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Stellingen,

behorend bij het proefschrift "Anaerobic granular shudge: characterization, and
factors affecting its functioning" van P. Arne Alphenaar

Wageningen, 28 juni 1994

De conclusie van Van der Haegen et al. dat de vorming van methanogeen korrelslib
ook in CSTR reactoren mogelijk is, kan niet uit zijn experimentele resultaten

worden afgeleid.

Vanderhaegen B., Ysebaert K., Favere K., van Wambeke M., Peeters T., Panic V., Vandenlangen-
bergh V. and Verstraete W. (1992). Acidogenesis in relation to in-reactor granule yield. Proc. sixth
int. symp. on anaerobic digestion, San Paulo, Brasilia, pp211-230.

De toegepaste relatief hoge fosfaatconcentratie in het influent van de gebruikte
UASB experimenten leidt tot een overschatting van de betekenis van fos-
faatprecipitaten voor de stabiliteit van korrelslib.

Grotenhuis J.T.C., van Lier J.B., Plugge C.M., Stams A.J.M. and Zchnder A.J.B, (1991). Effect of
ethylene glycol-bis{8-amioethy! ether)-N,N-tetraacetic acid (EGTA) on stability and activity of
methanogenic granular studge. Appl. Microbiol. Biotechnol. 36:109-114.

Kosaric et al. concluderen ten onrechte dat korreldesintegratie veroorzaakt wordt
door toegepaste opwaartse vloeistofsnelheden hoger dan 0.5 m.hr'.

Kosaric N., Blaszczyk R. and Orphan L. (1990). Factors influencing formation and maintenance of
granules in anaerobic sludge blanket reactors (UASBR}. Wat. Sci. Technol. 22:275-282,

De vorming en de kwaliteit van methanogeen korrelslib in UASB reactoren gevoed
met sucrose houdend influent is afhankelijk van de toegepaste sucrosebelasting van
het slib.

Dit proefschrift

De bredere toepassing van anaerobe waterzuivering wordt in belangrijke mate
gehinderd door het ontbreken van een op de praktijk gericht handboek van deze
technologie.

Het succes van een opstartprocedure van UASB reactoren waarbij gebruik gemaake
wordt van korrelslib, wordt in belangrijke mate bepaald door de procescondities in
de reactor waarin dit entmateriaal gevormd is.

Dit proefschrift

Kinderen van promovendi leren al vroeg creatief met wetenschap omgaan.
{eerdere versies van) Dit proefschrift
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Meer dan door het zo lang mogelijk uitstellen van overlijden blijkt respect voor het
leven uit het aanvaarden van de eindigheid ervan.

Onderzeek naar de temperatuurtolerantie van tomaten gaat niet over rozen,

Hoek 1.H.S., Hénish ten Cate C.H., Keijzer C.J., Schel J.H. and Dons H.J.M. (1993). Development
of the fifth leaf is indicative for whole plant performance at low temperature in tomato. Annals of
Botany 72:367-374

De stelling dat een promotieonderzoek gelijk staat aan 5000 SBU (studie belastings
uren) lijkt ontleend aan de inflatiebestrijding volgens de koning van Fop: "vanaf

heden bevat een kilo 2000 gram”.
(De Volkskrant, december 1992)

Door de subsidie voor opvang te beperken tot de kinderen van vrouwelijke werkne-
mers, gaat het ministerie van Landbouw, Natuurbeheer en Visserij er ten onrechte
van uit dat het opvoeden van kinderen nog steeds primair de verantwoordelijkheid
van de vrouw is.

(Ministerie van Landbouw en Visserij)




VOORWOORD

Zoals uit het onderstaande blijkt is een woord van dank bij dit proefschrift geen
formaliteit; zonder de steun van velen zou dit proefschrift niet tot stand gekomen
zijn.

Anita van Langenrak, Annette Draayer, Bertha Kooistra, Doety Wever, Esther
Johannink, Frans Visser, Gerrit Jan van Dam, Gert-Jan Ligthart, Jan Gerrits, Janstje
Riensk, Jolanda van Duist, Joris Klein, Marieke de Leeuw, Marjan Freriks, Meinard
Eekhof, Nico Groeneveld, Olaf Duin, Peter de Reuver, Sjaak Piest en Vincent
Hinnen hebben in het kader van hun doctoraalstudie, stage of als student assistent
veel werk verricht dat direct of indirect in dit boekje is verwerkt.

Het onderzoek zou nooit succesvol zijn afgerond zonder technische ondersteuning
van Paul de Jong en Ron Sleyster.

Vele gestructureerde én ongestructurcerde (maar des te vruchtbaarder) discussies met
André Visser, André van der Last, Jan Pereboom, Jim Field, Jules van Lier, Look
Hulshoff Pel en Tim Grotenhuis hebben mijn ideeén minder "grofkorrelig" gemaakt.
Ock de verwoede pogingen van Bert Hamelers en Lany Slebbe om mijn ideegn van
korrelgroei te structureren tot mathematische modellen zijn zeer nuttig en leerzaam
geweest.

In het bijzonder wil ik Maria Cecilia Pérez bedanken. Naast een onmisbare aandeel
in de inhoud van dit proefschrift heeft ze als geen ander bijgedragen aan mijn ar-
beidsvreugde.

Het onderzoek is onmiskenbaar positief beinvlioed door het enthousiasme van Willem
van Berkel van de vakgroep moleculaire biologie en van Adriaan van Aelst van de
vakgroep plantencytologie en morfologie voor respectievelijk size exclusion
chromatografie en electronenmicroscopie.

De medewerkers van fotolocatie de Dreyen en Siep Massault van PCM hebben
eindeloze hoeveelheden korrels vereeuwigd. Veel van deze foto’s zijn met de
beeldanalyseapparatuur van Buro Blauw verwerkt tot diameter verdelingen.
Helemaal aan het einde van het produktieproces heeft (de printer van) Gerard
Jongendijk er tenslotte voor gezorgd dat de tekst die u nu leest daadwerkelijk op
papier kwam te staan.

De opbouwende kritick van Fons Stams, Gerard Rijs, Leo Habets, Willemn de
Zeeuw, Tinneke Ikelaar en Ton Breure hebben van de begeleidingscommissie veel
meer dan een formaliteit gemaakt.




Ten slotte wil ik de mensen die het onderzoek op de rails hebben weten te houden
bedanken.

Ton, de periodieke "RIVM sessies” hebben mij tijdens het onderzoek, en vooral
tijdens het schrijven van dit proefschrift, geweldig gestimuleerd. Jouw suggesties,
adviezen én de enorme snelheid waarmee je concepten en concept-concepten van
commentaar voorzag hebben in belangrijke mate bijgedragen aan de continuiteit.
Gatze, de beperkte tijd die zelfs jij nu eenmaal aan één onderwerp kunt besteden
werd ruimschoots gecompenseerd door de geweldige inspiratie die je in elk overleg
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ABSTRACT

Alphg-:naar, P.A. (1994), Anaerobic granular sludge: characterization, and factors
affecting its functioning. Doctoral thesis, Wageningen Agricultural University,
Wageningen, the Netherlands.

Many UASB reactors are designed in such a fashion that the presence of granular sludge is necessary for
a proper purification process. For achieving an optimum wastewater purification with such reactors,
knowledge of the factors that determine the growth, retention and disintegration of anacrobic gramtar
sludge is essential. The present research focused on gaining more insight in the factors determining the
growth and quality of anaercbic granular sludge.

