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Abstract: Image analysis techniques were developed and
applied to quantify the process of anaerobic granulation in
an expanded granular sludge blanket reactor (EGSB) fed
with a synthetic substrate based on glucose [60–30%
COD (chemical oxygen demand)] and volatile fatty acids
(40–70% COD) over 376 days. In a first operation period
that lasted 177 days, the aggregation of dispersed sludge
was quantitatively monitored through the recognition and
quantification of aggregates and filaments. A parameter
defined as the ratio between the filaments’ length and the
aggregates projected area (LfA) has proven to be sensitive
to detect changes in the aggregation status of the anaerob-
ic sludge. The aggregation time—defined as the moment
when a balance between filaments’ length and aggregates’
size was established—was recognized through the LfA.
The percentage of projected area of aggregates within
three size ranges (0.01–0.1 mm, 0.1–1 mm, and>1mm,
equivalent diameter) reflected the granular size spectrum
during the aggregation process. When sudden increases
on the upflow velocity and on the organic loading rate
were applied to the previously formed granules, the de-
veloped image analysis techniques revealed to be good
indicators of granular sludge stability, since they were sen-
sitive to detected filaments release, fragmentation, and
erosion that usually leads to washout. The specific metha-
nogenic activities in the presence of acetate, propionate,
butyrate, and H2/CO2 increased along the operation, par-
ticularly relevant was the sudden increase in the specific
hydrogenophilic activity, immediately after the moment re-
cognized as aggregation time. B 2004 Wiley Periodicals, Inc.
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INTRODUCTION

Since their development in the early 1980s, anaerobic

sludge bed reactors based on granular biomass, have rep-

resented a significant technological advance for indus-

trial anaerobic wastewater treatment (van Lier et al., 2001).

The upflow anaerobic sludge blanket (UASB) reactor,

which has been successfully applied for the treatment of

several types of effluents (Frankin, 2001), operates typi-

cally at superficial velocities (SV) of 2 m/h and can accom-

modate organic loading rates (OLR) up to 10 kgCOD m3 d

(COD = chemical oxygen demand). This reactor config-

uration evolved to the EGSB (expanded granular sludge

blanket) reactor, which operates at SV up to 10 m/h and

OLR up to 40 kgCOD m3 d. Both reactor configurations are

based on the differentiation between the hydraulic retention

time and the solids retention time, which is achieved by the

use of dense granular sludge.

Several hypotheses have been proposed for the granula-

tion process, some of them focusing on substrate compo-

sition and operating conditions, while others address the

thermodynamic aspects. In general, it is widely accepted

that the microorganisms involved play an important role.

Wiegant and de Man (1986) pointed out that Methano-

saeta is of vital importance for the formation of the initial

web structures around which the aggregation process takes

place. In their theory, the granulation process is divided into

two stages: a first stage, in which enrichment on the ace-

toclastic filamentous Methanosaeta has to be ensured to

form granulation nuclei, and a second stage, when the

granule grows over the previously formed nuclei, ElMa-

mouni et al. (1995) stated that Methanosaeta and the
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syntrophic species were the relevant populations for the

granulation process and Morvai et al. (1992) reported that

the presence of Methanosaeta guarantees a rapid granula-

tion. The presence of Methanosaeta in the granulation

nuclei is also referred by Macleod et al. (1990) who

proposed a multilayered structure of granules formed by

successive attachments of bacteria as the process stimulated

by the syntrophic relationship.

Besides the microbial factor, the ‘‘selection pressure’’

factor reported by Hulshoff Pol (1989) promotes the wash-

out of nonattached cells and small fragments, and selects

for the more dense aggregates that will remain inside

the reactor and will grow by means of successive cell at-

tachment, growth, and matrix mineralization. It is one of

the most important factors responsible for the granula-

tion process.

To understand the granulation process, it is important to

know how to promote it, and how to recognize specific

moments in the process, for instance the moment when

granules’ maturity is achieved (Singh et al., 1998). There-

fore, it is essential to have sensitive indicators to identify

these moments and to quantify and control the size spectrum

of granular sludge in anaerobic reactors (Lettinga and

Hulshoff Pol, 2002).

