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Abstract

The use of a granular inoculum prevented acidification during the anaerobic batch biodegradation of a kitchen waste for waste/inoculum
ratios in the range of 0.5–2.3 g VS/g VS, when the alkalinity/COD ratio was 37 mg NaHCO3/g COD. In similar experiments but using a
suspended sludge with a significantly lower activity, the methane production rates and the biodegradability were significantly lower and the
pH decreased below 5.5 at the waste/inoculum ratio of 2.3 g VS/g VS. When the added alkalinity was decreased to 2 mg NaHCO3/g COD,
the ratio waste/inoculum was clearly more important than the inoculum activity, since, irrespective of the sludge used, acidification occurred
at waste/inoculum ratios higher than 0.5 g VS/g VS. The advantage of using granular sludge was further investigated in order to define
reasonable condition of waste/inoculum ratio and added alkalinity that could be applied in practice. For a waste/inoculum ratio of 1.35, there
were no significant differences between the results obtained for the biodegradability and maximum methane production rate (MMPR), when
the alkalinity decreased from 44 to 22 mg NaHCO3/g COD.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In order to reduce uncontrolled methane emissions, odour
nuisance and leachate production, European policies for
environmental protection are imposing severe restrictions
to the landfilling of non-stabilized organic refuse. Kitchen
waste is a typical biodegradable organic waste suitable for
controlled anaerobic digestion.

Mineralization of a solid waste through the anaerobic di-
gestion process requires the co-ordinated action of different
bacterial trophic groups, so as to prevent local accumula-
tion of intermediates which can be potentially inhibitory.
The complexity of waste/seed interactions is expected to in-
crease with the solid content of the waste to be digested. A
model for the anaerobic solid-state fermentation was devel-
oped by Kalyuzhnyi et al.[1], which considers two parti-
cles in the process: seed particles with high methanogenic
activity and low biodegradability and waste particles with
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low methanogenic activity and high biodegradability. For
a one-stage batch process, the crucial point is to prevent
volatile fatty acids accumulation inside the “seed” parti-
cles beyond their assimilative methanogenic capacity[1].
This can be accomplished by increasing the amount of seed
sludge, in order to overcome irreversible acidification during
start-up[2]. The waste/inoculum ratio is then an important
parameter in batch high solid anaerobic digestion processes
as well as in the assessment of anaerobic biodegradability of
solid wastes. The use of a large inoculum amount in a batch
process allows a successful digestion without pH adjustment,
being a value of 1 (VS basis) usually used in the assessment
of the biochemical methane potential (BMP)[3]. However,
in the case of more recalcitrant wastes, the rate of methane
production in BMP assays was optimized by decreasing the
waste/inoculum ratio to 0.5 g VS/g VS[4]. Although typi-
cal values are indicated for the required amount of inocu-
lum, little attention is usually devoted to the influence of
inoculum activity. It is expected that for the assessment of
the anaerobic biodegradability of a solid waste, the use of a
highly active anaerobic sludge will reduce significantly the
time of the experiment. On the other hand, for the start-up
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of full scale batch digesters, the use of an active sludge can
significantly reduce the amount of inoculum required and,
consequently, the corresponding digester volume.

The aim of the present work was to evaluate the influ-
ence of the sludge activity in the anaerobic biodegradation
of a real kitchen waste at waste/inoculum ratios between
0.5 and 2.3 g VS/g VS, for alkalinity/COD ratios of 2 and
37 mg NaHCO3/g COD. A suspended sludge and a granu-
lar sludge with a significantly higher methanogenic activity,
were compared. The need for pH control in the tested condi-
tions is discussed and additional assays with granular sludge
at a waste/inoculum ratio of 1.35 and added alkalinity in the
range of 0–44 mg NaHCO3/g COD are presented.

2. Materials and methods

2.1. Kitchen waste

The kitchen waste was a composed sample (1 week based)
from the waste produced in the restaurant of the University
of Minho, located in Campus de Gualtar, Braga. It had the
following characteristics: total solids(TS) = 23.8 ± 1.4%;
volatile solids(VS) = 21.4 ± 0.7%; chemical oxygen de-
mand (COD) = 1370± 307 mg/g TS waste; total Kjel-
dahl nitrogen(TKN) = 55.9 mg N-TKN/g TS waste; fat
content= 84 mg fat/g TS waste.

