of WAS at 0.98–3.93 g
VS/L � day of SLR and 2–4 days of HRT resulted in

18.2–33.3% CODt reduction and 20.9–34.8% increase in dis-
solved (soluble) COD concentration in acidogenic reactors.
This corresponded to 6.3–9.8 times higher acidification lev-
els relative to unacidified WAS feed samples. When the
preacidified WAS samples were subjected to BMP assay
along with unacidified WAS samples, it was observed that
8–16.1% additional CODt removal or gas production was ob-
served for preacidified samples. When the CODt removals
observed for preacidification and BMP were both consid-
ered, preacidification (or phase separation) has led to
26.2–49.4% extra CODt removal.

It is apparent from these results that beneficial effect of
preacidification on CODt removal is sustained for low SLRs
(0.98–3.93 g VS/L � day).
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