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PREFACE

The formation of anserobic granular sludge and biofilms on mobile and
stationary support material has in recent years attracted the interest of
both microbiologists and engineers. Immobilization of anaercbic micrebial
populetions hes proven to be a powerful tool for the development of new
wastewater technologies. Though knowledge on biofilm and granule formation
is expending, still many questions remain to be answered.

To obtain a more efficient transfer of knowledge between engineers and
microbiclogists we decided to organize a workshop in which scientists of
both disciplines were invited to discuss the recent advances in anaerobic
grantle and biofiim formation including their possible new applications.
This publication arose from this workshop which was held from 25-27
October, 1987 in Lunteren, The Netherlands. The presentations during the
workshop are given in the different chapters and the discussions of the tweo
days have been summarized and critically evaluated by two rapperteurs. We
hope that this book will act as a stimulus for a more intense collaboration
between microbiologists and engineers, in order to fully exploit the poten-
tial of immobilized blomass in wastewater treatment and other biotechno-

logicel processes which are of environmental importance.
It is not only appropriaste but alsc a pleasure to acknowledge the people

who helped to made this workshop a success. They are Paul de Jong, Titia

Kalker, Eddie Koornneef, Carolien Plugge and Marieke Smit,

Wageningen, November 1987 The editors
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ENERGETICS OF SYNTROPHIC METHANE FCRMATION AND THE INFLUENCE
OF AGGREGATION

B. Schink' and R. K. Thauer:

'Lehrstuhl Mikrobiologie T, Eberhard-Karls-Universiticx,

Auf der Morgenstelle 28, D-7400 Tibingen, W.-Germany
Z2Fachbereich Biologile - Mikrobiologie, Philipps-Universitit.
D-3550 Marburg, W.-Germany

Sumnary

Complex organic matter is converted to CHsa and COz by
anaerobic microbial communities, The free energy change
associated with the overall conversion is gmall, and has to
be shared by two to four groups of bacteria. The primary
fermenters which convert the organic¢ matter to acetic acid,
C0z, Hz and reduced products such as lactic acid, propionic
acid, and butyric acid, use up most of the free enargy
avallable. Tha so-called secondary fermenters or obligately
proten-reducing bacteria which convert the reduced fermenga-
tion products of the primary fermenters to methanogenic sub-
strates have rno share fractions of ATP-cquivalents with the
hydrogan-oxidizing and acetate-utilizing methanogenic
bacteria. The cooperation betwsen the partner organisms ia
such syntrophic relationships is optimal if the diffusjion
distance for transfer metabolites (Hz, acetate) is as small
as possible. Aggregation of bacteria of different trophic
groups is of high impertance for the energetics and kinetics
of substrate conversion in methancgenic microbial communit-—
izg, therefore. This problem is being discussed on the basis
of theoretical considerations as well as data available from
ecological studies.

Introduction

Oxygen serves two main functicons in the microbial
degradation of organic matter: It participates as a reaction
partner in oxygenase reactions involved in the primary attack
on substrates such as hydrocarbens, aromatic or ether com-
pounds, and it acts as an acceptor for electrons derived dur-
ing the oxidation of organic matter to CQz. If the compounds
usually degraded in oxygsnase reactions are degraded in the
absence of oxygen at all. this degradation has to proceed via
pathways completely different from those used in the presence
of oxygen. Such pathways have been worked out in the recent
past for several types of compounds often considered to be
nondegradable in the absence of oxygen, and it turned out
that the degradation potential of anaerobic microbial
communities is by far greater than commonly assumed (Evans,
1977: Young, 1984; Schink, 1986; Schink. 1988).

In some cases, anasroblc breakdown of certain substrates
proved to be even more efficient and to produce less toxic
degradation intermediates than aerobic degradation, e. g. in




the case of chlorobenzoates (Suflita et al., 1982; Horowitz
et al., 1983; Boyd and Shelton, 1984). The anaerobic
degradation of certain environmental pollutants such as
phenols, aromatic amines and nitro derivatives has galned
high interest in the recent past, therefore, because aercbic
treatment of such waste constituents often leads via oxygen-
dependent radical formation to the production of phenolic
polymers which resist any further degradation either in the
presence or absence of oxygen. In other cases such as
degradation of surfactants, anaerobic techniques for waste
treatment are desirable bacause of enormous foam formation
cogourring in aerated activated sludge basins (Wagener and
Schink, 1987).

Whereas the role of oxXygen as a reaction partner in
oxXygenase reactions depends on 1ts unigue electron sitructure
and cannot be performed by any other molecule, its role as an
electron accepter in the oxidation of easily degradable
crganic matter can be taken over readily by other oxidized
compounds, such as nitrate, sulfate, or carbon dioxide. The
free energy change of the complete oxidation of organic
matter is calculated here for glucose as a model substrate
(all calculationg are based on the tables published in Thauer
et al., 1977):.

CeH120e + 6 02 —-===> 6 £0z + 6 H20 (13

AG' = - 2830 kJ / mol
CeH120s + 4.8 NOs- + 4.8 H' ———=3 6 COz + 2.4 Nz + 8.4 H20{2)
AG," = - 2870 kJ / mol
CeHizOs + 3 8S042- + 3 H wmwm> 6 COz + 3 HS- + 6 Hz O (3}
AG,S' = - 513 kJ / mol
Ce H12 O —=~==> 3 CH4 + 3 CO2 t4)
AG' = - 390 kJ / mol

It becomes evident from this comparisop that oxidaticon of
organic matter with nitrate as élect;on acceptor rePeases
nearly as much energy as oxygen-dependent cxidation, whereas
sulfate-dependent oxidation or methanogenes®s (which is
actually a dismutation of the substrate carbon tc its mest v
reduced and its most exidized state) make by far spaller
amounts of energy available teo the bacteria involved. The
differences in free energy change, as well as differences in
substrate affinity {(see below) actually appear to determine
the sequence in which organic matter is transformed in the
absence of oxygen: Theé variocus prpcesses follow each cther
basically according to this order.

Cxidation of glucose by an aercbically respiring bacterium
allows the synthesis Of-ﬁﬁ—i;#ﬂiJEZL of ATP per mol. Thus,
synthesis of ATP in these bacteria takes about 75 kJ per mol,
and this is actually about the minimum, amount of energy
required for irreversible ATP synthesis under phyvsiological
conditions (see Thauer et al., 1977). Provided a similar
efficiency of ATP synthesis in anaerobic bacteria, conversion
of glucose to methane and €Oz will allow synthesis of only
about 5 mol ATP per mol of gluccse, therefore, and as it is
pointed out in the well-known scheme in Fig. 1, this energy
has to be shared by three to four groups of bacteria
cooperating in this degradation process.
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Fig, 2: Variable thermodynamic efficiency in glucose fermen-
tation by Clostridium sp. Explanations in the text.
(After Thauer et al., 1977).



The foliowing survey is based on excellent reviews on
syntrophic methane feormation (Bryant, 1979; Wolin, 1982:
Gujer and Zehnder, 1983) to which the resader is referred for
further details, references etc. In this contributicn, we
want to concentrate on the guestion how the energy available
in methancgenic degradation of glucose as a model substrate
ig being shared by the mixed microbial community inveolved. It
will turn cut that minimizing the diffusion distance for
fermentation intermediates (Hz, acetate), e. u. by
aggregation or cencerted adhesicon to inert surfaces, is a
very efficient means to conserve every fraction of energy
available in such a complex degradation system.

Energetics of gluccse fermentation

In a methanogenic microbial community, complex organic
matter such as polysaccharides, proteins, nucleic acids, and
lipids, is fermented by the classical fermenting bacteria via
the respective monomers to acetate, hydrogen, C0z, and a
series of reduced fermentation products such as higher fatty
acids, succinate, lactate, and alcohols (Fig. 1: Zehnder,
1978; Zehnder et al., 1982). Among the prevalent polymer-—
degrading bacteria are sporeforming and non-sporeforming
strict anaerobes which produce e. g. acetate, butyrate, CO:z.
and H:. Although one can construct a mixed culture of conly
two bacterial members which converts glucose or even
pelysaccharides completely to methane and CCz (Winter and
Wolfe, 1979; Khan, 1980; Schink and Zeikus, 1982), such mixed
cultures are always kind of artificial and do_not mimic
adequately the situation in a natural or semi-natural
anaerobic digestor. Undefined digestor populations always
produce reduced intermediates which need secondary fermenting
bacteria for final conversion to methane.

The extent to which such reduced ferm@ntation products are
peing formed depends to a high extent on the prevaisding
hydrogen partial pressure. As shown dn Fig. 2, Clostridiunm
butyricum will produce butyrate in pure cupgure where
hydrogen accumulates. The total balance of product formation
depends t¢ some extent on- the growth conditions, but may
typically look like that given in thid figure;, whi¥ch gllows
synthesis of 2.3 mol ATP per mol wf glugose. The eguilibrium
between the electron carriers NAD and ferredoxin is, due to
their redex potentials, far on the side of reduced NADH and
oxidized ferredoxin, ,and a major part of the NADH electrons
has to be used for reduction of acetyl-CoA to butyrate. If,
however, the hydrogen partial pressure is so low that the
ratio of reduced over oxidized ferredoxin becomes low encugh
to allow to channel the NAD electrons via ferredoxin to
protons, more molecular hydrogen can be released and the
total fermentation balance will changé to the following:

CeHi20s + 2 HzO0 -—---—- > 2 CHsCOD- + 2 H* + 2 COz + 4 Hz (6)
AGs' = - 200 kJ / mol

The free energy change of this reaction under standard
conditions does not allow the synthesis of 4 mol ATP which is
implied in the reaction scheme ocutlined in Fig. 2. However,



if the hydrogen partial pressure is lowered to 10-1 bgr, a
value rather close toc natural conditions (see below), the
reaction releases 290 kJ / mol in agreement with the
postulated synthesis of 4 ATP. It appears from this
consideration that a low hvdrogen partial pressure increases
significantly the energy gain of hydrogen-releasing primary
fermenting bacteria, and that the amount of reduced
fermentation intermediates, 2. g. butyrate, depends strongly
on the hydrogen partial pressure. Therefore, the cooperation
between primary fermenters and methanogenic bacteria is not a
"metabiontic" one as assumed earlier (Toerien and Hattingh,
1969) but the methane bacteria exert a profound influence via
the hydrogen partial pressure back on the primary fermenters.