2.2. Inoculum

The granular sludge was collected from an UASB reac-
tor treating a brewery effluent located in Oporto, Portugal.
The suspended sludge was collected from a local munici-
pal sludge digester. The specific methanogenic activity in
the presence of acetate, propionate, butyrate and H2/CO2 is
presented inTable 1for both sludges.

2.3. Batch experiments

2.3.1. Activity measurements
Methanogenic activity tests were performed using a

pressure transducer technique[5]. The test involves the
monitoring of the pressure increase developed in sealed
vials fed with non-gaseous substrates or pressure decrease
in vials previously pressurised with gaseous substrates
(H2/CO2). Strict anaerobic conditions were maintained, us-

Table 1
Specific methanogenic activity of the granular and suspended inocula

Specific methanogenic activity (ml CH4 (STP)/g VS waste per day) in the presence of

Acetate Propionate Butyrate Ethanol H2/CO2

Granular sludge 343.7± 69.7 167.3± 16.7 69.4± 8.9 663.0± 78.5 1029± 14
Suspended sludge 45.5± 1.1 2.6± 0.7 31.3± 0.2 54.4± 3.9 93± 6

STP: standard temperature and pressure conditions.

ing an anaerobic basal medium composed of cysteine–HCl
(0.5 g/l), NaHCO3 (3 g/l), with the pH adjusted to 7.0–7.2.
Rezasurin was added as an indicator of redox potential. This
basal medium was prepared by boiling the medium before
adding the bicarbonate. When the pink colour of rezasurin
disappeared, indicating that suitable anaerobic conditions
were achieved, it was left to cool down under a continuous
flow of N2 in the headspace. Then, the bicarbonate was
added, the gas was changed to a mixture of N2/CO2 (80:20,
v/v) and finally it was dispensed to the vials avoiding the
contact with air. The hand held pressure transducer used
was capable of measuring a pressure increase or decrease
of two atmosphere (0± 202.6 kPa) over a range of−200
to +200 mV. The sensing element is connected to a digital
panel module and the device is powered by a 9.0 V dc trans-
former. All activity tests were performed in triplicate. The
volume of methane produced was corrected to the standard
temperature and pressure (STP) conditions.

2.3.2. Biodegradation experiments
Biodegradation experiments were performed in vials of

160 ml. Four waste/inoculum ratios were tested using the
two sludges: 0.5, 1.0, 1.35 and 2.3 g VS waste/g VS in-
oculum. In a first run of experiments, the initial ratio alka-
linity/COD was set at 37 mg NaHCO3/g COD. In order to
understand the influence of inoculum activity on the need
for pH control, a second run of experiments was done, with
an initial alkalinity/COD ratio of 2 mg NaHCO3/g COD. A
third run of experiments was done with granular sludge at a
waste/inoculum ratio of 1.35 and three values of added alka-
linity: 0, 22 and 44 mg NaHCO3/g COD. The alkalinity was
adjusted by adding a defined volume of the anaerobic basal
used in the activity measurement assays. The waste and the
sludge were placed in the vial and the basal medium was
dispensed avoiding the contact with air. The vials were then
incubated at 37◦C under stirring conditions (15.7 rad/s) and
the pressure increase was monitored by the above-mentioned
pressure transducer device. At regular time intervals, the
vials were depressurised and the biogas composition was
analyzed for CH4 and CO2 content. Biodegradability tests
were performed in duplicate assays.

The maximum methane production rate (MMPR), was
always considered as the slope of the initial linear part of
each curve of methane production versus time. The term
“biodegradability” was defined as the maximum plateau
achieved in the methane production curves after 600 h
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from the first pressure reading—set as the initial time of
the assay—divided by the amount of waste COD initially
present in the vial.

The methane production due to biomass decay and due to
the possible presence of residual substrate was discounted
by performing blank controls. Both the MMPR and the max-
imum plateaux were corrected. For the granular sludge, the
MMPR and the plateau were, respectively, 6.67± 1.35 ml
CH4/g VS sludge per day and 16.93 ± 2.14 ml CH4/g
VS sludge, and for the suspended sludge the MMPR was
10.45± 1.42 ml CH4/g VS sludge per day and the plateau
was 50.12 ± 9.41 ml CH4/g VS sludge. The volume of
methane produced was corrected to standard temperature
and pressure conditions.