Classical methods to characterize microbial aggregates

and filaments in wastewater treatment processes were based

on manual counting techniques and have been primar-

ily developed for activated sludge processes to alert for

bulking problems (Jenkins et al., 1993). Manual counting

techniques are, however, rather laborious, imprecise, and

time-consuming methods, which make them difficult to

implement in a quantitative way.

The technological advances and the decrease of compu-

tation costs gave the opportunity of techniques such as

quantitative image analysis to be used for process mon-

itoring. These techniques have already been applied in the

quantitative morphological characterization of anaerobic

sludge (Alves et al., 2000a; Alves et al., 2000b). The main

difficulty is to define and accurately measure the most suit-

able parameters that are sensitive to the granulation, gran-

ules maturation, or granules deterioration processes. Such

parameters should be good indicators of sludge bed stability,

a crucial factor for UASB/EGSB long-run operation.

Our aim in the present study was to develop and apply

quantitative image analysis techniques to identify critical

events of the anaerobic granulation process, to propose

morphological parameters sensitive to the aggregation sta-

tus of anaerobic sludge, and to discuss the usefulness of

quantitative image analysis to monitor the structural and

morphological stability of anaerobic granular sludge. More

specifically, the relative abundance of filaments, either free

or protruding from dense biomass (aggregates), with respect

to the latter, will be quantified (Fig. 1).

MATERIALS AND METHODS

EGSB Reactor and Operation Mode

The expanded granular sludge bed (EGSB) reactor was

made of plexiglas with a volume of 11.5 L, a height of

2.22 m, and a height-to-diameter ratio of 27. The reactor

set-up included an external settler where the washed out

biomass was collected, two recirculation ports, and three

sampling ports alongside its height (Fig. 2). The tempera-

ture was kept at 37 F 1jC by means of an external jacket

for water circulation.

The reactor was operated during 376 days. The operation

of the EGSB reactor was divided into two operating periods

(OP I, between days 0 and 177 and OP II, between days

211 and 376). Between days 178 and 210, the operation was

stopped and biomass was kept at 4jC. In the first operating

period, the superficial upflow velocity was kept below 4 m/h

to prevent the washout of growing granulation nuclei, but

still high enough to maintain a mixing pattern that pro-

moted the contact between the aggregates. During the

second operation period organic loading rates (OLR) up to

Figure 1. (a) Microscopic aggregates image. (b) Schematic representation of an aggregate and free filaments. Bar represents 100 Am.
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6.5 kg COD m3 d and upflow liquid velocities, up to 6 m/h

were applied.

Routine Analysis

Routine reactor performance was monitored by determining

influent and effluent total and soluble (centrifuged 10 min at

15 000 rpm) chemical oxygen demand (COD), influent flow

rate, pH, and volatile suspended solids (VSS). Chemical

oxygen demand and VSS were determined according to

standard methods (APHA et al., 1989). The effluent VSS

were determined by measuring periodically the total amount

of VSS that accumulated in the external settler during a

defined time period.

Seed Sludge and Substrate

The inoculum consisted of dispersed anaerobic biomass

obtained from a local municipal sludge digester. Before

inoculation it was screened by a 0.7-mm sieve. The final

volatile suspended solids content was 13.5 g SSV L and a

volume of 5 L was added to the reactor. The influent COD

was kept at 1500 mg COD L by in-line diluting a concen-

trated synthetic feed, with tap water. In the first operation

period (OP I), the feed was composed of 60% COD as glu-

cose to promote the growth of acidogenic bacterial pop-

ulations. The remaining 40% COD were composed of

acetate and propionate at a COD ratio of 70:30. In the

second operation period (OP II) the glucose COD was

reduced to 30%, and the remaining 70% COD had a similar

composition in acetate and propionate as in OPI. Sodium

bicarbonate and calcium carbonate were used as alkalinity

source. Micro- and macronutrients were added according to

Zehnder et al. (1980).