From the above c¢onsiderations it also becomes evident that
the primary fermenting bacteria take the lion's share.
namely, 3-4 ATP, of the 5 ATP available during methanogenic
dlucose fermentation. Only relatively little energy is left
over for the secondary fermenters and the methanogenic
bacteria.

The fermentation of butyrate to acetate and hydrogen is a
highly endergonic reaction under standard conditions:

CHaCHzCHzCOO- + 2 Hz0 --=-— > 2 CH3COO- + H* + 2 He (7}
AGS = + 48 kKJ / mol

Thig reaction <¢an cccur only if the equilibrium is shifted to
the right side, e. g. by removal of cone of the reaction
products:

4 H + CO2 m=——— > CHy + 2 Hz0Q (8)
AGs = - 131 kKJ / mol CHa

Multiplication of the first reaction by 2 and addition of both
leads to the overall reaction:

2 CHsCHzCH2C00- + C02 + 2 H:2Q ---> 4 CH3COO- + CHsa + 2 H* (9)
AG:,'= - 34 kJ / 2 mol butyrate

This is the reaction of anaerobic butyrate oxidation first
described by Barker [(1936) and later by Stadtman and Barker
(1951) for a non-defined mixed culture ("Methanobacterium
suboxydans”) and defined mixed cultures growing by catalyvzing
this reaction have been isolated repeatsdly in the recent
past (McInerney et al., 1979; Shelton and Tiedje, 1984; Stieb
and Schink, 1985). In these cultures as well as in undefined
digestor populations, oxidation of butyrate to acetate
becomes possible if the hydrogen partial pressure is being
kept low encugh by the methanogenie bacteria. WNonetheless,

system the acetate formed does not accumulate but is degraded
by acetotrophic methane bacteria:
L

CH3COO- + H*  e——e— > CHa + CO2 {10)
AGs' = - 36 kI / mol



Combining eg. (9) and {(10) yields the energy bkalance for the
whole process of methane formation from butyrate:

2 CHR3CHz: CH2C00- + 2 H* + 2 HeO ----> 5 CHs + 3 CO: (11)
AGS = - 177 kI / 2 mol butyrate

If we use concentrations for the respective reactants in
this eqguation which are close to the conditions prevailing in
a methanogenic digestor {butyrate: 1mM, CH4 and COz: 1 bar),
the free energy change of the overall reaction changes to
- 143 kJ. This total reaction is being catalyzed by a
community of three different bacteria, a proton-reducing
fermenter, a hydrogen-oxidizing, and an acetate-cleaving

methanogen. The partial reactions, eg. {7), (8), and (10),
have to run twice, once, and four times, respectively,
yielding a total of 7 reactions in a whole sequence. If we

assume that all partial reactions share egqual parts cof the
total energy available, the free energy change for every
partial reaction is about - 20 kJ / mol (Fig. 3}:

(10”48 pary co, (1.0 bar)
4 H2 N > CH4 (1.0 bar)
{ 1.0 mM) - 20 kJ
2 Butyraten

=20 kd 4 CHd (1.0 har)
4 Acetate “_“~—~———4<::
(1.0 mM) - 20 kJ 4 CD2 (1.0 bar)

v
~

Fig. 3: Assumed steady-state metabolite concentragions and
correspending free energy shanges in.methancogenic 'butyrate
degradation c
3 '4
Cne can use these energy gains of every partial reaction to
calculate the corresponéing concentritjons of thé '
fermentation intermediates acetate and, hydrogen, and ends up
with concentrations in the range.of those measured in e. g.
digestor sludge,, i. e. acetate: 1mM; pHz: 10-4:% bar
(% 0.1 pM) . Thus, the assumpt;on appears reascnable that the
free energy available is being 'shared to nearly equal parts
by all three types of bacteria involved in this process, s, and
the guestion arises how this small amount of energy per
partial reaction can be used for ATP synthesis.

Energy sharing among the fatty acid-degrading bacteria

It becomes evident from the above considerations that the
total free energy change available in butyrate conversion to
methane {eqg. 11} allows, depending on the actual substrate
concentrations applied, conservation of 20 ~ 25 kJ per meol
partial reaction. This is an amount of energy in the range of

10



one third of an ATP eguivalent (see above}. Evidence has been
provided in the recent past that bacterizl membrane-bound
ATPases, similar to those studied in mitochendria and
chloroplasts, couple synthesis of one molecule of ATP with
the transfer of 3 protons across the membrane (Maloney,
1983). Thus, ‘the equivalent of 1 transported proton is the
smallest amount of energy which can be converted into
biologically useful cnergy, meaning: into ATP synthesis.
Although it is by far too esarly to generalize that all proton
ATPases in the microbial world will cperate with the same
stoichiometry, this assumption allows at present to explain
why 1/3 of an ATP is the minimum energy gquantum which can
support microbial energy metabolism. In the recent past,
bacteria have bean isolated which are able to grow with
reactions releasing energy in this range (Pfennig and Biebl,
1976; Schink and Pfennig, 1982), and acstate cleavage by
methanogenic bacteria is another exanple of a reaction
supporting bacterial growth with an amcount of free energy in
the range of 1/3 ATP.

The biochemistry of fermsntative butyrate oxidation has
been described recently (Wofford et al. 1986). It proceeds
via the classical f-oxidation pathway which allows a net
synthesis ¢f 1 ATP per mol of butyrate by substrate level
phesphorylation in the acetate kinase reaction. Two of the
electrons derived during this oxidation arise at a redox
potential of -190 nV (B-hydroxybutyryl CoA dehydrogenase),
the other two at -126 mV {(butyryl CoA dehydrogenase;
Gustafsen et al., 19868). It is not clear at present whether
the hydrogen partial pressure in the medium can be lowerad
far encugh to simply "pull" these electrons to the potential
of free hydrogen and release them as such. It can be
speculated that the butyrate—~fermenting anaerobe spends part
{(2/3 ?) of the ATF synthetized in the acetate kinase reaction
to drive a reversed electron transport reaction to release
the electrons at a lower redox potential {(Thauer and Morris,
1984} . With this, 1/3 of an ATP would remain available to the
butyrate fermenter s energy metabolism, and it would help the
methane bacterium to take up its hydrogen at a concentration
which allows it sufficient ATP synthesis as well.
Fermentation of propiconate to acetate, C0: and hydrogen has
to meet similar problems as described for butyrate. The
syntrophic oxidation of propionate probably proceeds via the
succinate pathway (Koch et al., 1983; Schink, 1985) which
would vyield 1 ATP by substrate level phosphorylation in the
acetate kinase reaction, and three pairs of electrons at
redox potentials of - 190, ~ 30, and - 500 mV, respectively.
Especially the electrons released in the succ¢inate
dehydrogenase reaction would need to be shifted to a
potential low encugh to reduce protons, and such a reverse
electron transport driven by a membrane-bound ATPase could
require again the equivalent of 2/3 ATP. Evidence of such an
anaerobic reverse electron transport sgystem has recently been
obtained with the acetate-oxidizing, sulfur-reducing
Desulfuromonas acetoxidansg: In this bacterium, the transfer
of electrons from succinate to sulfur (Ee = -30 and -270 mV,
respectively} is coupled tc a proton translocation across the
cytoplasmic membrane (Paulsen et al., 1986). It has still to

"
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Fig. 5: Effect of diffusion distance on the'hydrogen flux
between two types of bacteria, either in suspended
{left) or aggregated distribution (right).

12



-

be proven whether analogous systems work in the syntreophic
fartty acid-oxidizing bacteria.

The effect of diffusion distance

The diffusicn of hydrogen from a hydrecgsn producesr to a
hydrogen consumer <an be described by a simple diffusion
equation (Fig. 4): The flux of hydrogen is directly
proportional to the surface area of the producing bacterium
and the concentration difference at the surfaces of beoth
partners, and it is inversely proportional to the diffusion
distance. The distance term is esvecially cof interest with
very small distances as described in the following example
(Fig. 5):

A mixed culture of two partner organisms cooperating in
interspecies hydrogen transfer is assumed to contain 10°¢
cells per ml. If the cells are homogeneously dispersead
through the medium, the average distance of the cells to each
other is about 8 um. If the same bacteria form aggresgates and
thus minimize the diffusion distance to 1/100 of the
original one, the hvdrogen flux increases 100 fold. As long
as the hydrogen diffusion is the rate-limiting factor in the
cooperation of the partner organisms (as appears to be the
case with all fatty acid-degrading syntrophic associations),
the fermation of cell c¢lusters can have a very saveare e@fect
on growth and substrate degradation kinetics.

The importance of this consideration has been demonstrated
recently in a simple experiment. A mixed culture of a
syntrophiec ethanol-oxidizing and a homoacetogenic bacterium
converted ethanol with COz to acetate according to the
following equation:

2 CEaCH20H + 2 €O ———=> 3 CH3COO- + 3 H'
AG)' = - 82.4 kJ / 2 mol ethanol

The hvdrogsen concentration in the homogeneously mixed culture
reached a maximum of 5 uM in the early logarithmic phase, and
the doubling time of the total culture was about 7 hours. If
the two partner crganisms were scparated by a dialysis
membrane, the hydrogen concentrations in the producer's and
the consumer's compartment differed considerably {%& 24 and
%3 uM, respectively), and the doubling times of both
partners increased tc 14 - 18 heours (Stieb and Schink, 1987}.
This simple experiment demonstrates that even in the
syntrophic oxidation of ethancl which is energetically much
more favourable than fatty acid oxidation, hydrogen diffusion
¢an be the rate-limiting step in substrate degradation and
bacterial growth.

Hydrogen transfer in sediments and sludges

Techniques have recently become available which allow to
measure the partial pressure as well as the formation and
consumption rate of hydrogen in sediment and sludge sanples.
dompariscon of the hydrogen flux in such samples with the
corresponding rate of CO: reduction to methane revealed that
only about 5 - 6 % of CO; ~dependent methane formation can be

13



covered by the measurable hydrogen flux (Conrad =t al,,1985).
This discrepancy was 2xplained as a consequence of
compartmentalization within the sediment structure:
Hydrogen-producing and hydrogen-forming bacteria may live in
¢close contact to each other ("iuxrtapositioning”) and the
hydrogen flux between the two partners may not be accessible
to the mecasurement technigue applied. The same conclusion was
drawn from calculations of the Gibb s fres energy changes for
fatty acid oxidation reactions under in situ conditions
(Conrad et al., 1986). Further experiments cn methane
formation in the anoxic sediments of the holomictic Lake
Mendcta provided evidence that the discrepancy ¢f hydrogen
flux and €0z reduction rate increased during the
stratification periocd {(Conrad et al., 1987). This result
could mean that the efficiency of interspecies hyvdrogen
transfer increases during the summer stratification period
due to growth of the partner bacteria in close contact to
2ach other. Structural relationships between the syntrophic
partners become important with this view, therefore, and this
is well demonstrated also by electron microscopical studies
of zludge pellets (Dubourgier and Prensier, this meeting
report).