3. Analytical methods

Chemical oxygen demand, volatile and total solids, and
total Kjeldahl nitrogen were determined according to Stan-
dard Methods[6]. Methane and carbon dioxide content of
the biogas were measured by gas chromatography using a
Porapack Q (100–180 mesh) column, with He as the carrier
gas at 30 ml/min and a thermal conductivity detector. Tem-
peratures of the detector, injector and oven were 110, 110
and 35◦C, respectively.

4. Results and discussion

Fig. 1 represents the methane production curves obtained
for the granular and the suspended sludge under different
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Fig. 1. Methane production obtained in the assays at 37 mg NaHCO3/g COD using suspended and granular sludges. Influence of the waste/inoculum
ratio. In these curves, the residual methane production was not excluded.

waste/inoculum ratios for the assays with an initial alkalin-
ity/COD ratio of 37 mg NaHCO3/g COD.

Fig. 2 compares the maximum methane production rate
and the biodegradability obtained in each condition. Gran-
ular sludge was significantly more active than suspended
sludge, suggesting that the number of active bacteria in-
volved in the acetogenic and methanogenic conversions was
much higher in that structured sludge. This can explain
the better methane production rates observed with granu-
lar sludge. The increase in the relative amount of inocu-
lum was in this case of minor importance as compared to
suspended sludge, since the maximum methane production
rate and the biodegradability did not change significantly for
all the waste/inoculum ratios studied. The slight increase in
biodegradability observed inFig. 2bfor the waste/inoculum
ratios higher than 1 g VS/g VS, was not expected, but may
likely arise from the high heterogeneity of the real waste.

The increase in the waste/inoculum ratio can lead to over-
loads due to volatile fatty acid accumulation. If the pH drops
below 6.5, inhibition of methanogenesis can occur. It is
expected that a high concentration of active methanogenic
sludge can contribute to overcome that inhibition, since the
inoculum should be able to process a higher flow of metabo-
lites such as hydrogen, acetate and other VFA, preventing
their accumulation. Furthermore, the architecture and spatial
arrangement of granular sludge, protects the bacteria located
in the inner core (mostly acetoclastic) from adverse envi-
ronmental conditions prevailing in the bulk medium. The
close proximity between the different groups of bacteria in
the granular sludge can improve the metabolic flow of in-
termediates and products, especially the syntrophic transfer
of hydrogen from acetogens to hydrogenotrophs. This can,
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Fig. 2. Maximum methane production rate (a) and biodegradability (b) in the assays at 37 mg NaHCO3/g COD using suspended and granular sludges.
Influence of the waste/inoculum ratio. The residual methane production was excluded in these values. The bars represent the standard deviation.

in part, explain the different final pH values achieved in the
vials which dropped to 5.2 in suspended sludge for the as-
say with 2.3 g VS waste/g VS inoculum, but remained in the
range of 7.02–7.17 for all the assays with the granular sludge.

0

200

400

600

800

1000

1200

1400

1,0 gVS waste/ gVS inoculum

0

200

400

600

800

1000

1200

1400

 

M
et

ha
ne

 p
ro

du
ct

io
n 

(m
LC

H
4(

S
T

P
))

0,5 gVS waste/ gVS inoculum

0

200

400

600

800

1000

1200

1400

0 200 400 600

Time (hours)

suspended sludge

granular sludge2,3 gVS waste/ gVS inoculum

0

200

400

600

800

1000

1200

1400

0 200 400 600

Time (hours)

M
et

ha
ne

 p
ro

du
ct

io
n 

(m
LC

H
4(

S
T

P
))

1,35 gVS waste/ gVS inoculum

Fig. 3. Methane production obtained in the assays at 2 mg NaHCO3/g COD, without pH control, using suspended and granular sludges. Influence of the
waste/inoculum ratio. In these curves, the residual methane production was not excluded.
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Fig. 4. Maximum methane production rate (a) and biodegradability (b) in the assays at 2 mg NaHCO3/g COD, using suspended and granular sludges.
Influence of the waste/inoculum ratio. The residual methane production was excluded in these values. The bars represent the standard deviation.

In order to assess the limits of this behaviour, an assay was
run with the two sludges, under the same waste/inoculum
ratios and applying an alkalinity/COD ratio of 2 mg
NaHCO3/g COD.Fig. 3 represents the obtained results and
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Fig. 5. Final pH values in the assays using granular (a) and suspended (b) sludges. Influence of the waste/inoculum ratio and alkalinity.