Specific Methanogenic Activity Assays

The Specific Methanogenic Activity (SMA) assays were

performed using a pressure transducer technique (Colleran

et al., 1992). Specific methanogenic activity was measured

against different individual substrates: acetate, propionate,

butyrate, and H2/CO2. No calcium or trace-nutrients were

added. Methane was measured by gas chromatography with

helium as the carrier gas and a TCD detector.

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) observations were

carried out using a Leica-Cambridge S360 Scanning Elec-

tron Microscope equipped with an Oxford Instruments

energy dispersion spectrograph (EDS). The samples were

prepared according to the procedures described by Harper

and Pohland (1997).

Sludge Sampling and Processing for Image Analysis

A sampler was designed to take biomass from the reactor

without disturbing its morphology. The maintenance of

granular integrity during sludge sampling and processing

was a crucial step in this work. A wide-bore tube equipped

with a valve was introduced by the top of the reactor and a

sample of biomass present at 20-cm height from the bottom,

was collected, avoiding mechanical stress. Sludge samples

for image analysis were taken once a week. For all the

samples, the VSS content was determined.

Special care was put on the dilution process. Biomass

samples must be diluted for image analysis using an opti-

mized dilution factor. Excessive dilution increases the num-

ber of objects detected, due to a search-error practice. If the

dilution is insufficient, the objects will be overlaid. Experi-

ments were done to determine the optimal dilution value for

the different measurements performed (filaments, micro and

macro-aggregates). The optimal dilution value was deter-

mined as the lowest dilution that enabled the maximum

percentage of objects recognition. The percentage of rec-

ognition is the ratio between the area of objects that are

completely inside the image and the total area of objects in

the image, including those that are at the boundaries and

cannot be completely recognized.

Image Acquisition and Analysis

Filament image acquisition was accomplished through

phase-contrast microscopy on a Diaphot 300 Nikon micro-

scope (Nikon Corporation, Tokyo) with a 100� magnifica-

tion. Images used to quantify aggregates larger than 0.2 mm

in equivalent diameter were acquired through visualization

on an Olympus SZ 40 stereo microscope (Olympus, Tokyo)

with a 40� magnification. Images used to quantify aggre-

gates smaller than 0.2 mm in equivalent diameter were

acquired through visualization on a Zeiss Axioscop micro-

scope (Zeiss, Oberkochen) with a 100� magnification. All

the images were digitized and saved with the help of a CCD

AVC D5CE Sony grey scale video camera (Sony, Tokyo)

and a DT 3155 Data Translation frame grabber (Data

Translation, Marlboro), with a 768� 576 pixel size in 8 bits

Figure 2. Experimental set-up. (A) Feed containers. (B) Water. (C)

Biogas flow-meter. (D) External settler. (E) Water recirculation pump.
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(256 grey levels) by the Image Pro Plus (Media Cybernetics,

Silver Springs, MD) software package.

For the filaments and aggregates with an equivalent di-

ameter smaller than 0.2 mm, designated as micro-aggre-

gates, a volume of 35 AL from the diluted sample was

dispensed on a slide and covered with a 24 � 24 mm cover

slip for visualization and image acquisition in phase

contrast. This volume was selected to ensure that the drop

was exactly covered by the cover slip, allowing computing

the volume of 0.0499 AL for each image. For the aggregates

with an equivalent diameter larger than 0.2 mm, designated

as macro-aggregates, a volume of 2.8 mL was transferred to

a Petri dish for visualization and image acquisition. Around

100 images per sample were acquired. Image acquisition of

the micro-aggregates and filaments was obtained by three

parallel horizontal passages along the slide, at 1/4,
1/2, and

3/4
of its height, in a total of 24 images per slide. With re-

spect to the larger aggregates, the Petri dish was thoroughly

screened from left-to-right and top-to-bottom, making it

possible to calculate the volume of 15.15 AL for each image.

For each magnification, the pixels were converted to metric

dimensions using a micrometer.

The image analysis and processing was accomplished by

means of three specially developed programs in Matlab

(The Mathworks, Inc., Natick, MA), for filaments, micro

and macro-aggregates.