From this point of view, the outcome of the competition
between sulfate-reducing and methanogenic bacteria for
hyvdrogen and acetate, which has so far mainly been
interpreted as simply a consequence of different substrate
affinity constants (Kristjansson et al., 1982; Schdénheit et
al., 1982; EKristjansson and Schdnheit, 1983) has to be
revised to give rise to a more structurally oriented
approach. The efficiency of metabolite transfer between
different trophic groups in a mixed microbial community will
depend to a high dsgree on the diffusion distance between
partner organisms, and a high heterogeneity of the
microstructure of such a community can 4nfluence the outconme
of this competition by far more than small differemces in
substrate affinities. T N >

A very special case of compartmentalizagdon within the
anaerobic sediment community appeats to be' the engulfment of
methanogenic bacteria by «anaercbhic protézoa {van Bruggen et
al., 1983; van Bruggen et al., 1985).'Dging so, the :
fermentlng protozoa choose their rhydrggen-oxidizing partner
very definitely. and we do not know y2t what the selection
criteria are. However, this is neot a problem of bacterial
aggregation any more,and cannot.be treated in detail here,
therefore.

QOutlook

Aggregation and concerted attachment to surfaces is a very
efficient way of shortening diffusiocn” distances between
different kinds of bacteria. Especially anaerobes depend to a
high extent on an efficient transfer of hydrcgen and other
intermediate metabolites, and just anaercbic habitats such as
sediments and sludges are characterized by the presence of
nearly unlimited amounts of surfaces. A look with a micro-
scope at a sediment or sliudge sample demonstrates that the
majerity of bacteria in such an environment is attached to
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surfaceszs, and that the free-floating cell is more the
gxception than the rule., Nonetheless, the classical
technigques for cultivation and isolation of bacterias still
select for bacteria growing in dispersed cultures, and only
recently suited techniques for the selection of surface-
associated anaerobic bacteria have been developed (Szewzvk
and Pfennig, 1986). Perhaps the study of syntrophic bacteria
isclated with similar technigues will help us to answer some
interessting guestions, e. g. how syntrophic aggregates Jgrow.
Since the different partners in a surface-associated communi-
ty cach can give rise only to cell clusters of identical
offspring which, however, depend on close cooperaticn with
bacteria in a different c¢luster, growing syntrophic
aggregates would need to be "rearranged" from time to time to
improve the metabolite transfer between the partners. Thus,
in this case, a developing order has to be destroyed
periodically to improve the system's efficiency, a situation
guite opposite to the creation of order in the development of
a multicellular higher animal or plant. Perhaps anaerobic
microbial communities will yield more surprises to exemplify
that multicellular organizations developed into more than the
one solution which is usually considered to be the only
successful one for life on earth.
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Introduction

Aggregation 1is a general process cbserved in natural environments and
which is wutilized in anaerobic digestion. Conseguences of aggregation
to bacterial physioleogy and to industry have been reviewed (Calleja et
al., 1984). This phencmenon :

- leads to internal gradients of physicochemical conditions in
aggregates

- leads to heterogeneous syntrophic ordered populations of
nicro-organisms

- affects overall stoichiometry, rates of growth and
metabolisms

- allows the manipulation of growth rate independent of the
dilution rate

- allows the manipulation of biomass ss a single phase

- facilitates cell separation

- allows high cell concentration in continuous fermenters

- allows continuous fermenters to be cperated beyond normal
washout flow rates.

Two main types of anaerobic reactors can be distinguished in which
bacterial aggregates are formed either as biofilms fixed on an inert
added support like anserobic filters and fluidized bed reactors, or as
bacterial congglomerates retained By internal settling systems like
clarigester reactors and upflow sludge blanked digesters. ypwever, in
upflow anaerobic filters, signif‘icantg' ampunt of the activeibiomags is
often found as bacterial congglofieratsd (unpublished results on several
industrial digesters) at the bottom part ofthe ester. On the other
hand, hybrid (filter-sludge ‘ped) upflow systems have been developped
{Lettinga et al., 1981, Cuiot et. al., '1986). The varjous types of
anaerobic bacterial congglomerates -~ have 'beett described as- flocs,
granules, pellets, flocculent sludge. In this *paper, we will adapt the
description of Dolfing (1987) : o

- flocs are congglomerates with a loose structure. After
settling, a laybr of flocd . forms macroscopically one fluffy
layer,

- granules and pellets present a well-defined appearance.
After settling, these congglomerates are still wvisible as
separate entities.

In addition, granules wvary in their shapg and in their composition.
As objective criteria for c¢lassification have not yet been clearly
established, granules include the wvarious forms previously described,
i.e. filamentous, rod-type, spiky {Hulshoff-Pol et al., 1983), platelet,
stratified (Alibhai & Forster, 1986).

Chemical composition

The granules wvary widely in their mineral contents. Ash contents of
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gsamples taken at various occasions from the seme reactor varied between
10 and 20% (Dolfing et al., 1985). Ash contents sampled from various
UASB reactcrs were between 21-46% (Alibhal & Forster, 1986) or between
11 and 55% (Hulshoff-Pol et al., 1986}, In this last study, a good
correlation between the density and ash content of granules was found
(r2 ash/density = 0.943). As a gradient of density may be established
in upflow reactors, a §radient of ash content may be also found. That
was observed in a 5 wn'-UASB digester by sampling at six different
levels (Table 1} and all along the period of experiments (< 8 months}.
Thus, variability of ash contents may be due not only to the
characteristics of wastewaters but also to the sampling method and the
level in the digester.

Dolfing et al. (1985) reported that about 30% of the ash fraction
consisted of FeS. In primary dilution tubes, FeS was observed sticking
firmly te the sheath of Methanothrix sp. {Dubourguier et al., 1985).
This might be explained by the higher surface tension of FeS as
compared to water (Grotenhuis et al., 1986) and by the hydrophobicity
of Methanothrix soehngenii as determined by its adhesion to various
inert supports (Verrier et al., 1987, 1988). By this interaction, Fe$S
might contribute to stabilize bacterial aggregation within granules. In
addition to FeS, other minerals are found in high amounts. Typical
results are reported in Table 1. Compared with methanogens, these data
point out the high concentration of nickel and cobalt, particularly in
the lab-scale sample, probably as sulfide precipitates. About 50% of
the calcium content is due to carbonate. Calcium phosphates might be
also present because of the high amount of phosphorus. In addition,
gradient of minerals may be observed in m same digester (Table 1).

Table 1. Mineral composition of granules compared with
Methanobrevibacter arboriphilicus AZ.
All values are expressed as g per 1000 g dry weight,
The digeater samples (I to VI} were taken the same day from the lower
gl) to the upper {VI} part of the UASB reactor.

Dubourguier et al. (1987) this book
after Scherer et al. (1983)

(2}

Digester sample number Laboratory Meth.

I II IIT v v VI sample AZ
Total calcium 23.9 24.4 24.4 24.8 26,0 26.7 9.30 0.55
as Ca CO i4.4 12,8 10.8 12.0 12,0 10.8 4.5 -
Magnesiufh 79 7.7 7.4 7.4 7.2 7.4 3.9 3.9
Potassium 14,6 1.3% 12,9 13.2 12,2 12.0 13.5 52.5
Sodium 7.2 6.2 7.0 8.6 8.7 7.5 2.9 3.65
Iron 43.4 L43.5 43.2 L42.8 43,0 4L5.1 9.9 1.3
Phosphorus 12,2 12.6 12.2 13.0 13.5 13.5 7.6 28.5
Nickel 1.16 0.87 0.8t 0.80 0.68 0.64 0.47 0.065%
Cobalt 1.1t 0.73 0.64 0.61 0.46 0.39 - 0.015
Total sulfur 20.1 24,9 21,2 21,7 21.2 23.5 18.3 9.90
Ash content (%) 48 Ly 37 33 36 Ly 13 -

Surface X-ray analysis (Dubourguier et al., 1987, this book) and X-
ray analysis of broken granules {(Alibhai & Forster, 1986) did not
revenled a unique pattern of mineral deposition. In situ mineral
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precipitates can be evidenced either by local X-ray analysis (Robinson
et al., 1984} or by elemental mapping performed on sections. Calcium
phosphate, ferrous sulfide and silicates have been demonstrated by
these techniques. Spatial distribution of minerals within granules
appeared to be linked to the local environmental conditions which are
modified by the local bacterisl sctivities. In addition, the presence
of mineral precipitates within granules pointed ocut the efficiency of
methanogens and other trophic groups to remove specific ions such as Ni,
Co, Fe from the medium, even when they are at low concentrations
(Dubourguier et al., 1987, this book). Lastly, a correlation between
the ash content (minerals) and the granule strength (cohesion) does not
exist or is at least not clear (r° ash/strength = 0.676, Hulsheff-Pol
et al., 1986}, This suggest that other parameters are involved in the
gtabilization of granules.