For determining the total available pore volume and the pore diameter distribution of granular sludge,
a method based on size exclusion chromatography has been developed. For most types of sludge, the
available pore volume varies between 40% and 80%, granules with a lower porosity probably coatain
layers that are impermeable to substrate. Small granules were found to have a considerably higher
porosity and a higher maximum methanogenic activity than larger granules from the same sludge sample.

In applying higher sludge loads, the average granule diameter increases. A decrease in sludge load or
changes in substrate composition result in a weakening of sludge granules, probably due to a lack of
substrate for the bacteria in the centre of the granules. In view of the stability of methanogenic granular
sludge, this should be attributed to the dying off of the acidifying population inside the sludge granules.

The process in UASB reactors is strongly influenced by the composition and degree of pre-acidification
of the wastewater. It was found that non-acidified gelatine can be treated in an one-phase UASB reactor
without difficulties up to a sludge load of 1.2 gCOD.(gV58.4)". However, sucrose-containing wastewater
can be treated cnly at a sludge load below 0.5 gCOD.{gV55.d)'. At higher sludge loading rates non-
acidified sucrose in the reactor influent can cause problems with regard to sludge retention. However,
too much pre-acidification of wastewater can also cause problems. Acidogenic bacteria suspended in the
influent may cause very serious flotation of granular sludge.

In treating sulphate-containing wastewater, sulphate-reducing bacteria (SRB) and methane-producing
bacteria (MPB) will compete for substrate. It is ofien assumed that MPB can maintain in high-rate
anaerobic reactors because of the poor ability of SRB to attach themselves compared to MPB. However,
the present study shows that sulphate-reducing bacteria are capable to maintain in granular sludge. They
were even found to be able to attach themselves: on pumice stone as carrier material, purely
sulphidogenic aggregates were formed.

A negative effect of a deficiency in phosphate on the methanogenic activity of granular sludge was found
to be fully reversible in the presence of phosphate. The phosphorus content of granular sludge from the
laboratory reactors fed with gelatine varied between 6 mgP.gVSS?! for sludge from reactors fed with
influent that contained almost no phosphate and 10.5 mgP.gVS8S? for sludge from reactors with a
sufficient supply of phosphate. Deficiency in phosphate was found to be easily demonstrable: an increase
in methanogenic activity after phosphate dosage and/or a rapid uptake of phosphate are clear indications
of a deficiency in phosphate in granular sludge.
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1 INTRODUCTION




INTRODUCTION

Anaerobic wastewater treatment

Since the start of industrialization, the production of wastes and wastewater has
increased greatly, and at the same time has been concentrated increasingly in relatively
small areas. Consequently, many rivers and lakes have changed into open sewer
systems. Because surface waters serve various purposes, wastewater treatment has
become more and more important, and since the middle of the last century, wastewater
treatment plants have been constructed in ever increasing numbers.

Despite the fact that McCarty published his paper "One Hundred Years of Anaerobic
Digestion" in 1982, aerobic systems have so far dominated both municipal and
industrial wastewater treatment. For a long time, the use of anaerobic treatment systems
has been restricted to sludge and slurry digestion. The development of systems based
on biomass retention, such as the anaerobic filter at the end of the sixties (Young and
McCarty 1969), extended the applicability of anaerobic systems to wastewater streams.
Anaerobic wastewater treatment did not become generally accepted immediately
however, probably mainly due to the fact that anaerobic systems are, literally and
figuratively, black box processes. Anaerobic treatment had, and partly still has, the
image of a promising but unproven technology.

However, high energy prices during the energy crisis in the seventies have focused
attention on some of the very attractive features of anaerobic wastewater treatment: low
energy requirements and, in many cases, the ability to generate biogas as a usable fuel.
The real breakthrough of anaerobic wastewater treatment resulted from the development
of the Upflow Anaerobic Sludge Bed (UASB) reactor (Lettinga et al. 1980, 1983).
Several successful applications of the UASB (and related upflow reactor types) to many
different types of wastewater have been reported since then (IHulshoff Pol 1989;
Leitinga and Hulshoff Pol 1991; Lin and Yang 1991).

Legal restrictions and high levies on wastewater discharge are among the driving
forces behind the development and application of (industrial) wastewater treatment,
Economic considerations frequently dictate what treatment systems is chosen.

As already mentioned above, the increasing‘ interest in anaerobic treatment during
the seventies was at least partly motivated by the increase of energy prices. In the
nineties, one of the major environmental problems is how to get rid of large amounts
of solids, such as wastewater treatment sludge, legal restrictions and high levies restrict
the solid waste discharge. Today the small excess sludge production of anaerobic
treatment systems compared to conventional aerobic wastewater treatment systems is
one of the most significant benefits of anaerobic systems.




From an economic point of view, the granular sludge produced in UASB reactors
is certainly not a type of waste, but rather a saleable by-product. Although granular
sludge is not essential for wastewater treatment using UASB reactors, today almost all
full-scale reaciors are started up using granular seeding sludge, in order to reduce the
start-up period. Moreover, by the use of granular seeding sludge, anaerobic treatment
becomes feasible also in the case of wastewater types in which the formation of
granular sludge does not proceed well. Particularly because granular sludge can be
stored unfed over a long period without serious deterioration (Hulshoff Pol 1989; Wu
et al. 1985), anaerobic granular sludge will be regarded more and more as a valuable
raw material necessary for optimal wastewater treatment.

Granular sludge

Since the mid-seventies, the transformation of flocculent anaerobic biomass into
stable aggregates has been investigated extensively. Although some of these
investigations focused on the formation of acidifying aggregates (Beeftink 1987; Mulder
1990; Zoetemeyer 1982; Zoutberg 1990) or on denitrifying sludge granules (van der
Hoek 1988), the term "granular sludge” has so far been used almost exclusively for
aggregates developed in anaerobic upflow reactors.

Since the first observation of anaerobic granuiar sludge in 1973 (de Zeeuw 1988,
Lettinga et al. 1980), a lot of research has been carried out in order to gain more
insight into the mechanism of granulation, and in view of the practical implications of
the use of granular shidge in treatment systems (de Zeeuw 1984; Dolfing 1987,
Grotenhuis 1992; Hulshoff Poi 1989; Wiegant 1986). The granulation process first
became an important issue in comprehensive studies in the Netherlands, but later on
also in many other countries. Many studies bave shown that the mechanism of the
granulation process is based on the specific process conditions applied in upflow
reactors: selective wash-out of suspended bacteria initiates autoimmobilization of
bacteria into highly settleable aggregates (Guiot et al. 1988a,b; Huishoff Pol 1989;
Wiegant 1988; Wu 1987; Yoda et al. 1989).

Although the mechanism of the granulation process is now fairly well understood,
there are still questions in relation to the occurrence of specific problems in full-scale
UASB reactors. An understanding of these problems will extend the applicability of
anaerobic wastewater treatment to wastewater which, up until now, has been considered
unsuitable for anaerobic treatment.




Definition of granular sludge

Granular sludge can be defined as biomass with some very specific properties which
make it very suitable for upflow wastewater treatment systems. Granule characteristics
pointed out by Hulshoff Pol (1989) are: a high sedimentation velocity, and a high
methanogenic activity. Microbiologically, sludge granules can be regarded as well-
balanced micro-ecosystems which include all bacterial species necessary for the
degradation of the organic pollutants present in the wastewater to which it is exposed.

Unlike temporary particles such as studge flocs, sludge granules are mechanically
stable, separate entities. Morphologically, sludge granules can be characterized as
relatively large (d > 0.5 mm) particles of more or less regular shape and with a well-
defined surface. Together with their relatively high density, their morphology results
in excellent settleability.