Filaments Program

In this program the grey-scale image was first divided by the

background image to remove background light differences.

A bottom hat filter (Russ, 1995) was then applied to enhance

the filaments and small aggregates that have low grey le-

vels. The larger aggregates, which have high grey levels,

were subsequently identified on the image resulting from

the background elimination step, by consecutively applying

a 10-order closing (to enhance the aggregates), a segmenta-

tion at a fixed threshold value, a filling of the resulting

binary image (to remove the inner holes in the aggregates),

and a erosion-reconstruction step to eliminate the debris.

Filaments and small aggregates were then isolated by seg-

mentation at a fixed threshold and by logic subtraction of

the mask binary image containing the large aggregates.

Then, the small aggregates were eliminated by deleting all

the objects smaller than 32 pixels (in area) or with a gyration

radius below 1.2. The final image contained only filaments

that were characterized in terms of their length and number.

The filaments were not only comprised of the dispersed bulk

filaments, but also included those that were attached to an

aggregate and still had one free extremity (Fig. 1). The

filaments image was skeletonized and pruned (Russ, 1995)

and then the filaments length was determined by:

L ¼ N � 1:122� Fcal ð1Þ

where N is the number of pixels of the skeletonized

filament and Fcal is the calibration factor (Am/pixel). The

factor 1.1222 is used to homogenize the different angles of

the filaments (Walsby and Avery, 1996). Finally, the spe-

cific total filament length was calculated as Lspec = L/Vfield

where Vfield is the volume (in Am3) corresponding to the

field of view (i.e., the image).

Micro-Aggregates Program

In this program the grey-scale image was first divided by the

background image to remove background light differences.

Then, a histogram equalization was performed to enhance

the micro-aggregates, followed by an image smoothing

Wiener filtering. The image was then segmented in black

(background) and white (objects), by the simultaneous use

of a boundary- based segmentation and a user chosen or

automatically determined threshold segmentation. The ob-

jects smaller than 3 � 3 pixels (small debris) were then

removed and small gaps (6 � 6 pixels or less) were filled on

the remaining objects. Subsequently, to remove filaments,

all the objects smaller than 2000 pixels in area and with a

gyration radius above 1.2 were deleted. Finally, all the ob-

jects cut off by the image boundaries were removed, and

the morphological characterization of the micro-aggregates

was performed.

Macro-Aggregates Program

In this program the grey-scale image was first divided by the

background image to remove background light differences,

followed by an image-smoothing Wiener filtering. The im-

age was then segmented in black (background) and white

(aggregates), by threshold segmentation, with a user chosen

or automatically determined threshold. Subsequently, small

gaps (6 � 6 pixels or less) were filled on the objects, and

small debris (3 � 3 pixels or less) was removed. Finally, all

the objects cut off by the image boundaries were removed,

and the morphological characterization of the macro-

aggregates was performed. Figure 3 represents original

and binary images obtained from the three programs.

The parameters determined by these two last programs

are the aggregate area from which the equivalent diameter

is calculated:

Deq ¼ 2 � Fcal

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Area=k

p
ð2Þ

and the total area (AT) occupied by aggregates in each

image from which the specific area occupied by aggregates

is calculated:

Aspec ¼ AT=Vfield ð3Þ

Finally, a morphological parameter based on the ratio of

specific total filament length to total projected area of

aggregates (LfA) is determined:

LfA ¼ Lspec=ðAspecð< 0:2mmÞ þ Aspecð� 0:2mmÞ ð4Þ
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where Aspec(<0.2 mm) and Aspec(z0.2 mm) are the specific

aggregate area ratio for aggregates of equivalent diameter

< 0.2 mm and z 0.2 mm, respectively.

RESULTS AND DISCUSSION

EGSB Operation

Chemical oxygen demand removal in the EGSB reactor was

consistently above 90% throughout all the experiment

(Fig. 4a). The upflow velocity, which never exceeded 3 m/h

during the first operation, was increased to 5.7 m/h for the

second run (Fig. 4b). The pH in the reactor remained in the

range 6.42–7.41, with an average value of 6.91 F 0.21.