Extracellular polymers play generally a significant rele in adhesion
and in stabilization of the resulting biofilm. However, the
extracellular polysaccharidic fraction of granules is only 1 to 2%
based on dry weight (Dolfing et al., 1985). This value is very low
compared with the high amounts of capsular materials produced by scme
Enterobacteria, Leuconostoc or Streptococci. Thig extracellular
material contained 13% of wuronic acids. However, other molecules such
as proteins may account as extracellular polymers. However, very weak
bonding between wmacromolecules and surfaces can lead to very strong,
apparently irreversible adsorption as a consequence of the large number
of contacts there can be between polymers and substrates (Robb, 1984).
In addition t¢ negative groups of wuronic acids, the proteins may
provide important binding sites since although they may have a net
negative charge, the positive groups can form strong bonds to negative
sites. Lipopolysaccharides have been proposed as important constituents
of the matrix in anaerobic biofilms (Robinson et al., 1984). But the
matrix is  not stained by ruthenium red which is specific for
polysaccharides and hyaluronic acid {(Dolfing et al., 1985).
Nevertheless, polymers are always* clearly evidenced by scanning
electron microscopy, bacterial cells qnd calontes being oftgn covered
by abundant extracellylar material ‘which ,appears 1in some’ cases as
fibrils (Dubourguier et al., 1985, Dolfing et gl., 1985). Previous
studies have shown that numerous emptyicell wallg can be cbserved in
the mactrix. In addition, the gtructure of this matrix can be described”
in some cases (Dubourguier et al., 1985). A translucent matgrial .("gel-
like") is often observed within miérqedlonies’ of. Syntrophomorias sp.
Some gram negative bacteria present’ typicai ‘capsules surrounded by
large area of fibrous extracellular 'material. Other genera are only
embedded in fibrous unorganised matrix. Some bacteria synthetize
fimprise-like structures. ’Lastly. maﬂy' bacteria present S-layers. All
these extracellular bacterial polymers contribute likely to the
stabilization of grenules and thus, render difficult any attempt to
disintegrate chemically the overall structure. For example, treatments
such a8 HC1 0.01 N, NaCH 0.1 N, 5% EDTA, beoiling, autoclaving did not
result in a complete disintegration of granules. However, the methods
weakened always the granules. After autoclaving, 33% of the dry weight
could be suspended by sonification compared with only 9% for untreated
granules (Dolfing, 1985). Further studies are still necessary to assess
the functional polymers and the nature of interactions involved in the
stabilization of the granular stiructure.
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Microbiological analysis

Microbiological counting is cone of the techniques availsble to assess
each physiological group of bacteria that occur in granular
methanogenic sludge. The classical methods to evaluate the numbers of
bacteria in a sample are to culture them on agar plates and count the
colonies after a period cof time. Adaptation of these methods to
anaerobiosis and slow-growing bacteria have been done and led to the
agar roll tube technigque and the deep agar method. These methods
destroy the interactions between the species of the sample and can give
great distortions in understanding the community structure because of
the selectivity in the culturing methods. Total wicrofiora may be
assessed by staining the nucleic acids with scridine orange (Hobbie et
al., 1977} or with DAPI (Porter and Feig, 1980} of bacteria present in
adeguate dilutions of the samples and counting the fluorescence created
by epiflucrescent illumination. As the granular sludge is a concentrate
of bacteria, this method gives always the same results, i.e. between
1x10"% and 4x10% cells per g VSS. In addition, no information can be
cbtained on specific trophic groups.

By serial dilution eand incculation of culture media containing one
carbon source, estimation of the most probable numbers is posgible if
at last 3 subculture tubes are inoculated per carbon source. In these
conditicng, the accuracy will be equal to about one dilution {De Man,
1975}. More saccurate results can be obtained by inoculating 5 or 10
tubes per dilution. After incubation (one week to several mohths),
analysis of metabolic end-products concurrently with microscopic
examination will give the wmost prcbable numbers of bacteria degrading
one carbon source and also the presumptive identification of the
dominant bacteria. By this technique, similar results were obtained on
granules grown on waste stream of liquid sugar factory, on granules
grown on wastewaters from starch industry and on granules grown on a
defined mixed substrate ({Table 2). The presence of sulfate reducers
degrading propicnate and butyrate has to be explained by the low
concentration of sulfate i1in the wastewater (about 0.5 wmM) whereas
sulfate-reducers degrading ethanol compete with syntrophic organisms by
interspecies hydrogen transfer. As the hydrogencphilic methanogens are
in higher numbers than syntrophic organismg, addition of hydrogen
scavengers such as hydrogenophilic methanogens or H -utilizing sulfate
reducers is not necessary contrarily to the agar roll tube or the deep
agar techniques where a lawn of hydrogen-organisms has always to be
added to allow the growth of syntrophic organisms.

The MPN technique does not allow a quantitative assessment of the
main physiological groups present in granular sludge. It underestimates
the numbers of organisms by direct microscopic count of between 10 and
10°. Possibly, some metaholically active organisms are not cultivable
in artificial culture media. Also, culture conditions, i.e. non-
limiting substrate are different from reactors where the substrates are
often limited. In addition, 1like in natural habitats or in medical
wicrobiology, the problem of clump or chain forming bacteria still
remains in addition to the syntrophic microcolonies present in granules
which must be dispersed before counting. The ideal methed of granule
disintegration will result in individual cells with their complete
metabolic activities and without any 1lysis effect. Nevertheless, the
MPN method gives an overview of the various trophic groups and allows
‘presunptive identification of the maln genera present in granular
sludge. By this technique, we have identified Propionibacterium,
Degul fovibrio growing on lactate by Ha-interspecies transfer,
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Syntrophobacter sp., Syntrophomonas  sp., Methanobrevibacter  sp.,
Methancspirillum sp. and Methanothrix sp. {Dubourguier et al., 1985).
If the last dilution is then subcultured and serves as & source for
further purification and characterization, definitive identification of
significant bacteria can be performed more rapidly than starting with
enrichments. By this method, Pelobacter carbinolicus has been
identified in UASB digestor and contact anaercbic digester (Dubourguier
et sl., 1986}, Desulfcbulbus elongatus (Samain et al,, 1984) and
Syntrophomonas sapovorans {Roy et al., 1986 a & b) were characterized
in digesters treating respectively vegetable canning wastewaters and
chilling factory wastewaters. Lastly, the last positive tubes may also
serve as references for ultrastructural comparison of dominant bacteria,
for immunological testing and for metabolic activities.,

Table 2. Bacterial counts in UASB reactors treating

starch industry wastewaters (I and II) or waste stream

of a liquid sugar factory (III).

Samples I and II were taken at three months interval.
from Dolfing et al., 1985

No. of organisms (ml‘ih

Metabkolic group Substrate I It I1L
Acidcgens Glucose nd 1.1x10° 10"
Lactate 1.1x10° 3x10? ndé
Methanogens H_/CO 2.2x10°  2.5x10° 10"‘8
Abetate 1.5x10°  2.5x10° 10
Syntrophs Ethanol 1. 1x1o§ 2.0x10}
Propionate  3.0x10;  2.5x10, 107
Butyrate 1.1x10°  1.1x10 107
Valerate nd " nd 107
Sulfate- Lactate 1.1x1¢0  1.1x10° nd
reducers Ethanol 6.5x106 2.0x101\ nd
Propionate 1.1x107 . 6.5x10° nd »
Butyrate 6.5x10%... 2.0x107 nd o
___________________________________________________ S

Structure of granules . . f

Various techniques may be used.tb‘Study‘%hé gtructure of granules.

Direct examination by light microscepy  with Nomarsky optics
{interferential contrast)l evidenced heterogeneities. Various kinds of
bacterial congglomerates may be observed. Filamentous cells of

Methanothrix sp. are covered by colonies of cocci or rods and form
microfloes of 10-50 pum (Fig. 1). Aggregation of these microflocs due to
filaments of Methanothrix which form bridges between the flocs may be
seen (Fig. 2). As @& result, one may find that larger granules
(> 200 um) originate from several microfltocs. These larger granules
often present precipitates of sulfide which can be observed as dark
precipitates. In some area, bundles of filamentous bacterisa are clearly
visible. By epifluorescent illumination, some Methanosarcina clumps are
found and many fluorescent rods are observed in all the congglomerates.
Staining of thin section with toluidine blue allows identification of
active bacteria by their intengse colour. Methanosarcina clumps are
still easily found as well as Methanothrix filaments and bundles (Fig.
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3). By thils technique, the active bacteria are not randomly distributed
within the granules but microcolonies are quite well defined within a
clear matrix which entraps also dark precipitates. Active bacterial
cells can be found in various location even in the core of granules,
Scanning electron microscopy allows examination of the surface of
samples which can be broken after fixation. In some granules, funnels
may be found (Fig. 4). They - correspond either to an artifact due to
sudden degassing during fixation or to the channel for gas transport,
Precise chservations .- are always rendered 4ifficult by the presence of
large amounts of extracellular material which covers bacterial cells
and microcolonies. In some places, this extracellular material is
absent or removed by the fixation procedures. In these area, we have

been able to evidence microcolonies of Methanobrevibacter
arboriphilicus (Fig. 5), bundles of Methanothrix soehngenii (Fig. 6).
Syntrophic microcolonies can be also observed :large rods

(Syntrophobacter or Pelobacter 7?) associated with Methanobrevibacter
(Fig. 7) and slightly curved rods {Syntrophcmonas ?) associated with
Methanospirillum-like cells (Fig. 8). Cristals of mineral precipitates
may be observed and identified by X-ray analysis as containing either
Ca and ninor amounts of P or Fe and S. Such precipitates have been also
observed in biofilms (Robinson et al., 1984).

Scanning electron microscopy also suggests the existence of a network
formed by Methanothrix cells which are found in all micrographs with
various orientations {Fig. 9).

Transmission electron microscopy 1is the most valuable technique to
study the intimate structure of granules. At low magnification, &ll the
previous observations can be still found : presence of microcolonies
embedded in g clear matrix with numerous c¢ells of Methanothrix, At
higher resciution, the matrix appears tce contain large amounts of empty
cell walls of wvarious bacterial genera. In some cases, colonies of
empty cell walls of Methanothrix were found and were due to lytic
bacteriophages {see G. Prensier et wal., this book). The matrix
generally appears as being translucent to electrons. However, scme
bacterial cells present wvarious kinds of extracellular material (see
above) .

Presumptive identification of bacteria can be done by their main
ultrastructural characteristics and comparison with references : shape,
structure of the cell enveloppes, cytoplasm appearance, cytoplasmic
inclusions. Propionibacterium sp, is easily identified and found in
granules grown on starch dindustry wastewaters or on a mixed-defined
substrate containing glucose and lactate (Fig. 10). They forn
microcolonies of  irregular rods with a gram positive cell wall..
Microcolonies of syntrophic organisms degrading propionate have been
identified by ultrastructural characteristics and by immunclogy as
being Syntrophobacter associated with Methanobrevibacter (see Prensier
et al.,this book). Other syntrophic microcolonies are always present.
They also associate Methanobrevibacter but with Syntrophomonas. This
last syntroph can also be found as apparently pure microcolonies (Fig.
11}, Pelobacter-like cells may be found and identified by the typical
structure of their gram negative wall (Fig. 12). Distances between
syntrophs and hydrogencphilic methanogens are very shert, especially in
the case of Syntrophcbacter (< 50 nm) and thus favour hydrogen
interspecies transfer.