In contrast with other types of immobilized biomass, inert carrier material neither
plays an essential role in the formation of anaerobic sludge granules nor is an important
factor with regard to their stability. Because the formation of sludge granules is based
on autoimmobilization, granular sludge can consist for the most part of (active)
biomass. Table 1 lists the most important granule characteristics.

Table 1 Granule characteristics important to the functioning of (methanogenic) upflow wastewater
treatment systems,

Characteristic =~ Description

Biological Most important to bialogical wastewater treatment is the conversion and removal

activity of organic wastewater components. In UASE wastewater treatment systems, the
specific methanogenic activity and/or the specific sulphate-reducing capacity of
the sludge are the most critical factors.

Sedimentation  In upflow reactors, a high sedimentation velocity of sludge granules is essential
velocity for biomass retention,

Mechanical A sufficient biomass hold-up in a reactor is crucial for a stable wastewater

strength treatment process. In most UASB reactors, the biomass hold-up is based on the
the high settleability of anaerobic granular sludge, To avoid loss of biomass, the
formed granules must be sufficiently stable, and resistant to disintegration,
(shear) forces, and forces related to internal gas formation.

Development The development of granular sludge is based on a continuing process of
autoimmobilization of bacteria; the sludge granules consists for only a minor
fraction of inert carrier material.




Granular sludge quality

As mentioned before, the presence of granular sludge is not essential for wastewater
treatment in UASB reactors. Many reactors are designed however in such a way that
a granular type of sludge is necessary for the satisfactory functioning of the system. The
quality of granular sludge should be related to the extent to which it allows UASB
reactors to operate properly. A clear definition of the quality of granular sludge cannot
be given, because each situation may require different sludge characteristics.

Both the sludge characteristics themselves and the sludge characteristics needed for
proper operation are closely related to the process conditions applied and the
composition of the wastewater treated. The relations involved in the granulation process
are presented in figure 1. This scheme aims to demonstrate the extreme complexity of
the relations between the many microbiclogical and physical factors involved in sludge
granulation. The scheme neither pretends to be complete nor to suggest that it presents
the accurate cause-effect relationships between all the parameters involved.

SUBSTRATE COMFOSITION PROCESS CONDITIONS REACTOR DIMENSIONS
- CONCENTRATION -l —— | - SLUDGE LCADING RATE ~a— | - HEIGHT
- COMPOSITION — | - UPWARD VELOCITY LIQUID - THREE PHASE SEPARATOR
- pH - PROCESS TEMPERATURE — INFLUENT INLET SYSTEM
BIOLOGY LEVEL GRANULE LEVEL REACTOR LEVEL
- COMPOSITION ~@—— | - DIFFUSION/POROSITY af——— | - MIXING CHARACTERISTICS
- KINETICS = | - (SUBSTRATE} TRANSPORT| —— = [ - SHEAR FORCES
- STARIUTY — SPECIFIC GRAVITY - SLUDGE WASH-OUT
- MORPHOLOGY — ASH CONTENT - PRECIPITATION / INCORPORATION
~ BACTERIAL DENSITY - DIAMETER +
BIOLOGICAL SLUDGE CHARACTERISTICS FYSICAL SLUDGE CHARACTERISTICS
- ACTIVITY - STRENGTH
- DEGRADATION PATHWAY - SEDIMENTATION VELOCITY

* ‘ I ¢
NET SLUDGE GROWTH TREATMENT EFFICIENCY

PROCESS STABILITY

Figure 1 A scheme of the complex relations between wastewater characteristics, process conditions, and
granule quality.



Granular sludge characterization

As already mentioned above, the quality of granular sludge depends on a
combination of microbiological and physical characteristics that are advantageous for
the performance of upflow wastewater treatment systems. The most important physical
properties of gramular sludge with respect to its behaviour in a UASB reactor are:
settleability (mainly related to the size and density of the particles), and mechanical
strength. Of course, its biological performance is mainly determined by the composition
and distribution of the microbial population, but other factors are also important, for
example the granules’ porosity, pore size distribution, and permeability for substrate
and products (chapters 3 and 4).

Through adequate and accurate sludge characterization, relevant predictions with
regard to the functioning of a granular sludge type can be made. However, so far few
methods for sludge characterization have been available. The mechanical strength of
granular sludge can be assessed using a method based on compression (Hulshoff Pol et
al. 1986) or by measuring the abrasion with a Couette vessel or a continuously stirred
vessel (Tramper et al. 1984). The granule size distribution also can be determined on
the basis of two different principles. Hulshoff Pol et al. (1986) developed a method
based on the sedimentation velocity of granular sludge. A method based on the image
analyzing technique was developed by Tramper et al. (1984) and Grotenhuis et al.
(1992a).

Many researchers regard mass transfer resistance in biofilms and/or granules as one
of the major factors controlling the reactor performance (Alibhai and Forster 1986a,b;
Dolfing 1985; Grotenhuis et al. 1991a). Mass transfer values play an important role in
modelling studies concerning granular sludge and biofilms (Beeftink 1987;
Canovas-Diaz and Howell 1988); Rittmann and Manem 1992 and Stevens 1988).
Recently, Goodwin et al. (1991); Kitsos et al. (1992) and Nilsson and Karlsson (1989}
developed methods for assessing the diffusion coefficient in anaerobic biofilms.
However, at present there are little experimental data on subsirate diffusion in granular
sludge.

Mass transfer limitation is related to the porosity of sludge granules. We have
developed a method for assessing both the available pore volume and the pore size
distribution of sludge granules (chapter 3). Chapter 4 relates the porosity data,
maximum specific methanogenic activity, and substrate affinity data of several types of
granular sludge to the results of a simple method for assessing the diffusion constant
in granular sludge.

The porosity and density of granular sludge can also be estimated optically using
microscopy. Especially scanning electron microscopy gives very illusirative spatial
information on the granule organization and morphology of the dominant species.
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However, for analysing the internal structure of granular sludge, cross-sectioning is
necessary. Unfortunately, in the case of large and weak objects such as anaerobic
sludge granules, this method leads to a serious disruption of the structure. Therefore,
in order to obtain more usable information about the structure of granules, a cryo-
fractioning method has been developed which makes smooth and unaffected sectioning
surfaces possible (chapter 5).

The effect of sludge loading rate on granular sludge

One of the objectives of our investigations was to identify the most important process
conditions affecting the granular sludge quality and granular sludge growth in UASB
reactors. We have paid special attention to those factors which can be regulated by
system design or process conirol. One of the most important process conditions in this
respect is the sludge loading rate applied.

Morvai et al. (1990) found a positive relation between the sludge loading rate and
the average granule size. Grotenhuis et al. (1991a) found a positive relation between the
influent concentration and the average granule size. However, it is very difficult to
discriminate between sludge loading rate- and influent concentration effects, since
loading rates and influent concentration are often related.

It is tikely that granule size is related to substrate penetration depth. Beeftink (1987)
developed a model for the autoimmobilization of acidogenic bacteria in gaslift reactors,
in which particle size and mechanical strength of the developed particles are regulated
by lysis of internal organisms due to substrate limitation. For methanogenic sludge
granules, we presume an analogous mechanism.

Substrate limitation occurs (and negatively affects the granule quality) when granule
size and substrate penetration are not balanced (Dolfing 1985; Grotenhuis et al. 1986;
Kosaric et al. 1990b; chapter 4 of this thesis). For this reason, the relation between the
sludge loading rate applied and the granule quality in laboratory-scale UASB reactors
was investigated (chapter 6). Espectally with regard to the start-up procedure of UASB
reactors, it is very likely that there is a significant influence of loading rate changes on
granular sludge quality.