Fig. 4 compares the maximum methane production rate
and the biodegradability, as defined by the “600 h plateaux”
achieved in each curve.

In this case, the methanization rate was not significantly
higher for the granular than for the suspended sludge.
The biodegradability was, for both sludges, maximal for
a waste/inoculum ratio of 0.5 g VS/g VS and decreased
sharply when this ratio increased beyond this value. Al-
though this behaviour was similar for both sludges, when us-
ing the granular sludge a slightly higher plateau was obtained
for all the assays (Fig. 4). Fig. 5 represents the influence of
alkalinity/COD ratio on the final pH achieved in the assays
with granular (Fig. 5a) and suspended (Fig. 5b) sludge.

It is clear that the granular sludge prevented acidification
for all the tested waste/inoculum ratios, when the amount of
alkalinity initially present in the vials was 37 mg NaHCO3/g
COD. However, strong acidification occurred for the assay
at 2.3 g VS waste/g VS inoculum, when using suspended
sludge. A further decrease in alkalinity to a value as low
as 2 mg NaHCO3 added/g COD, showed that acidification
was only prevented for the lowest waste/inoculum ratio
being, in this case, the inoculum activity of minor impor-
tance. The practical interest of these results is not restricted
to the assessment of the anaerobic biodegradability. For
a batch operated digester it should be important to define
the required amount of inoculum, taking into account the
corresponding activity and the need for pH control. In this
context, it was considered interesting to investigate further
the potential use of granular sludge, for different alkalinities
at a waste/inoculum ratio of 1.35, which seems to be more
reasonable in practical terms than a lower value for instance
0.5 g VS/g VS.Table 2 compares the obtained values of
MMPR and biodegradability obtained for added alkalinity
of 0, 2, 22, 37 and 44 mg/g COD.

The value obtained for the biodegradability when adding
37 mg NaHCO3/g COD is somewhat higher than expected,
which can be due to the waste heterogeneity. It should be
referred that the waste used in the assays at 0, 22 and 44 mg
NaHCO3/g COD was collected in a different week from
that used in the two other assays. From the results presented
in Table 2, it is shown that the reduction of alkalinity un-
til 22 mg NaHCO3/g COD did not significantly affect the
MMPR and the biodegradability, when compared to the val-
ues when adding 44 mg NaHCO3/g COD.

Table 2
Effect of alkalinity on the biodegradability and maximum methane pro-
duction rate for the kitchen waste at waste/inoculum ratio of 1.35 g VS/g
VS

Alkalinity
(mg NaHCO3/g
COD)

Biodegradability
(ml CH4 (STP)/g
COD)

MMPR (ml CH4

(STP)/g COD
per day)

0 58.0± 1.2 28.3± 2.2
2 30.8± 23.4 33.7± 6.4

22 176.0± 18.6 115.6± 10.6
37 290.6± 4.6 109.6± 4.0
44 174.18± 3.5 126.4± 6.0

STP: standard temperature and pressure conditions.

5. Conclusions

In batch anaerobic biodegradation assays of a kitchen
waste with an alkalinity/COD ratio of 37 mg NaHCO3/g
COD, the use of a granular inoculum prevented acidification
for waste/inoculum ratios between 0.5 and 2.3 g VS/g VS.
This was not achieved by a suspended sludge with a signif-
icantly lower activity, since the pH decreased below 5.5 for
the waste/inoculum ratio of 2.3 g VS/g VS. In similar ex-
periments, when a lower buffer capacity of 2 mg NaHCO3/g
COD was applied, no significant differences were obtained
between the two sludges, and for waste/inoculum ratios
beyond 0.5 g VS/g VS acidification occurred. The ratio
waste/inoculum ratio was, in this case, more important
than the inoculum activity. The advantage of using granular
sludge was further investigated in order to define reasonable
condition of waste/inoculum ratio and added alkalinity that
could be applied in practice. For a waste/inoculum ratio
of 1.35, there were no significant differences between the
obtained results for the biodegradability and MMPR, when
the alkalinity decreased from 44 to 22 mg NaHCO3/g COD.
The use of granular sludge for this waste/inoculum ratio can
therefore be an advisable way of preventing acidification,
in the case of waste composition fluctuations.
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