The ratios wmethanogens/syntrophs were determined for Syntrophomonas
and Syntrophobacter in a lab scale UASB reactor and in a UASB digester
treating wastewaters from starch industry (Table 3).

Apparently, cell physiology of many genera pregent in granules is
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modified by the environmental conditions of the reactor. Thierry's
staining is specific of polysaccharides. By this staining, only the
inner part of the cell wall of Methancbrevibacter is stained. Many
polysaccharidic polymers found are cytoplasmic d1nclusions, mainly in
Syntrophobacter {Fig. 13), in Methanosarcina and in Methancthrix cells
(Fig. 14}, In this last organism, cytoplasmic inclusions have been
proved to be glycogen (Pellerin et al., 1986). In Syntrophomonas, the
cytoplasmic inclusions appear &s large holes within a dark cytoplasm
after conventional fixation procedure. In contrast, by cryosectioning,
they appear as clearer zones in the cytoplasm (Prensier et al., this
book). These characteristics suggest a polyhydroxybutyrate nature.

Table 3. Ratio between methanogens and syntrophic bacteria.
Numbers of determinations are indicated in brackets.
on 17 microcolonies, € were pure Syntrophomonas

Origin of methanogen/ methanogen/
granules Syntrophobacter Syntrophomonas
laboratory 2.46 (16) 0.71 (20),
industry 2.33 {16) .48 (11)

Metabolic activities

The specific metabolic activity can be easily measured in batch
experiments with defined substrates. With a mixture of volatile fatty
acids, the walue should be in the range of 6.5 - 27 umol CE /g VSS/min
(Hulshoff-Pol et al., 1986). Specific activities measured on granules
grown on various substrates point ocut the adaptation of the microflora,
maximal values being obtained whenwthe test substrate is identical to
the growth substrate (Table 4)}. Compared t0m\the assumed specific
activities of 250 pmol CH /g/min for ‘hydrogenophilic methshogeng and
25 ymel CH /g/min for acetoclastic 'methahogens (Dolfing and Bloehen,
1985) ,a significant portion .of the bactaria Present in granules
consists of methancogenic bacteria (20 to 50%) . The- specific activitiesd
of the wvarious trophic .groups may be clasgified as sugar. > acetate >
proplonate, Even limited overload will induce jpropiohate ccumplation
before the appesrance of acetate in thé medinm propilonate degradation
being the main rate limiting reaction' in the methanogenesis from
soluble substrates.. One might expect a relation between granule size
and metabollic potential ,of the bacteria. In & study of propionate
degradation, no significant wvariation: of potential activities nor of
the apparent Km wvalues - for proplonate have been detected with
increasing the diameter  of propionate-grown granules between 2.3 to
4.6 mm., In contrast, the diameter of the granules influenced clearly
the apparent rate congtant for acetate conversion (Dolfing, 1985).
These results have been confirmed in a UASH reactor fed with sucrose.
Acid-forming bacteria were agsociated more with small flocs and
granules (< 1.2 mm) whereas activities of acetoclastic methanogens were
higher in granules with a diameter ebove 1.2 mm (Guiot et al., 1986).

Scme atteapts to correlate the potential methanogenic actlvities and
specific coenzyme contents such as FA420, F430, sarcinapterin and
methanopterin have been done but they still need further investigations
{Dolfing and Mulder, 1985, Gorris end Van der Drift, 1986) and they
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Fig. 1, Microflocs formed by bacteria Fig. 2. Microgranules bridged by
adhering to Methanothrix sp. filaments of Methancthrix sp.

Fig. 3. Thin section stained by Fig. 4. Fimnels appearing in a
toluidine blue. Note the Methano- granule,

garcina sp. clump and the bundle

of Methanothrix sp.
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Fig. 5. Colony of Methanobrevibacter Fig. 6. A bundle of Methanothrix
sp. sp.

Fig. 7. Syntrophic microcolony Fig. 8. Note the fat slightly
curved rodg among Methano-

spirillum sp.
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Fig. 10. Irregular cells of
Propicnibacterium

Fig. 11, Syntrophobacter sp. Fig. 12. Typical cells of
asscciated with Methanobrevibacter Pelobacter sp.

sp. along a microcolony of Syntro-

phomonas.
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Fig. 13, Thierry's staining of Fig. 14. Thierry's staining of

Syntrophobacter sp. and Methanc- Methanothrix sp. cells.
brevibacter sp.

Filg. 15. FeS precipitate surrounding Fig. 16. Close association
sulfate reducing bacteria between Methanobrevibacter sp.
and Syntrophobacter sp.
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could be of 1little walue compared with the wvery low amount of
sarcinapterin of Methanothrix sochngenii (Gorris and Van der Drift,
1986} .

Lastly, the digesters are genarally operated for depcliution, i.e.
with loading parameters which 1limit the residual COD. In these almost
steady state conditions, no intermediate of bacterial metabolism can be
found. However, in batch experiments with excess substrate conditions,
several conversion patterns may be observed in anaerobic sludges
{Morfeux et =al., 1981, Saemain et al., 1982) even in granular sludge.
The patterns of intermediates and of end products are complex and
individual reactions have been recently reviewed {Grotenhuis et al.,
198¢). More recently, a new pathway has been evidenced in anaerobic
contact sludges in which at 1least 10% of propionate is directly
converted by reductive carboxylation of the carboxylic group to
butyrate (Tholozan et al., 1987).

Conclusions

Granulegs and bilofilms offer a unique biotope where all the trophic
groups responsible for ceomplete minerslization of complex organic
matter to methane and carbon dioxide are present within the same
bacterial consortia. At present, wvarious techniques can be used to
degscribe the structure and the metabolism of granular sludge. However,
intimate metabolism of granule can be assessed by indirect measurements
and calculations.

Growth of granules remains an open question. However, microscopilc
examination and activity measurements suggest that microflocs may be
found by agglutination of acid-forming bacteria together with limited
numbers of cells of Methanothrix. This filamentous organism by its
particular morphology and surface properties might establish bridges
between sgeveral nicreflocs. Further development of acid-ferming
bacteria and ayntrophic bacteria might favour the growth of granules of
which density  will be at least partly due to ferrous sulfide
precipitates (sulfate reducing activity -Eig. 15~} and calcium
carbonate (CO_~producing activity). As. suggested in othey lectures
during this %eminar.Methanothrix, plays a significant rolelin gfanule
strength by forming network which might stabilize the overall structure.
However, the role of extracellular polymérs and of cell walls cannot bg
neglected. ) - : . S )

On the other hand, the granular structung favours *probgbly the
exchange of metabolites and particularky intgrapecies hydrogen transfer
(Fig. 16}. Thermodynaric calculation can e made in conditions which
are closed to those observed in digesters. At pH 7.0 and 25°C. if each
substrate concentration Are equal tg 1 mmol/1l and the partial pressure
of CH in biogas {1 atm} being asdund 0.75 atm, the G' values for
acetogenesis from valerate, butyrate and propionate will be
respectively - 68.7, -10.7 and + 18.4 KJ/reaction at a partial pressure
of hydrogen of 107 Atm. The G' for acetogenes%s from propionate
begins to be favorable {-5.3 KI/reaction) at 10 Atm of hydrogen.
Considering our results, this indicates that in granules, partial
pressure of hydrogen is around 1073 Atm {0.76 UM H)) and in gyntrophic
microcolonies degrading propionate lower than 107 Atm (0.076 uM H ).
These values are superior to the minimum threshold for hydedgen
metabolism in methanogenic bacteria which around 7 to 12 Pa, i.e.
7.107 to 12,107 Atm (LOVLEY, 1985). Considering the Ks values of
Methanobrevibacter AZ, the doubling time of the cells entrapped in the
matrix will be arcund 60 hours {at 107* Atm) whether the doubling time
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of those growing in microcolonies will be close to 700 hours. However
to control these calculations, in situ measuremants are necessary.
Development of pH-micro-electrodes have evidenced acetate gradients in
granules {De Beer and Van den Heuvel, this book). Such micro-probes
need to  be extended to the measurement of "intra-microcoleonial®
hydrogen and to interstitial hydrogen, or t¢ the measurement of
substrate concentrations.

To increase the potential applications of granulation and of biofilms,
studies of the structure and in situ activities of bacterial
congglomerates are still necessary. Mechanisms by which aggregation
occurs are only partly understocd and more investigations on polymer
cross-binding, ion-binding and hydrodynamic effects will improve our
knowledge.
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AGGREGATE FORMATION IN ANAERCBIC GASLIFT REACTORS

G.R. Zoutberg, R. Mulder, M.J. Teixeira de Mattos and 0.M. Neijssel

Department of Microbiology, Biotechnology Centre, University of
Amsterdam, P,0. Box 20245, 1000 HE Amsterdam, The Netherlands

Summary

We have studied the mechanism of granule formation in an anaerobic gas-
lift reactor, used as a model of the first stage of a two-stage anaercbic
waste-water treatment system. From these studies we conclude that Selenc-
monas ruminantium is the organism that is responsible for the formation
of aggregates in such an open (i.e. mixed culture) system - at least when
a glucose-containing medium was used. This organism could be induced to
form sggregates when grown in pure culture., These latter aggregates were
very similar to the aggregates formed in the mixed culture. Preliminary
experiments showed that polysaccharide formation was not the cause of
aggregete formation.

We succeeded in isolating a aggregating variant of Cleostridium butyr-
icum that would grow in anaerchbic gas-lift and conventional chemostat
cultures. The mechanism of aggregate formation of this wvariant was
studied more closely and we conclude that saggregate feormation by this
organism occurred via the formation of an acidic polysaccharide,

Taken together, these experiments show that formation of aggregates by
bacteria occurs via at least two different mechanisms.

Keywords: aggregate formetion, auto-immobilization, Selencmonas
ruminantium, Clostridium butyricum, chemostat, anaerobic gas-lift
reactor.