Suspended material in the reactor influent

The presence of suspended matter in influent may be a major cause of problems in
anaerobic wastewater treatment in UASB reactors (Hulshoff Pol 1989; Lettinga et al,
1985; Lin en Yang 1991; Sayed et al. 1988). Due to the presence of S8 (Suspended
Solids), insufficient growth of new granular sludge is likely to occur, while also the
granule characteristics with respect to strength, settleability and methanogenic activity
may become detrimentally affected.



Since the presence of suspended acidogenic bacteria is one of the typical aspects of
pre-acidified wastewater, suspended acidogenic bacteria belong to the most common
types of suspended material present in the influent of methanogenic UASB reactors.
chapter 7 presents the results of investigations in which we assessed the effects of
suspended acidogenic bacteria present in the influent of methanogenic UASB reactors
on the granular sludge quality and process stability.

Wastewater pre-acidification

Anaerobic wastewater treatment can be controlled by regulating the degree of pre-
acidification of wastewater fed into a methanogenic reactor., For many years, the
possible benefits of using wastewater pre-acidification for optimization of anaerobic
wastewater treatment systems have been a point of discussion. A higher volumetric
loading rate in the methanogenic reactor and a lower sensitivity to toxic compounds in
the wastewater were designated as the main benefits of the two-step treatment by Cohen
et al. 1979, 1985; Dinopoulou and Lester 1989 and Komatsu et al. 1991. On the other
hand, the poor granule formation in methanogenic reactors treating acidified wastewater
{(Hulshoff Pol 1989; Sam-Scon et al. 1988; Vanderhaegen et al. 1992) and the high
investment costs of two-step systems (Lettinga and Hulshoff Pol 1991) were considered
as serious drawbacks already in the first reports on anaercbic wastewater treatment.
Furthermore, little information is available about the influence of non-acidified substrate
on the process stability and granule quality. Problems related to the formation of
bulking studge and the occurrence of sludge flotation in UASB reactors treating non-
acidified sucrose were reported by Anderson et al. (1991); Hulshoff Pol et al. (1983b)
and Mendez-Rapin et al. (1986).

In a study, which is described in chapter 8, we investigated the effects of non-
acidified substrates on the granular sludge quality in UASB reactors by conducting a
number of experiments using gelatin and sucrose as non-acidified model substrates,

Substrate competition between sulphate-reducing bacteria and methane-producing-
bacteria

In anaercbic wastewater treatment, either sulphate reduction or methanogenesis can
be the final step in the degradation sequence. Both methane-producing bacteria (MPB)
and sulphate-reducing bacteria (SRB) are capable of using acetate and hydrogen as
substrates, resulting in a2 competition between SRB and MPB for these substrates. Based
on thermodynamic and kinetic data, SRB should be able to win this competition. Studies
of sediments and studies using CSTR reactors confirm this prediction (Lovley and Klug
1986; Middleton and Lawrence 1977; Rinzema and Lettinga 1988; Robinson and Tiedje
1984 and Smith and Klug 1981). However, in high-rate anaerobic reactors it has




frequently been observed that acetate-degrading MPB are very well able to compete
with SRB. Even complete conversion of acetate into methane has often been found
under sulphate-reducing conditions (Hoeks et al. 1984; Mulder 1984 and Rinzema and
Lettinga 1988). According to Isa et al. (1986a,b), a superior attachment capacity of
MPB in relation to SRB results in a selective wash-out of SRB from high-rate anaerobic
reactors. In this way, MPB can compete successfully with SRB, Immobilization of
methane-producing bacteria (MPB) has already been discussed extensively by Dolfing
1987, Grotenhuis 1992, Hulshoff Pol 1989. However, so far little is known about the
immobilization of sulphate-reducing bacteria (SRB) in anaerobic reactors.

Methods to control the competition between SRB and MPB in the anaerobic
treatment of sulphate-containing wastewaters are very valuable for two reasons. In most
situations, the production of toxic (hydrogen) sulphide is a great disadvantage of
anaerobic treatment: it can cause major problems (corrosion, bad smell, toxicity), and
reduces the amount of COD removed from the wastewater. On the other hand, there
is a growing interest in the development of wasiewater treatment systems based on
sulphate reduction, because such treatment systems can be used for removing heavy
metals from wastewater by stimulating the precipitation of metal sulphides or can be
used in order to remove S-compounds from wastewater (Buisman 1989),

Many industrial wastewaters, such as those of the fermentation-, edible oil-, and
paper and pulp industry, contain high concentrations of sulphate, sulphite or other S-
compounds (Rinzema and Lettinga 1988). For such wastewaters, the occurrence of
sulphate redyction is an important factor: if the wastewater composition and process
conditions are not advantageous enough in a selective sense to MPB, SRB may remove
the MPB present.

The investigations described in chapter 9 concern UASB experiments in which
different hydraulic retention times (HIRT) and superficial liquid velocities were applied
in order to assess the influence of selection pressure on granule formation in systems
that are both methanogenic and sulphidogenic. One hypothesis for the poor competitive
properties of SRB in high-rate treatment systems is based on the possibly inferior
attachment capacity of SRB. Chapter 10 presents the results of a study of the granule
formation capacity of SRB in the presence and absence of methanogens. Chapter 11
describes experiments for finding out whether the formation of pure sulphidogenic
granules can be enhanced by using a suitable carrier material, such as pumice,
methanogenic granular sludge, and inactivated methanogenic sludge granules.

Nutrient limitation

Insufficient studge growth is one of the factors which may upset a stable biological
treatment process. Since in general the availability of nutrients is important to microbial
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growth, insufficient sludge growth may be induced by nutrieni deficiency of the
wastewater concerned (Hulshoff Pol et al. 1983a; Speece 1987).

As phosphorus is an essential nutrient, it often needs to be added to nutrient-deficient
industrial wastewater in order to make it feasible for anaerobic treatment. In practice,
phosphate is added to wastewater in concentrations ranging from 2 to more than 50 mg
P.1", generally without correlating the added amount with the applied loading rate or
the wastewater composition.

Obviously, overdosage of phosphorus is unacceptable from both an economic and
an environmental point of view. Chapter 12 presents the results of a study performed
to investigate the effect of different phosphorus dosage regimes on the growth,
methanogenic activity, and physical characteristics of granular shudge.

Scope of this thesis

The Upflow Anaerobic Sludge Bed (UASB) reactor is presently by far the most
common anaerobic wastewater treatment system. The benefits of the UASB and related
systems over other anaerobic systems can be partially attributed to the formation of
granular sludge in the former systems.

Knowledge of the factors affecting the quality and growth of anaerobic granular
sludge will become increasingly important, especially because today almost all reactors
are started up using granular seeding sludge. Some process conditions and/or types of
wastewater may cause a serious decrease in granule quality or an insufficient growth
of granular sludge. Also changes in process conditions may cause an instability in the
treatment process.

The present research focused on gaining more insight into the factors determining
the growth and quality of anmaerobic granular sludge. The first part focuses on
methodology. Chapter 2 describes the materials and methods used during the
experiments, and chapters 3-5 discuss some newly developed methods for the
determination of granule porosity, and substrate transport in granules. In the second part
of this thesis (chapters 6-12), special attention is paid to those aspects of granular sludge
quality which can be regulated by system design or process control: the sludge loading
rate applied (chapter 6), the presence of suspended acidogenic bacteria and the degree
of wastewater pre-acidification (chapter 7 and 8 respectively), the competition between
methanogenic bacteria and sulphate-reducing bacteria (chapters 9-11}, and the effect of
phosphorus limitation (chapter 12).