Image Analysis

The monitoring of the growth of the aggregates through the

corresponding average equivalent diameter was unsuccess-

ful, since this parameter largely oscillated throughout the

operating period. Different size classes were then studied:

aggregates ranging from an equivalent diameter of

0.0038 mm (minimal size of the aggregates recognized by

the image analysis program) up to 0.01 mm, designated as

residual aggregates; aggregates ranging from an equivalent

diameter of 0.01 mm up to 0.1 mm, aggregates ranging from

an equivalent diameter of 0.1 mm up to 1 mm, and finally

aggregates with equivalent diameters larger than 1 mm.

Figure 5 presents the average equivalent diameters within

each size class during the two operation periods.

A granule is considered as a structure built up after

nucleation and aggregation that ideally maintains a stable

morphology while evolving with time due to the dynamics

between growth, erosion, and fragmentation. The evolution

of the ratio between the total filament length and the total

aggregate area (LfA) is presented in Figure 6a for OP I. The

changes in the LfA value are related to the balance between

Figure 3. Original images of filaments, micro-aggregates, and macro-aggregates (a, b, and c) and the respective final binary images (d, e, f ).

Figure 4. (a) Time course of COD removal efficiency and organic

loading rate (OLR). (b) Superficial velocity (SV) and hydraulic retention

time (HRT).
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the filaments abundance (as presented in Fig. 1b) and the

total area of aggregates. In the first stages of granulation, the

enrichment on filamentous forms when the projected areas

are still small, led to the increase of LfA values. After this

initial increase, and regardless of the intrinsic evolution of

both parameters involved in the LfA definition, there are two

remarkable events traduced by significant changes in LfA.

The first one, when LfA starts to decrease around day 50,

suggests a change in the dynamic evolution of filaments and

aggregates, possibly due to the washout of the free filaments

and/or growth in diameter and consistency of the aggre-

gates. The second event is when LfA stops decreasing and

becomes stable, revealing that the growing granule has

achieved a state where the above-mentioned growth dy-

namics is established. This last instance can be defined as

the aggregation time (ua = 110 days).

The dynamics of aggregation may also be described by

the percentage of total projected area of aggregates within

each size range (Fig. 6b). Although it was observed that very

small aggregates in the size range 0.01–0.1 mm represented

more than 90% in number of particles, after reaching the

aggregation time ua, the aggregates in the size range 0.1–

1 mm represented about 90% of the total projected area of

aggregates. At that time, no aggregates larger than 1 mm

(equivalent diameter) were detected, but after the day 137 a

number of particles larger than 1 mm started to appear in the

reactor. The increase in the relative abundance of those

particles was simultaneous with the decrease in the per-

centage corresponding to the particles within the range

0.1–1 mm. A slight increase in the particles 0.01–0.1 mm

was also observed, which could account for the growth of

newly formed aggregation nuclei. Considering that the

projected area may be related to the biomass quantity, this

clearly evidences that after ua, the sludge became structured

into growing aggregates. However, a linear relationship

between the projected area and the VSS content is not

possible, because the VSS are related to volume and not to

area and because aggregates density may change with time.

This can be observed in Figure 6c, where the VSS per

projected area unit is presented, showing a remarkable

increase after the aggregation time ua.

Figure 5. Aggregates equivalent diameter throughout the granulation

process for the different size classes. (E) equivalent diameter >1 mm, (.)
equivalent diameter between 0.1 and 1 mm, (o) equivalent diameter

between 0.01 and 0.1 mm, (5) equivalent diameter < 0.01 mm.

Figure 6. (a) Time course of total filament length/total aggregate area

(LfA), (b) percentage of projected area for different size classes, and (c)

volatile suspended solids per projected area unit, during the OP I—

granulation period. (E) equivalent diameter >1 mm, (.) equivalent

diameter between 0.1 and 1 mm, (o) equivalent diameter between 0.01

and 0.1 mm.