Ll

Introduction ) ™ »
. 1 e

There has been a lot of interest In éhé application of continuous
culture systems in biotechnology, since‘they~0ff§f the advantage tbgt
they allow a more efficient use.of fermentor equipment. In a classicdl
chemostat culture the Ffluid leaving the’ feriéntor contgins the same
concentration of bicmass as the fluid in the culture vessel. This is a
disadvantage from a biotechnological-péinﬁ af wiew, since in most pro-
cesses in which micro-organisms play a rble, one cen consider the micro-
bial biomass as a catalyst that carries out the desired bictransform-
ation. A loss of biomase therefore chuses a decreased efficiency of the
process due te loss of the catalyst. Héence, many investigators have tried
to develop continuous culture systems that allow biomass retention.

An interesting example of this approach has been the use of an anaer-
obic gas-1ift reactor {AGLR) as the first stage of a two-stage snaercbic
waste-water treatment system, in which sand was used as the initial
carrier material for the micrcbial population (Beeftink & wvan den Heuvel
1987, Beeftink & Staugaard, 1986). Thus, when such a reactor was inocu-~
lated  sand was alsc added and, due to the adhesicn of microbes to the
sand grains, granules formed and biomass was retained in the fermentor.
Beeftink & Staugaard (1986} found, however, that after some time the sand
grains gradually disappeared from the fermentor {i.e. were washed out},
but that granules remained in the reactor. These granules consisted
therefore completely of microbial biomass. These cbservations showed that
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sand was necessary only as the initial carrier material and that, at
least in principle, it should be possible to acquire granules in such a
fermentor system, but now without the addition of carrier material {auto-
immeobilization).

Therefore, we undertock a study into the mechanism of aggregate
formation by bacteria in such a reactor. Moreover, we wished to study the
phencmencn of aggregate formation in a more general way, because such an
investigation could show whether it would be possible to acguire auto-
immobilization in other systems and with other organisms. In this con-
tribution we describe the successful autc-immobilization of micro-organ-
isms by two different mechanisms: 1) granule formation caused by the
presence of an aggregate-forming bacterium in the acidification stage of
a two stage anaerobic waste-water treatment system, and (ii) aggregate
formation in a pure culture of Clostridium butyricum induced by careful
manipulation of the growth environment of the micro-organisms,

Results and discussicn

Aggregate formation in mixed cultures and pure cultures of Selenomonas
ruminantium,

First, the experiments of Beeftink & Staugaard (1986) were repeated.
Since these authors observed aggregate formation only at high dilution
rates, an AGLR with a smaller working volume was constructed by us so as
to decrease the medium demands of the culture. This smaller AGLR (working
volume 100 ml) differed also from the original design in that external
1ift gas was used (90% (v/v) nitrogen and 10% (v/v) carbon dioxide}. The
reactor was inoculated with activated sludge from the municipal waste-
water treatment plant of Amsterdam-North, sand being added &s carrier
material. When the culture was in a steady state aggregates were readily
formed, particularly at high dilution rates (above 0.4 h™'). Analysis of
the pattern of the fermentation products that were excreted into the
culture superngtants showed that alse in this respect the results of
Beeftink & Staugaard (1986) could be reproduced (Table 1). The granules
that were formed had a diameter of approximately 2 mm, were very compact
{i.e. not floc-like)} and could nct easily be disintegrated. They were
analyzed by light microscopy and it was clear that the dominant organ-
ism was a curved rod. Other ocrganisms were also present: a Streptococcus
sp., & diplococcus and a rod-shaped bacterium (presumably a Clostridium

Table 1. Cencentrations of fermentation products of a mixed culture of an
acidifying stage of a two-stage anaerpbic wastewater treatment system;
glucose conversion is complete. Cultures at dilution rates of 0,6 h?
grew in aggregated form, dry weight biomass concentrations up to 20 g/l.
Figures between brackets from Beeftink & Staugmard (1986).

D acetate lactate propiocnate butyrate wvalerate
h-1 il oM mM mM mM
0.2 23 (18) 0 (-) 6 M 28 (23) 2 (0)
0.6 22 {17} 5 {-} 30 (29) 9 {(9) 6(9)
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sp.), but these organisms were quantitatively of minor importance.
Another interesting feature of these granules was that no capsular
material could be observed under the light microscope. It was decided to
try to isclete the curved rod and to study more closely whether it played
an important role in the process of granule formation.

The curved rod could indeed be isolated and was classified as
Selenomcnag ruminentium subsp. lactilytica. This organism was further
studied in chemostat culture with glucose as the growth-limiting carben
and energy source. The organism produced acetate and propionate and small
quantities of lactate from glucose. This distributicn of products was
different from that found in the mixed culture, but on the other hand
some similarities were apparent. Thus, the concentrations of acetate,
propionate and lactate were in good agreement, but it is clear that pure
cultures of $. ruminantium did not produce butyrate and valerate (data
not shown). This is, of course, not surprising since the production of
these substances from gluccse has never been described in cultures of
this organism. We propose that these compounds are produced by the other
organismg in the mixed culture, such as the Clogtridium sp.. At a dilut-
ion rate of 0.01 h™! small clusters of lysed cells, possibly entrepping
viable cells, were observed. At a dilution rate of 0.1 h™!, however, no
lysed cells and ne clusters were observed.

At this stage of the investigations there was a need for a quick
assessment method of the aggregate-forming potential of a microbial
culture. For this purpose we developed an even smaller AGLR (miniature
AGLR, working volume 8 ml). The lift gas was the same as used for the 100
ml AGLR developed by us. This system was used under different circum-
stances to analyze samples from different cultures for their aggregate-
forming capabilities. The miniature AGLR was inoculated with a sample
from the culture under study and the dilution rate of the miniature AGLR
was sot immediately at 1 h™!. After 24 hours the miniature AGLR was
checked for the formation of aggregates. Qur experience has shown that
when eggregates were formed under these conditiong, the original culture
from which the inoculum was taken, would also form aggregates after pro-
longed cultivation. When no sggregates were formed within 24 hours, the
culture under study would not produce aggregates in the next few days.
When the micrcscopic aggregates of thenﬁhemostat culture of Selenomonas
rumingntium grown at a dilution rate of 0.01 h’! jeee above) were ino-
culated into this miniature AGLR, they rehdily formed aggregates within
24 hours. These aggregates were, as expected, also obtained in the chemo-
stat after prolonged cultlvatlon. Macrosqopléalky. the agg?egates were
very similar to those obtained in the mixed cultures: they had the same
colour (yellow-grey)} and size (diameter 2.mm}, and were alsc very rigid.
The importence of these findings lies in the fact that now aggregate
formation was obtained wjithout the addltlon of sand as the carrier
materiagl.

Although the mechanism of aggregate formatlon by this organism in mixed
and pure culture has not yet been elucidated by us, preliminary experi-
ments (Mulder et al.,, 1987) indicate that cell lysis is an important
factor in this process. This could be substantiated by chemical analysis
of the aggregates, which showed that hexose leVels were between 3 and 10%
(w/w), depending on the growth conditions. And whereas one might argus
that these levels are higher then those routinely found in bacterial
cultures that are grown in chemostat culture under carbon-limited
conditions (Herbert, 1976), they are not unusual for cultures of
Selenomonag ruminantium growing on glucose (Wallace, 1980). Together with
the absence of any indication of polysaccharide in photomicrographs and
electronmicrographs {not shown), we tentatively conclude that some other
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polymer must be responsible for aggregate formation under these condi-
tions.

Agegregate formation in pure cultures of Clostridium butyricum,

As described in the previous section, one of the organisms present in
the first stage of an anaerobic waste-water treatment system was a
Clostridium sp.. Subsequent analyses showed that it could be identified
as Clostridium butyricum. Therefore we decided to study the physiology of
this organism more closely in chemostat culture, using however a strain
from the Delft collection {(LMD-77-11). The organism was cultivated in
chemostat culture (medium of Evans et al. ,1970, but with 27 g/1 glucose,
pH 6.0, temperature 30 °C) and its fermentation products were determined
{Table 2).

Table 2. Effect of culture volume changes in a chemostat culture on the
amount of glucose consumed and growth efficiency of Clostridium

butyricum,

Culture GLUCOSE Dry ACETATE BUTANQL BUTYRATE HEXQSE

Volume input rest weight formed in bicmass

Changes mM oM mg/ml mM mM mM # (w/w)
Id

12 152 81 1.1 20 Y 29 14

29 147 67 1.22 22 3 41 [

46 147 he 1.7 34 3 54 5

At the moments indicated in Table 2 a miniature AGLR (seec above) was
inoculeted with material from the chemostat. The medium that was fed to
the 3 AGLR's was the same as used for the chemostat culture except that
the glucose concentration was lowered to 9 g/l. After batch-wise growth
for 1 hour the dilution rate of the culture was set at 1 h™!. The results
of this experiment are shown in Table 3.

It is clear that the changes that were apparent in the chemostat
culture after 46 volume changes were reflected in the behaviour of the
cells in the miniature AGLR: within 16 hours aggregate formation could be
observed. Of course, the culture was checked for contaminants, but based
on all the accepted criteria (morphology, Gram stain, fermentation
pattern} the culture was pure and the organism was still a bona fide
Clostridium butyricum.

The large size of the sggregates that were obtained in the miniature
AGLR with the inoculum from the chemostat after 46 culture volume changes
caused sericus technical problems and the experiment could not pursued
further. However, when some of the aggregates that accumulated in the
Ainiature AGLR were inoculated back into & normal chemostat culture (pH
6.0; 3% {w/v) glucose; D = 0.1 h-1) amgegregates accumulated within 24
hours. After two weeks of cultivation on the same medium this culture
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Table 3. Effect of culture volume changes in a chemostat culture of
Clostridium butyricum on the aggregate forming capacity of the cells.

N

Culture Volume CHEMOSTAT miniature AGLR
Changes in steady state after 16 hours
12 ne agegregates wash out
29 some wall growth wash out
46 wall growth and tiny aggregates large ageregates

grew truly glucose-limited {i.e. the glucose concentration of the culture
fluids was virtually zero). This observation showed that an aggregating
variant of €. butyricum was isolated (see alsc, Zoutberg et al., 1987},

The aggregates formed by this variant were examined by light microscopy
and this showed that the organisms were surrounded by an extensive layer
of polymer material. Staining with Alcian Blue showed that this polymer
was most likely an acidic poelysaccharide. This was confirmed by chemical
analysis of the granules: the hexose content of the aggregates was
between 20 and 30% (w/w). Microscopic inspection of the aggregates of
this organism did not provide any evidence for lysis as a mechanism for
aggregate formation. This is in sharp contrast with the results obtained
with the mixed cultures and the pure cultures of Selenomonas ruminantium
described above. Mcreover, the colour and appearance of the aggregates
formed by the variant of Clostridium butyricum were clearly different
from those fermed by Selenomonas ruminantium: the clostridial aggregates
were chalk-white and large {usually a diemeter of 5 mm and bigger).