Chapter 13 summarizes the results of the investigations carried out, and includes a
general discussion, while chapter 14 summarizes and discuss both the introduction and
the results in Dutch.
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2 MATERIALS AND METHODS
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MATERIALS AND METHODS

MATERIALS

UASB Reactors

Several types of UASB (Upflow Anaerobic Sludge Bed) reactors were used during

the experiments present in this thesis:

3.2 litre liquid volume plexiglass UASB reactors (height approx. 420 mm, internal
diameter 95 mm) with an external phase separator (figure la) (chapters 7 and 8).
This reactor type was operated in batch-fed recirculation mode also (figure 1b)
during the experiments described in chapter 7.

3.2 litre liquid volume reactors identical to those described above, but equipped with
a conventional (internal) 3-phase separation (figure 1c). These reactors were used
during the experiments described in chapters 6 and 12.

1.1 litre ligueid volume PYC UASB reactors (height 400 mm, internal diameter 60
mm) with a conventional (internal) 3-phase separator (ﬁgure 1¢) were used during
the experiments described in chapters 9, 10 and 11.

0.2 litre liquid volume glass UASB reactors (height approx. 170 mm height, internal
volume 39 mm). A glass marble was serving as a three-phase separator in this
reactor type (according to Rinzema et al. (1989)) (figure 1d). These reactors were
used in experiments described in chapter 12,

The methane production was measured using wet gas meters (Meterfabriek

Dordrecht, Dordrecht, the Netherlands) placed in series with a 3-5% (w/v) NaOH
solution and a soda-lime pelltets column to remove CO, and H,S from the biogas in all
UASB reactor except those of 0.2 litre liguid volume. In the 0.2 litre reactors the
methane production was monitored by liquid replacement using Mariotte flasks filled
with 3% NaOH (w/v).

CSTR and batch reactors

2.5 litre liquid volume, intermittently stirred (30 s pulse, 3 min. pause), plexiglas
batch reactors (figure 2¢) were used to measure the substrate affinity and the
phosphate uptake velocity (described in chapter 4 and 12 respectively). The liquid
was sampled periodically with a fraction collector, 2112 Redirac fraction collector,
LKB Bromma, Sweden. Methane production was measured by use of Mariotte flasks
filled with 3% (w/v) NaOH solution.
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- a 20 litre acidogenic CSTR (Continuously Stirred Tank Reactor) operated at a HRT
of 24 hour and fed with a sucrose solution was used to produce suspended
acidogenic bacteria used in the experiments described in chapter 7. In order to obtain
a stable acidification pattern the pH of the CSTR reactor was controlled at pH 5.8
according the results of Zoetemeyer (1982).

- 0.5 litre and 1 litre serum flasks batch reactors were used to assess the maximal
methanogenic activity. The methane production rate in the tests was monitored with
maodified Mariotte flasks containing 3% of NaOH (w/v).

Schemes of the batch reactors used in the activity assays are given in figure 2. The

activity assays are described below.

All reactors used were placed in a temperature controlled room (30 + 1°C). To
prevent premature degradation the influent of the continuous flow reactors was stored
at 4°C. When separate influent flows were used (organic substrate, nutrients and/or
dilution water) only the degradable organic substrate solution was cooled.

A
Effluent

Gas

nutrients

dilution substrate

water * + *
1 I |} |
Influent

NaOH

Gas

nutrients
dilution

water |*I_l+|_*

|
substrate

Figure 1

NaOH

B
{ Gas
-
Effluent|
Recirculation
NaOH
Sampling
and —jae- =
substrate
input
Gas
D (') to Mariotte
flask
L J
Marble,
sludge/liquid -
sgparator Effluent
Sa.l_n{ling
poin

Influent

Schematic view of the used laboratory scale UASB reactor types. A: UASB reactor equipped

with an external three-phase separator; B: identical reactor as presented in figure la, but
operated in batch-fed mode; C: UASB reactor equipped with an internal three-phase separator,
D: UASB reactor equipped with a marble functioning as solid/liquid phase separator.
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Media

Nutrients were supplied in the concentrations mentioned in table I, except when

mentioned otherwise (chapter 12). Trace elements were added in all experiments using

a stock solution composition adapted from Huser (1980).

All chemicals used are of PA quality (Merck AG, Darmstadt, Germany) except the
yeast extract (Oxoid extract, Unipath Ltd, Basingstroke, England), the NaRHCO, and the
NH,CI except when mentioned otherwise (chapter 12). Tap water was used for all
media except when mentioned otherwise.

Table 1 Nutrient composition of the substrates used*.

Composition and concentration
of the nutrient used in the
continuous flow experimests®.

Composition and concentration of the nutrients used in the batch

assays”.

For all assays except those
presented in chapters 9-11

For assays used in the studies
presented in chapters 9-11

component corc. component conc. component conge.

mg.!! mg.1" mg. It
NH,Cl 1040 NH,CI 280 NH,CI 280
KH,;PO, 170 KH,PO, 250  NaH,PO.2H,O 795
{NH,250, 170 MgS80,.7H,0 100 K,HPO, 600
MgCl,.6H,0 150 CaCl,.2H,0 10 Mgs0,.7H,0 110
KC1 270 NaHCO, 400 CaCl,.2H,0 10
Yeast extract 18 Yeast extract 100 NaHCO, 2000
NaHCO,! 0.5 Yeast extract 20

' Different nutrient compositions were used in several experiments to link up the obtained results

much as possible to corresponding studies at our department

b

The nutrients were added using a 1000 : 6 concentrated stock solution

¢ The nutrients were added using a 5 : 1 concentrated stock solution

¢ g.gCoOD’!
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Table 2 Composition of the trace element stock solution used®.

FeCl,.4H,0 2000  mg.l ZnCl, 50 mgl
MnCL,.4H,0 500 mgt! NHMc0,,.4H,0 50 mg.l!
Rezasurine 500  mg.f! AlC); 50  mg.t!
Mg-EDTA 500 me.t! CoCl,.6H,0 50  mg.l
NaSeO, 100 mg.t! CuCl,.2H,0 50 me.l
H,BO, 50 mgH HC 1 m?

* In the continuous flow experiments 1 ml.}' of this solution is used. In the batch experiments 0.1
ml.I" substrate is used. The composition is adapted from Huser (1980)

Biomass

Granular sludge was used to seed the methanogenic reactors, with exception of the
studies to the formation of granule formation in sulphidogenic and methanogenic
systemns, which were seeded with crushed granular sludge (chapters 9 - 11). The
granular sludges were elutriated before use applying an upward velocity of 15 m.hr'.
The sludge was stored at 4°C before use. Different granular sludge types were used:

- Gramular sludge from a full-scale UASB reactor treating wastewater of an alcohol
industry (Nedalco, Bergen op Zoom, The Netherlands) (all experiments).

- Granular sludge from a full-scale UASB reactor treating wastewater of the potato
industry (Aviko, Steenderen, The Netherlands) (chapters 3 - 5, one experiment
presented in chapter 12).

- Granular shidge from a full-scale UASB reactor treating wastewater of a starch
factory, (Latenstein, Nijmegen, the Netherlands).

- Granular sludge from a pilot scale EGSB (Expanded Granular Sludge Blanket)
reactor processing municipal wastewater (Bennckom, the Netherlands).

- Gramular sludge from a fuil-scale UASB reactor treating wastewater of a recycle
paper factory (Roermond Papier, Roermond, The Netherlands.
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METHODS

Activity

The maximal methanogenic activity is defined as the methane production rate of the
sludge under optimal conditions (gCH,-COD.(gVSS.dY'). Similarly, the maximal
sulphate reducing capacity is defined using the $*-COD production or the SO2
decrease.