ARAYA-KROFF ET AL.: QUANTIFICATION OF ANAEROBIC GRANULATION BY IMAGE ANALYSIS, PART I 189



Figure 7 describes the effect of changes in organic

loading rate and upflow velocity on the established granular

sludge (OP II). The two peaks obtained for the LfA para-

meter on days 235 and 320, may be related to the increase on

upflow velocity on day 220 and to the increases on OLR on

days 265 and 296 (Figs. 4b and 7a). Higher upflow veloc-

ities impose higher shear stress on the granules surface.

Filaments that are loosely adhered to the aggregates and/

or that are growing out of the aggregates can detach, in-

creasing the total detectable filament length. On the other

hand, a phenomenon of erosion may reduce the aggre-

gates size, increasing the amount of small fragments. The

increase on the organic loading rate induces an increase

on biogas production that may not be easily released out

of the granule and therefore may promote some type of

fragmentation. The occurrence of erosion and/or fragmen-

tation seems to be reasonable when comparing Figure 7a

and 7b, where a coincidence is observed, between the peaks

on Lfa and on the % of projected area of the smaller

aggregates (0.01–0.1 mm equivalent diameter). This clearly

shows the level of granules deterioration likely induced by

the sudden increases on OLR on days 265 and 296. The

fluctuations in the percentage of projected area between the

three size classes are evident all along this period, and only

at the end of the operation did the aggregates larger than

1 mm start to dominate the total projected area. The VSS per

projected area decreased continuously along the OP II,

which may result from a loss of sludge density (Fig. 7c).

The increase in the LfA was related to an increase in

washout, detected by the increase on effluent VSS values.

On day 235, the average amount of sludge (on a 3-d basis)

that accumulated on the external settler was 0.44 g VSS d,

but on days 305 and 320, this amount increased to 4.25 and

4.43 g VSS d, respectively. Taking into account the flow

rate through the settler, the average effluent VSS concen-

tration could be estimated, as presented in Figure 8 along

with the LfA values. It is evident that, in general, the in-

crease in LfA accompanied the increase in washout. This can

be important from a practical viewpoint: although more

experiments should be performed, there are hints that LfA

could be used for an early alert of washout events.

The results obtained during OP II show the structural and

morphological sludge dynamics, and evidence of the oc-

currence of filaments release and fragmentation, likely re-

sulting from granules erosion induced by the step increases

in the upflow velocity and in the organic loading rate. These

phenomena have already been described in a qualitative

way or, alternatively, quantification was essentially based

on effluent VSS measurements. The added value of the

present work is to provide an accurate methodology to

quantitatively describe them, giving new insights about

granular sludge stability inside EGSB reactors.

Microscopic Observations

Figure 9 represents acquired images to quantify filaments

and macro-aggregates from sludge samples taken on days

Figure 7. (a) Time course of total filament length / total aggregate area

(LfA), (b) percentage of projected area for different size classes, and (c)

volatile suspended solids per projected area unit, during the OP II—

granules maturation period. (E) equivalent diameter > 1 mm, (.) equiva-
lent diameter between 0.1 and 1 mm, (o) equivalent diameter between

0.01 and 0.1 mm.

Figure 8. Time course of effluent VSS and LfA along the OP II.
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48 and 83 (images for filaments quantification in OP I) and

on days 222 and 375 (images for macro-aggregates quan-

tification in OP II). Comparing Figures 9a and 9b it is

understandable the different values of LfA obtained—282.9

and 16.1, respectively. The increase in size of the aggregates

higher than 1 mm was also evident, and on day 375 a rough

surface can be observed, due to the excessive growth of

filamentous bacteria (Fig. 9d).

Figure 9. Examples of acquired images for measuring filaments, taken on days 48 (a) and 83 (b), (OP I) and examples of images acquired for measuring

macro-aggregates, taken on days 222 (c) and 375 (d) (OP II). The bar represents 100 Am for images (a) and (b) and 500 Am for images (c) and (d).

Figure 10. SEM photographs from different stages of the operation period: inoculum (a), day 62 (b), day 90 (c), day 222 (d).
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Scanning electron microscopy (SEM) was used to vis-

ualize the surface of aggregates along the experiment

(Fig. 10).