The experiments shown in Table .2 poimt to another interesting pheno-
menon. The medium was nominally glucose-limited, ™.e. under "normal"
circumstances the rest concentration of glucose should have been in thg
micromolar range. This indicates that sgome other factor limited the
growth of the organisms under the applied growth-sonditionsf Addition of
other medium components, however, d4id . not., rgsult in increased dry
weights. Cn the other hand, Crabbendam et al. {1985) performed similar
experiments with the same orgenism, using the same medium except that a
glucose concentration of A0 g/1 was wsed. These authors were able to
attain true glucose-limited growth conditions. Under these conditions the
game fermentation products were formed and also the ratio [acetate
formed]/[butyrate formed] was similar. This shows that the cultures of
the variant behaved similarly with respect to glucose metabolism.

In two respects, however, the cultures that were obtained after 46
culture volume changes were different from the’ wild-type: (1) the variant
showed a clearly different type of fermentation when it was grown at
culture pH values below 6.0: under these conditions iso-propanol and n-
butanol were also produced from glucose (Zoutberg et al., 1987) and this
had never been observed in cultures of the wild-type grown at similarly
low pH values (Crabbendam et al., 1985), and (ii) the concentrations of
acetate and butyrate that were present in the cultures described in this
contribution were substantially higher than those present in the cultures
of Crabbendam et al. {1985). This led us to investigate whether the
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concentration of fatty acids in the culture were a factor in the selec-
tion of the aggregate-forming variant. We first determined the effect of
the initial concentration of butyric and acetic acid, respectively, in
the culture on the maximum specific growth rate of this organism, when it
was grown at pH 6.0 in a batch culture {(medium of Evans et al., 1970,
input glucose 1% (w/v)). The results showed that: (i) both acids led to a
decreased maximum specific growth rate of the organism with increasing
concentrations of the'acid, and {ii) butyric acid showed a substantially
greater effect than &id acetic acid. We hypothesize that the toxic effect
of these acids is caused by the undissociated form of these compounds. It
has been proposed by others {e.g. Herrero et al., 1985) and by us
(Hueting & Tempest, 1977, Neijssel & Tempest, 1986) previcusly that weak
~aclids will act as protonophores, particularly at pH values near their PK,
value. This activity will lead to & dissipation of the proton-mctive
force across the cell membrane, which will cause a fatal energy drain.
Apparently, the variant that we have obtained after prolonged cultivation
in chemostat culture became more resistant to the toxic effect of wesk
acids. On the other hand, it is possible that the variant that we isolat-
ed was a more vigorous producer of extracellular polysaccharide. More
detailed experiments are needed to elucidate the physiological reascns
for the increased survival potential of the variant.

Concluding remarks

The experiments described in this article indicate that agéfegate
formation by bacteria can be accomplished via at least two mechanisnms.
The first is the presence of an aggregate forming organism in the culture
system., An c¢xample 1s the presence of Selenomonas ruminantium in the
acidifying stage of a mrcdel two-stage anserohic waste water system. In
this connection, it is tempting to speculate whether other types of media
{e.g. protein- or lipid-containing media) will also lead to aggregate
formation. The main problem wilill be whether Selenomonss ruminantium will
be able to establish itself as an aggregate "nucleus" in such media. On
the other hand, it is by no means certain that the aggregate-forming
capacity of this organism is unique., It is wvery well possible that in
other media other organisms will play a similar role., One has to realize
that the basic strategy of the experiments described in this article and
by Beeftink & Staugaard (1986} is the crestion of an environment that is
extremely selective for biomass retention by aggregate formation: the
dilution rate of the culture is set above the maximal growth rates of the
different microbes in the culture. Hence, any non-aggregating organism
will be quickly washed out asnd only those organisms that adhere to the
wall and other surfaces which are present in the culture vessel (baffles,
electrodes, etc.), or are able to form aggregates that will be retained
in the fermentor, will survive.

The experiments with Clostridium butyricum have made it clear that the
preduction of extracellular polysaccharide is another important mechanism
of aggregate formation. This mechanism_is known to occur alse in the
formation of teoth plague. It is mslso clear that apart from the product-
ion eof polysaccharides a second factor plays a role in this process and
it could be that resistance to the toxic effect of short-chain fatty
acids is another important factor. Again, however, the experiments show
that auto-immcbilization is a phenomenon that is much more widespread
than is commonly thought.

The significance of the approach described in this ceontribution is
that, whereas micrebiclogists have usually preferred to work with nicely
suspended cultures, aggregated cultures are worth studying for a great
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number of reasons. From s fundamental point of wview these culture are
interesting in that they can provide us with more insight into the
mechanism of microbial adherence and aggregate formation. This behaviour
clearly plays an important rc¢le in the survival of microbes in Nature,
since in many environments the flow rate of the fluid is many times
greater thaen the maximal growth rate of the existing mnicrobial
population. And when at leest socme microbes would not possess the ability
to adhere to surfaces or to form aggregates, no microbial 1life would be
possible under such circumstances. Another reason is that auto-immobiliz-
ation could provide an interesting approach in bictechnological
production systems.
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IMMOBILIZATION OF ANAEROBIC BACTERIA IN METHANOGENIC AGGREGATES
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Abstract

The immobilization of a mixture of a propionate-degrading coculture
and Methanothrix soehngenii as well as the immobilization of & pure
culture of Methanosarcina barkeri was studied in a recycling system. The
recycling system consisted of a 1 1 fermentor coupled to a 0.5 1 UASE-
reactor. Aggregates of up to 300 pm in diameter were formed after 52
days with the mixed culture and of up to 180 pm after 25 days with M.
barkeri. The recycling system is particularly useful for studying the
immobilization of bacteris which have low maximum specific growth rates
and low growth yields,

Intreduction

Once granular sludge is obtained it can in genmeral be cultivated quite
easily in Upflow Anaerobic Sludge Blanket (UASB)-reactors on specific
wastewaters {De Zeeuw, 1984; Dolfing, 1987). However, from suspended
biomass a relative long period of time (60 days or more} is cften needed
before granulation starts (Hulshoff Pol, 1983). Not all wastewaters are
suited for granule formation. The reason for this is not yet known. To
obtain more insight into the granulstion process an investigation was
started to study the initial steps of bacterial aggregation in UASB-
reactors. These experiments have been done with defined microbial
populations in a recycling systear in which selfimmobilization of
hacteria could be studied under various environmental conditions. In the
following this recycling system is pregented together with ébme data on
its performance.

“

Materials and metheds .

Cultures : - T A ) .
. N ‘,: B

A propionate-degrading coculture ‘as- déscribed by Houwen et al. (1987)
was used. Methanothrix soehngenil (DSM 2139) and Methanosarcina barkeri
(DSM 800) were purchased<from the Deutsche Sammlung von Mikroorganismen,
Gdttingen, FRG. These methanogenic cultures were chosen because in
granules grown on proplonate as sole carbon and energy source M.
soehngenij was the most abundant acetste-degrading organism, whereas in
ethanol-grown granules also Methanosarcina was present (Grotenhuis,
unpublished results).

The media were prepared according to Houwen et al. (1987). The
propionate degrading coculture was grown in a mineral medium with 44.6
mM proplonate as carbon and energy source. The two methanogenic strains
were cultivated with 78 mM acetete. The medium for Methanosarcins
barkeri contained also 2 gfl yeast extract. All cultures were grown in
10 1 vessels in the dark at 35°C.
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Preparation of the inoculum

Bacterial suspensicns (8 1) were centrifuged anaerobically for 1.5 to
2 hat 7000 x g. Sterile polypropylene tubes (250 ml) with butylrubber
stoppers were used, M. barkeri was concentrated by sedimentation in a
sterile syringe. For the recycling experiment a 1:1 mixture on base of
protein of the propionate-degrading coculture and M. scehngenii was
used. Protein was determined in sulfide free samples by the Lowry
method. The recycling system wag inoculated with cell suspensions
containing 39.7 and 21.5 pg protein/ml for the mixed and pure culture,
respectively.

Recycling system

The recycling system was constructed of a 1 1 fermentor and a 0.5 1
UaASB-reactor (internal diameter 2.93 cm) (fig. 1). The fermentor top
consisted of a 10 mm thick butylrubber plate. Sample ports at various
heights of the UASB-reactor were sealed with butylrubber stoppers. The
two reactors were connected to each other with butylrubber tubings. The
suspension was pumped from the fermentor to the UASB and recycled from
the top of the UASB to the fermentor. The system which was operated in
batch mode was kept under overpressure by a 1 m watercolumn. To assure
anserobic conditions in the system the gas mixture, consieting of N,/CO,
(80/20), was led through a soluticn of 1 mM Naz&

Sampling of the recycling system e

For fatty acid determination samples were withdrawn from the top
sample port of the UASB-reactor. For the analysis of the aggregates, at
the end of the experiment the top of the UASB was removed and samples of
50 ml were taken from the top to the bottom.

Preparation for scanning electron microscopy

Samples were filtrated through 0.2 pm nucleopore polycarbonate
membrane filters. Then, the filters were rinsed with 25 mM sodium
caccedylate buffer (pH = 6.8) and fixated for 1 hour with 2 2
glutaraldehyde in cacodylate buffer. A second fixation was done with 1 2
0s0, in cacodylate buffer for 0.5 hour, followed by dehydration through
graded series of water-ethanol mixtures, The ethanol was replaced by CO,
followed by critical point drying at 40°C and 100 atm. The filters were
attached to copper tape on a stub and subsequently sputter-coated with
gold and examined at 15kV in a JEOL 353C electron microscope

Results
Aggregation of the propionate-degrading culture

The mixed propionate-degrading cuiture aggregated rapidly in the
recycling system. After 11 days at an upflow velocity 3.9 cm/h the first
agpregates were observed at the bottom of the UASB-reactor. The
propionate concentration had decreased from 44.6 mM to 30.6 mM. The
acetate concentration had incressed to 6.6 mM.