The maximum sludge activity assays were performed in non-stirred, 500 or 1000 ml
serum flasks placed at 30°C. A mixture of acetate, propionate and butyrate (1:1:1,
based on COD-values) was used as substrate. At the start of the maximum
methanogenic sludge activity assays 3 gCOD.F' of substrate (VFA) was added. The
initial pH was set at pH 7. The sludge concentration during the activity tests was
approx. 1.5 gVSS.7". Nutrients and trace elements were added as mentioned in table
1 and 2. The activity was assessed by monitoring the methane production rate using a
liguid replacement system consisting of a 3% (w/v) NaOH solution (figure 2a).

In the studies present in chapters 9 - 11 some modifications were applied. The
methanogenic and the sulphidogenic activity of the shudge were measured using the
same set up, but only 2 gCOD.I! of substrate, and for the assays in the presence of
sulphate, 4 g SO.I"" was added to the medium. The sludge activities were measured
by monitoring the substrate, sulphate and sulphide concentrations in the liquid and the
methane concentration in the headspace (figure 2b).

ti samples
A B Surrer To fraction C

—#= collector

Methane Needle to
sarmple the
gas
Needle composition Y Gas
o
Needles ;’\ NaOH
o L B=" o |~

Sub-— . Sub- H
Strate . i Strate . 1

+Sludge Volumetric *S]udge Volumetric cylinder
cyh;lac}er or balance
or ance

Figure 2 A schematic view of the batch reactors used for the assessment of the maximal methanogenic
sludge activity. A: Serum bottle "reactor”. Methane production was measured applying liquid
displacement from a serum bottle; B: Serum bottle "reactor”. Methane production was
measured by monitoring the concentration in the headspace; ¢: Stirred batch reactor system.
Methane production was measured using a Mariotte flask.
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Microscopy

Scanning electron microscopy (SEM) (Jeol ISM 5200) was used to examine the
internal and external structures of the sludge types studied. Granules and flocculant
sludges were fixed for 2 hours at 20°C in 2.5% glutaraldehyde. After washing, fixation
continued in 1% osmium tetroxide for 1.5 hours. Subsequently, granules were
dehydrated in a graded ethanol series (10% - 30% - 50% - 70% - 96% - 100%) and
critical point dried, mounted on stubs with colloidal silver (Biorad) and sectioned using
razor knife. The samples were sputter coated with gold/palladium before observation
in the SEM.

Pictures at low magnifications were made by use of an Olympus ZS340 zoom
microscope.

Size distribution of the sludge granules

The size distribution of the sludge was determined by the image analyzing technique
adapted from Grotenhuis et al. (1991a). For sampling, the total sludge bed was removed
from the reactor. After decanting most of the fluid followed by mixing the sludge to
avoid segregation by sedimentation, sludge samples of approx. 1 ml were brought in
to 3.5 cm petri dishes. The sludge particles were fixed in kaisergelatin (Merck AG,
Darmstadt, Germany). Pictures of the dishes (minimal 4 plates per sample and minimal
500 particles per sample) were digitalized and analyzed by image analyzing software
(TEA Image Manager (TIM), Difa Measuring Systems BV, Breda, the Netherlands).
Assuming ideal spherical shapes of the particles the radius and volume were calculated
from the two-dimensional projection of the particles.

Specific gravity of granular studge

The granule specific gravity measurements were performed by use of a pycnometer
according to Standard Methods (method 213e). Surface attached water was removed by
spreading the sludge sample during 5 minutes on a grid placed on a hydroscopic tissue
(paper napkin). Subsequently, sludge was placed for 0.5 hour at H,O saturated, 30°C
air,

Strength of the granular sludge

The granular strength of a sludge sample was measured as the resistance against
compression forces according Hulshoff Pol et al. (1986). A scheme of the measurement
is given in figure 3a. The force which correlates with a downward movement of the
piston is measured by a load cell, and is printed with a recorder. Above a critical
compression, the granules disintegrate and the force increase per piston movement
changes (point Y, figure 3b). A short time before this point is reached, the first biomass
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is observed in the space between piston and cylinder (point X, figure 3b). Since this
point was observed to be more reproducible, the force recorded at this moment,
expressed as N.m! is assurned to be characteristic for the granular strength.

Load cell A B
To recorder Recorder output
| l o
Moving
direction
5 mm/min

Interstice
width 0.15 mm

Piston surface
5.58 cm?

—pm Force (N)

Granular
shudge (10 ml)

—= Piston movement (time)

Figure 3 Schematic view of the set-up of the granular strength measurement (A) and the recorder output
of the measurement (B).

Sludge bed sampling

The sludge amount in the reactors was evaluated by sampling the total sludge bed,
and measuring the volume after 5 minutes sedimentation in a two litre volumetric
cylinder. Samples for sludge analysis were taken after decanting the fluid and
subsequently continuously mixed during sampling to avoid segregation by
sedimentation. The VSS and TSS (volatile suspended solids c.q. total suspended solids)
concentration were determined on a well mixed sample of this amount (the volume was
measured in a 100 ml volumetric cylinder after replacing the reactor fluid):

Total VSS amount (g) = sludge volume (ml) x VSS concentration (gVSS.ml?)
VSS and TSS were analyzed according the Dutch Standard Methods (NEN 32355.3).
The total solids were measured after drying at 105°C (over night), the ash content after

2 hr at 550°C. The VSS content was calculated as the difference between total solids
and ash.
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Volatile fatty acids (VFA)

Volatile fatty acids (VFA) were analyzed with a Packard 417 and a HP 5890 gas
chromatograph equipped with a 2 m x 4 mm (i.d.) glass column packed with Supel-
coport (100-120 mesh) coated with 10% Fluorad FC 431. Temperature of the column,
injection port and flame ionization detector were 120, 220 and 240°C, respectively.
Nitrogen saturated with formic acid was used as carrier gas at a flow rate of 50 ml/min.
All samples were centrifuged (4 min., 15 600 g) and fixed by adding 3% formic acid
(dilution 1:1).

Chemical oxygen demand (COD)

The COD was determined according to the "micro method" as described by Jirka
and Carter (1975). The sample was oxidized with dichromat in H,SO, (18M) under
pressure at 160°C in closed 20 ml glass vessels during 2 hr. The sample was analyzed
colorimetrical, The sulphide present in the samples from the reactors was removed prior
to the COD measurement by flushing with nitrogen gas.

Sulphate and sulphide

Sulphate was measured with a high pressure liquid chromatograph (Spectra Physics),
equipped with a 100 mm x 3 mm Ionosphere A column and a conductivity meter
(Waters 431). The temperature of the column and the detector were 30°C. Samples
were centrifuged first and diluted with demineralized water to the appropriate
concentration. 20 pl of sample was injected. The eluent was 0.027 M potassium
biphtalate, pH 9, at a flow rate of 0.4 ml.min’".

Sulphide was measured colorimetrically using a method adapted from Triper and
Schlegel (1964).
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3 DETERMINATION OF THE PERMEABILITY AND
POROSITY OF ANAEROBIC SLUDGE GRANULES BY
SIZE EXCLUSION CHROMATOGRAPHY

This chapter consists of a madified edition of:

Determination of the permeability and porosity of anaerobic sludge granules by size exclusion
chromatography .

P.Ame Alphenaar, M.Cecilia Pérez, Willem J.H. van Berkel and Gatze Lettinga

Appl. Microbiol. Biotechnol. (1992) 36:795-799
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DETERMINATION OF THE PERMEABILITY AND
POROSITY OF ANAEROBIC SLUDGE GRANULES BY
SIZE EXCLUSION CHROMATOGRAPHY

ABSTRACT

A new application of size-exclusion chromatography is described for assessment of the
permeability and internal pore distribution of anaerobic sludge granules.