The inoculum was a completely dispersed biomass mixed

with other fine solids present in the sludge. Figure 10a

shows its heterogeneity, consisting mainly of residual min-

eral fragments, and a diversity of microorganisms.

Figure 10b represents a sample from day 62 and shows a

remarkable change in biomass composition where the fil-

amentous bacteria and the intricate matrix that is being

formed to become the backbone of the granules structure

can be clearly distinguished. The compaction of this struc-

ture can be seen in Figure 10c were the previously formed

matrix shows less dead spaces as well as the incorporation

of calcium and calcium bicarbonate crystals (sample from

day 90). The energy dispersion spectroscopy analysis

showed an increase in the calcium content of the aggregates.

This mineralization phenomenon contributed to the settling

characteristics of the granules and to the development of a

pH protecting microenvironment, which are important

features of a mature granule as the one observed in Figure

10d, collected at the day 222.

Methanogenic Activity

Figure 11 presents the values of the specific methanogenic

activity measured along the experiment.

Concerning the methanogenic activity against propionate

and butyrate as substrates it should be said that, since these

substrates are indirect methanogenic substrates, a valid

measurement of the maximum specific methanogenic ac-

tivity against these acids, can only be obtained when the

acetoclastic and hydrogenophilic activities are not rate-

limiting (Dolfing and Bloemen, 1985). In the present situ-

ation this condition prevailed in all cases.

The increase in the upflow liquid velocity at day 220 did

not affect significantly the SMA, probably because external

mass transfer was not limiting the access of substrate to the

sludge in the former conditions. On day 265 the OLR value

was increased to 4 kgCOD m3 d and this induced a con-

siderable increase in all the SMA measured at day 291,

which can be attributed to the higher load of substrate

supply. The SMA on acetate, propionate, and butyrate in-

creased steadily between days 256 and 376, while the hy-

drogenophilic activity suddenly increased after day 110,

which was the critical moment designated by aggregation

time (ua). This increase is in accordance with the need for

interspecies hydrogen transfer and underlines the important

role of hydrogenophilic bacteria in the granulation process.

According to Gujer and Zehnder (1983) there is a maximum

distance between syntrophic bacteria that allows hydro-

gen to be transferred, while Schink and Thauer (1988)

emphasized the importance of syntrophic relationships,

considering that they are the driving force for granulation.

CONCLUSIONS

The development of image analysis techniques allowed the

quantitative monitoring of the dynamic changes of aggre-

gates along the anaerobic granulation process and the iden-

tification of critical moments such as the aggregation time.

A parameter defined as the ratio filament length/total ag-

gregate area (LfA) has proven to be sensitive to changes

in the aggregation status of the anaerobic sludge. LfA al-

lowed the recognition of the aggregation time and accom-

panied the trend of biomass washout. Other measurements

such as the percentage of projected area of aggregates

within three size classes (0.01–0.1 mm, 0.1–1 mm, and

>1 mm, equivalent diameter) and a parameter defined

as the volatile solids content per projected area unit, re-

flected the aggregation/granules maturation phenomena.

All along the operation of the EGSB reactor, the specific

methanogenic activity (SMA) was raised over initial val-

ues. A significant increase in the hydrogenophilic activity

was detected immediately after the aggregation time, which

emphasizes the importance of interspecies hydrogen trans-

fer for the granulation phenomena. The SEM observations

demonstrated that the formed structures present a set of

attributes such as homogeneity and microbial complexity

consistent with their description as granules.

The results show, in a quantitative way, the structural and

morphological sludge dynamics during a process of gran-

ulation and demonstrate the usefulness of the proposed

parameters to describe the occurrence of filaments’ release

and fragmentation resulting from granules erosion induced

by changes in the upflow velocity and on the organic

loading rate. This methodology can give new insights about

granular sludge stability inside EGSB reactors. A second

example is given in Part II (Amaral et al., this issue) with the

monitoring of a granule deterioration process triggered by

the contact with oleic acid.
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