The fractionation range and adsorption characteristics were investigated for a series of standard
proteins and dextrans. To determine possible adsorption of solutes and stability of the sludges,
the pH and salt concentration of the mobile phase were varied.

Good results were obtained using dextrans as solutes and tap water as mobile phase. To
inhibit the sludge activity without affecting the granule characteristics the experimental
arrangement was operated at 4°C.

Three granular sludge types were investigated. The permeability of the granular sludges
varied from 7% to 96%. Also the exclusion limit expressed as molecular mass showed large
differences. For two sludges, molecules greater than 80 000 Da cannot penetrate the pores; for
one sludge the exclusion limit is 1 300 Da. Experiments using acetic acid as an indicator of
permeability gave similar results.

INTRODUCTION

The upflow anaercbic sludge blanket (UASB) reactor is the most widely applied
anaerobic waste-water treatment systern (Lettinga et al. 1987). The benefits of the
UASE over other anaerobic systems are partially related to autoimmobilization of the
bacteria (Beeftink 1987; Grotenhuis et al. 1987; Lettinga et al. 1987, Hulshoff Pol
1989), which results in a granular sludge with particles up to 6 mm in diameter. The
volatile solid (VSS) content of these granules varies widely (20-99%), but usually a
percentage of 70 - 80% is found.

The major part of VSS is bacterial biomass. In granules, considered as a typical
form of biofilm, transport of substrate and biogas will be an important factor
{(Harremoés 1978).

Porosity and pore size distribution are closely related to substrate and biogas
transport. For large aggregates, transport limitation of substrate and products will have
a substantial influence on the fraction of bacteria that will be active, and so on the
quality of the granules (Beeftink 1987; de Beer 1990),
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The extent to which substrate can penctrate a granule {(and reach the bacteria)
probably is one of the main factors influencing the granule characteristics, and thus:

- For more accurate modelling of the granular growth an accurate estimation of the
porosity is essential. In combination with the substrate diffusion coefficient it will
determine the growth and efficiency of granules. .

- Under reactor conditions, insufficient substrate transport in a granule causes a low
specific activity due to substrate limitation of a significant part of the biomass.

- For large particles, substrate-limitation can initiate bacterial lysis in the centre,
which can lead to disintegration or wash out of the granular biomass.

Size exclusion chromatography (SEC), introduced by Flodin (1961) and Porath and
Flodin (1959), is a separation method based on the relative molecular mass, or more
correctly, relative molecular size of molecules.

Figure 1

A: Diagrammatic
representation of the main
parameters of size-exclusion
chromatography (SEC),
adapted from Fischer
(1971}

(¥,). void volume; (V)),
total volume.

B: Principle of SEC used fo
determination of pore size
distribution of pore size
distribution of anaerobic
sludge granules
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A stationary phase of uncharged porous beads is used as the chromatographic
support. The liquid mobile phase, or eluant, flows through the bed. A column
constructed from such beads has the following definite volumes (figure la): total
volume (¥,), calculated from the length and diameter of the bed; void volume (v,),
consisting of the volume of the liquid between the beads in the bed; internal volume
(¥,}, the volume of the liquid within the open pores of the beads; volume of beads (v,),
obtained as the difference between (¥,) and (¥, + ¥,); elution volume (V,), the volume
of eluant that is available (and required) to carry the molecules of substrate through the
column; ¥ <¥ <¥,.

The sample to be separated must be soluble in the mobile phase used. Large
molecules are excluded from the internal volume. Because of the difference in available
volume, molecules flow through the bed at different velocities: large molecules emerge
first, while smaller molecules are retarded, depending on their abilities to enter pores
of the stationary phase. The dimensions important to SEC are the diameters of the pores
that gives access to the internal volume and the hydrodynamic diameter of the molecules
(figure 1b).

The fractionation range of the size-exclusion matrix is defined as the approximate
range of molecular mass in which maximal separation of molecules is achieved.

One of the features of SEC is the gooed correlation between molecular mass and ¥, . For
globular molecules (e.g. proteins) and within the fractionation range, V¥, is
approximately a linear function of the logarithm of the molecular mass (Flodin 1961).
The partition coefficient (X, ), represents the fraction of the ¥, that is available for
diffusion of a given solute species:
k Y

M A A

As a consequence, the SEC principle can be used to study the characteristics of the
porous beads by using granular sludge as a stationary phase.

For some sludges, closed pores results in a non-neglectable v,. For a conventional
use of SEC the £, must be modified for this volume. In the presented study, however,
the k,, of the internal standards, flavine mononucleotide (FMN) and acetic acid
(CH,COOH), is used as an indicator of the available porosity. A similar application of
the method was described for investigating the porosity of cotton matter (Martin et al.
1971). They used chromatographic columns filled with finely divided fibrous cotton to
determine the relative ¥, of sugars ranging in discrete molecular mass.

As substrate and gas transport take place during anaerobic digestion, granular sludge
must have a porous structure that allows penetration of solutes and gas. As in size-
exclusion chromatography, the access to these pores for solutes is related to their
molecular sizes and shapes. In this research, a method to determine the porous structure
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characteristics and the internal volume of the sludge granules has been developed by
using granular sludge as a size-exclusion chromatographic support. With this aim, the
sludge was packed in a column, and ¥, of standard proteins and dextrans of different
molecular mass (size) were measured.

MATERIALS AND METHODS

Columns of 2.6 cm diameter and 40 cm height (Pharmacia LXB Biotechnology,
Uppsala, Sweden) were packed with granular sludge. The eluant was pumped by a
peristaltic pump (Watson & Marlow 10iu, Falmouth, England) at a constant flow-rate
of 0.2-1.0 ml.min™. The eluate was collected continuously with a fraction collector
(2112 Redirac LKB Bromma, Uppsala, Sweden).

Experiments were carried out at 4°C to minimize the activity of the microorganisms
in the sludge.

The first tests were carried out using downward flow and standard proteins ranging
from 14 000 to 67 000 Da in molecular mass. Subsequent tests were carried out using
dextrans ranging from 1000 to 8G 000 Da. To avoid clogging in these tests upward flow
was used.

Table 1 Some characteristics of the granular sludge types used.

Parameters Units Sludge types

I m HE
TSSh % 94 9.3 9.3
VSs® % 6.8 8.5 6.8
Activity gCH, cop/(gV$S.d) 0.6 0.8 0.22
Specific gravity kg.m? 1040.6 1039.0 1026.4
Diameter mm 1.0-2.0 1.4-2.0 3240

* The sludges used originate from full-scale upflow anaerobic sludge blanket reactors, processing
wastewater from: (I) a starch factory, (Latenstein, Nijmegen, the Netherlands); (I} an alcohol
producing factory (Nedalco b.v., Bergen op Zoom, the Netherlands); (III) a pilot scale expanded
granular sludge bed reactor processing municipal wastewater (Bennekom, the Netherlands)

TSS, total solids; VSS, volatile solids, i.c. organic matier, both in percentages of leaked fresh
sludge

¢ The studges were separated by sieving. The fraction used is given

¢ COD, chemical oxygen demand

3
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The cofactor FMN (450 Da) was used as yellow-coloured internal standard for
determination of total available porosity of the granules as well as acetic acid (60 Da).
Blue dexiran (> 10¢ Da) was used as a reference to determine the void volume of the
column. FMN and Blue dextran were used in all experiments. For all tests 1.0 ml of
a solute solution with a concentration of 10 mg.mI" was used.

All dextrans were from Fluka Chemie AG (Buchs, Switzerland). Myoglobin, trypsin

inhibitor and bovine serum albumin were from Serva AG (Heidelberg, FRG) and
cytochrome C, ovalbumin and FMN were from Sigma (St. Louis, USA).
An UV-VIS spectrophotometer (LKB-Biochrom ultrospec I} was used to measure the
relative protein concentration at 280 nm. The relative concentration of FMN was
measured at 445 nm. The dextran concentration was determined colorimetrically as
carbohydrate by the phenol-H,80, reaction (AOAC 088.12). Acetic acid was
determined with a gaschromatograph equipped with a 2 m x 4 mm column, packed with
100-120 mesh Supelcoport and coated with 10% Fluorad FC431.

In this work, the characteristic ¥, is defined as the eluted volume at maximal sohute
concentration. The pore size distribution and the exclusion limit of the sludge granules
are expressed in molecular mass.

To discriminate for possible adsorption phenomena and for the sludge stability,
experiments were carried out with different mobile phase conditions: tap water; 25 mM,
50 mM or 100 mM NaCl; phosphate buffers pH 5.0, 6.0 or 7.0. Granular sludges from
three different UASB reactors were used in this research to test the method (table 1).

Total solids (TSS) and volatile solids {VSS) were analyzed according to Nederlandse
Norm (1988; Dutch standard methods), and are expressed as percentage of the fresh
sludge. The sludge density was determined using a picnometer. The sludge fractions
were separated by test sieves (Retsch, Haan, FRG).

Methanogenic activity measurements were performed in 1 litre glass flasks at 30°C.
The flasks were supplied with tap water, nutrients and a methanogenic substrate. As
substrate a mixture of volatile fatty acids was used, neutralized to pH 7. The chemical
oxygen demand (COD) at start of the tests was 3 gCOD.Z*, using 1 g.}! COD of acetic
acid, propionic acid and butyric acid, respectively. The activity was calculated from
CH, production, monitored with modified Mariotte flasks.
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RESULTS

In pretiminary experiments the microbial activity was inhibited by treating the sludge
with 3% glutardialdehyde. Disintegration of granules was observed, however, probably
caused by effects on the granule structure. To avoid these effects, experiments were
carried out at 4°C to inhibit the activity of microorganisms in the sludge.

The exclusion limit and the total available volume of the sludges used are given in
table 2 (determined using tap water and elution in an upflow mode}. As an example,
the results of tests with sludge I and dextrans are shown in figure 2.

RELATIVE ABSORBANCE

e ; )
4] 0.2 0.4 0,6 C.,8 1 1,2 1.4
RELATIVE ELUTION VOLUME (Ve/sVt)
—— BLUE DEXTRAN — — - DEXTRAN 25.000
----- DEXTRAN 80.000 === DEXTRAN 12.000 ——  DEXTRAN 1.000
""""" DEXTRAN 50,000 ==+ DEXTRAN 5.000 ====+ FMN

Figure 2 Chromatogram of tests with sludge I and dextran series: tap water as eluant; flow rate: 1.0
ml.min”! (upflow); molecular mass of the dextrans used: Blue dextran (>>2x10° Da), Dextran
80.000 (80 900 Da), Dextran 50.000 (48 600 Da), Dextran 12.000 (11 600 Da), Dextran
5.000 (5220 Da) and Dexiran 1.000 (1 270 Da); molecular weight of flavin mononuclectide

(FMN) (450 Da). V,: elution volume; (V,): total volume

The relation between k_, and log of the molecular mass, as an indication of the pore
size distribution, is shown in figure 3. Both dextrans and proteins showed a correlation
between molecular mass and their elution volumes in parallel experiments carried out
with sludge I. The differences in X, most probably are related to the different
molecular shapes (and so diffusion coefficients) of both types of molecules (figure 3).
For all sludges FMN and acetic acid tests (pH 7.0, tap water, upflow mode) indicated
a comparable available porosity (table 2).

30




Table 2 Porosity characteristics of granular sludges using tap water as the eluant.?

Sample Solute* Exclusion limit (as Available porous volume (X x 100)
molecular mass)
FMN® CH,COOH
Sludge [ Proteins 67000 Da 96% 9%
Sludge [ Dextran 80900 Da 96 % 9%6%
Sludge 11 Dextran 80900 Da 36% 42%
Sludge III Dextran 1270 Da 7% 7%

* Flow rate 0.4 ml.mir:"* for protein tests and 1.0 ml.min’ for dextran tests
b FMN, flavin mononucleotide
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0.8 - SLUDGE 1 Proteins - = -
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Figure 3 Log of molecular mass (M.W.) vs. partiticn coefficient (X} correlation curves for sludge I,
II and Iil. Experiments with proteins (sludge I) and dextran series (sludge I, II and IIT) and
tap water as eluant. The figure indicates the total available pore volume, the exclusion limit
and the pore size distribution expressed as log M.W. The vertical bars indicate thek
calculated from ¥, [ ¥, at 95% of the maximal peak height (figure 2). The dextrans used and
FMN are described in figure 2. Of the proteins investigated myoglobin (17 600 Da),
ovalbumin (43 000 Da) and bovine serum albumin (67 000 Da) are used in the test presented
in figure 3, Cytochrome C (13 370 Da) and trypsin inhibitor (22 400 Da} were not useful due
to strong nonspecific adsorption.
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Experiments performed in phosphate buffers (pH 5.0-7.0) showed problems of
turbidity in the eluate and the quality of the curves decreased with time, most probably
as a consequence of the conditions used (sludge I, experiments with proteins as well as
dextrans solutes, down flow mode). Buffered eluants at pH above 7.5 were not tested
because preliminary experiments showed a serious decrease in sludge quality.

Tests with 0.025 M, 0.05 M and 0.1 M NaCl solutions as eluants did not show a
time-dependent turbidity increase in the e¢luate, Compared with tests in tap water also
no effect on adsorption phenomena was found. Neither the v, nor the elution patterns
were affected by the salt concentration (sludge I, experiments with proteins as well as
dextrans solutes, upflow mode).

Within the experimental range (0.2-1.0 mi.min”"}), the flow rate did not affect the
results obtained with sludge I and FMN as solute.

DISCUSSION

The results presented in this chapter show that the intended objective of the method,

determination of the pore size distribution in granular sludge, is feasible.
FMN elution patterns showed tailing in all experiments. Since the flow rate does not
effect the ¥,, the retardation of FMN is not an effect of a slow diffusion. Using an inert
and non-porous medium as the stationary phase (glass beads, 2 mm} to examine the
behaviour of the system, this tailing, however, did not occur. The commercial FMN
used contains 10% of a far more hydrophobic riboflavin (Nielsen et al. 1983), and the
irregular elution patterns are probably a consequence of non-specific adsorption. Several
proteins investigated also showed this non-specific adsorption.

Both protein as well as dextran reference standards yielded analogous
chromatographic results in tests with sludge 1. The globular molecular shape of proteins
results in higher X, values when compared to dextran molecules (linear molecular
shape) of corresponding molecular mass. Dextrans are favoured because their strong
similarity in molecular structure and non-adsorptive properties permit a better
comparison of their chromatographic behaviour. For the described application of SEC
a more complete molecular mass range was available for dextrans as for proteins (figure
3).

The exclusion limit values for the granular sludges I and II were quite similar; the
total porosity of sludge II was however distantly lower. For sludge 1, the calculated
volume correlated with the percentage of dry matter; the volume represented by this
matter was not available for FMN or acetic acid. For the second sludge however, the
measured maximal available volume (&) is much lower (36 %), whereas the TSS and
VS8S percentages did not vary considerably from sludge I. A possible explanation for
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