, Gas production from the aggregates was observed. After 52 days the
experiment was stopped and aggregates were analysed. At that time the
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Fig.l. Schematic diagram of the recycling system. 1. fermentor;
2. magnetic stirrer; 3. pump; 4. UASB-reactor; 5. bacterial filter;
6. bottle with Nazs; 7. 1 m watercelumn.

propionate and acetate concentrations were 19.5 mM and 9.2 mM,
respectively.

Samples taken from the top of the reactor contained no aggregates;
only suspended cells from the propionate-dagrading coculture were
observed, Samples at 10 cm from the bottom of the UASB-res¥tor ehowed
small aggrepates containing Methanothrix éoéhngenii, bacteria from the
propionate-degrading coculture andaino;ganic‘pf@cipitates (fig. 2).
These precipitates consisted predominantly of calciumphosphate (resul
not shown). At the bottom similar aggregates with.a_diaqpter.of up to
300 pm were aobserved (fig. 3).. = . s .

*
N BN

Aggregation of Methanosarcina barkeii -

At the start of.the e#periment part, of the inoculum sank directly to
the bottom of the UASB-reactor. After '4 days of recirculation at a flow
rate of 13.1 em/h an increase in the mass of aggregates was observed. At
that time about 25 mM acetate was consumed. The formation of bacterial
agpgregates was rather fast. After 25 days the reactor was stopped,
because no further consumption of acetate could be measured for 7 days.
Samples taken from the bottom of the UASB~reactor showed aggregates with
diameters of upto 180 pm (fig. 4),
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Fig. 2. Aggregate at 10 cm from the bottom
(bar = 10 pm).

Fig. 3. Agpgregate at the bottom of the UASB
{bar = 100 pum).

-reactor
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Fig. 4. Agpregate of Methanosarcina barkeri present at the bottom of the
UASB-reactor (bar = 10 pm).

Discugsion

The experiments described above show that a mixed propionate degrading
culture and a pure culture of Methancsarcina barkeri were akhle to form
aggregates in the recycling system. Thesystem was inoculatedvwith
cultures of suspended bacteria; only in the inocul.wu of M. barkeri also
some small aggregates of up to 5 o we:e‘present ‘The first aggregateg
were formed rapidly, and at the 'end of the experiments their maximum
size was 180 gm for M. barkeri and 300 pm fof the proplonaie degrading
culture, The minimal size of the aggregates wh:.ch are able to maintain
in the UASB-reactor can be calculated with tﬁe Stokes' law (equation 1).

9 . n - Vl
4, = \/ - 4 "1
2.8+ Cop oyl

In this epquation d_ = particle size (m); N = dynamic viscosity
(N.s. m™%); vy = l%quid upflow velocity (m . 87 7); 3
g = gravity (m . s7°); Pp =%article density (kg . m™7);
Pl = liquid density (kg .

As can be seen this minimum particle size is dependent on v, and pp.
The ., is dependent on both the density of the biomass and the density

of inorganic precipitates. Remarkably, aggregates with Methanothrix
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showed high amounts of inorganic materials, whereas in electron
micrographs of Methsncsarcina no precipitates were visible. At the
moment 1t is not clear whether the two types of acetoclastic methanogens
differ in density.

The immobilization is alsoc dependent on physical-chemical properties

of bacteria. For aercbic bacteria it has been shown that hydrophobicity
and electrophoretic mobility determine initial steps of bacterisl
adhesion (Van Loosdrecht et al, 1987). Further they found an increase in
hydrophobicity at hipher dilution rates in continuous systems, and an
increase of sadhesion of bacteria with hydrophobicity. Such an influence
of the dilution rate on the immobilizaticn of anaerobic bacteria can be
studied by expanding the recycling system to a centinuous system.
The recycling system is particularly useful for bacteria which have low
specific growth rates and low growth yields. Only a very low amount of
bacterial biomass is needed for the start-up of the recycling system and
the UASB-reactor can be run at high flow rates without loss of biomass.
Experiments with the recycling system deliver quantitative data on the
immobilization mechanism of such anaserobic bacteria. A selection of the
most Important parameters can be made by comparing experimental data
with numerical simulations. From this guidelines for the start-up of
UASB-reactors cen be obtained.
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Abstract

Upflow anaercbic sludge blanket reactor (UASBR}) technology appears
promising, but phenomena governing the formation and growth of
granules are inadequately understood. Complimentary computer and
laboratory-based investigations simulations of granule growth are
underway., A propionate-fed system was selected for simplicity baged
on prior experience modeling mixed-culture biofilms. Modeling solute
concentration dependent growth of non-unifarmly sized granules
involves nested iterative procedures., Solute profiles within
granules in each gize interval are computed independently using the
shooting method and an assumed external concentration. Then the
external value is adjusted iteratively to achieve a mass balance on
the reactor. Incorporation of MINEGQL into the model allows
examination of the impact of inorganic precipitates on overall
granule growth. This impact is shown to be potentially quite large.

Introduction -

The advantages of anaerobic biologicaL-treatm;:t of vastewater are
well known and have been enumerated by-Lettinga et al. (1980)jam0ng'
others., Upflovw Anaerobic Sludge Blanket Reaciar (UMSBR) technology
represents a means of utilizing anaerobic'systems at high hydraulic
as well as organic loading rates. Optimal apPlicatiDn however,
requires that the behavior (specifically formatign and‘growfh) of,
granules in UASBRs be more fully understood. :.Granulation involves
complex mixed-culture interactiong and.physical-chemical phencmena.
Several investigators have reported, for instance, that availability
of calcium iwpacts granule formation and growth (Lettinga et al.,
1980; Hulshoff Pol et al., 1983; Alibhai et al., 1986; Mahoney et
al,, 1987). This may be due to precipitation of calcium-phosphate
complexes ag hypothesized by Mahoney et al. (1987) and suggested by
the identification by Harvey et al. (1984) of calcium and phosphorous
rich regione in a methanogenic biofilm; or to some calcium effect on
cell viability as suggested by Boone and Mah 11987) and the variation
in granule microbial composition with calecium availability reported
by Hulshoff Pal et al. (1983); or to the influence of calcium as a
divalent cation on flocculation as suggested by Lettinga et al.

(1980) and by Cail and Barford's (1983) finding that formation of

48

“



granules could be promoted by additicon of polyelectrulytes. These
effects may occur simultanecusly and the latter two may be connected
as van Loosdrecht et al. (1987a, 1987b) have found bacterial surface
properties to be species and grovth-condition dependent,
€alcium-bacterial surface interactions can thus be expected to vary
with growth conditions and possibly to differentially impact
individual species in mixed cultures.

All of the above suggests that mathematical description of granule
grovth should include gome treatment of pertinent solution
chemistry. A widely-used agueous chemical equilibrium model, HINEQL
(Westall et al., 1976), has therefore heen chosen for inclusion in
the granule growth model described below and hereafter referred to as
GGMIN.

Model Development

Mathematical modeling of real systems necessarily involves
trade-offs betveen costs of model development and operation and
sophistication of representation. The approach taken here was to
start at a relatively simple, but structurally flexible, level with a
view toward adding complexity as experimental data becomes
available. Consequently, GGMIN currently deals with a single
substrate. (Propionate has been selected based on prior modeling and
laboratory experience.) Additionally granular anaerchic sludge is
assumed to be describable as a suspension of heterogeneously sized,/
but internally homogeneous, spherical particles with a discreet
distribution of diameters. The £fluid in which the spheres are
suspended is assumed to be completely mixed.

A mase balance on a shell of fixed volume within a spherical
particle, in which degradation of a single solule occurs according to
Monod kinetics and mass transport is by diffusion alone, can be
written:

2
€ .o [a .23 Ky (1
at ar2 r ar KgtC
where C = solute concentration, t = time, r = radius, Df = intraparti-

cle diffusivity, k = maximum utilization rate, Ks = Monod coefficient,
and Xa = gctive biomasa concentration., If solute utilization iz rapid
relative to biomass grovth, pseudo steady state solute diffusion and

reaction can be assumed (Kiseel, et al., 1984) and eq. 1 reduces to:

d2€ _ 2 dc,1 XxC
dr? r dr D KgiC

Xa (2}

In GGMIN eq. 2 is solved sequentially for each particle size interval
subject to dC/dr = 0 @ r = O {(granule center}. The shooting method
is employed (i.e. a value of C at r = 0 is assumed and additional
values of C are computed at subsequent values of r). Step size
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intervals are chosen so that volumes of segments rather than distances
between nodes are conatant. At the surface the mass flow rate
calculated from the solute slope in the last segment:
dC
Gin® Pg A [dr]r=R {3
and the mass flov rate calculated from the difference between the

computed granule surface sclute concentration and the assumed bulk
solute concentration:

G = KHT'A'[C (4)

out bulk csurface]
are compared (A = area, Kyr = external mass transfer coefficient).
If the difference is not acceptable, a new guess of Cat r = 0 is
made and the procedure repeated. A eBimple iterative scheme for
selecting & new value of C at r = 0 is employed:

(G -G, ),
c - _ out in i
r=0,1i+1 r=0,1 (Gout - Gin)i - (Gnut - Ein,i-l (5
C

r=0,1 ~ Cr=0,1-1

By applying the effectiveness factor concept a noniterative procedure
could be used to estimate solute utilization in a sphere am has been
done by Beeftink (1987)., The approach used here was chosen in
anticipation that multiple, interactive solutes (i.e. propionate,
acetate, hydrogen) and/or heterogenecus granule composition might
eventually be treated by the model. In either case effectiveness
factor relationships would be unavailable.

Since the rate of solute utilization by partié?bs in each sige
interval ig dependent upon (and impacts) bulk polute concentration,”.
solute profiles within each size clase cannot be cogputed
independently. Consequently an initial guess ‘of bulk solute
concentration is made and then adjusted using the same iterative
strategy as represented by eq. 5. For the sldgle golute casg, with
ten distinct granule sizes, iteration has been found to be very
rapid. Generally one to three passeg are requlred for solute profile
convergence and, after the first step, a single bulk concentration
guess is adequate. Perturbations such as a change in feed
concentration increase iterations but not greatly. Prior experience
suggesta that multiple, interactive subsirates would increase
camputational requirements substantially.

Following solute profile determination, granule size is updated by
adding mass attributable to bioclogical growth-(utilization
rate*time interval*yield) and inorganic precipitation
{precipitate concentration'reactor flov rate-time interval).
Provigion for empirical tireatment of shear losses has been made
pending adequate quantification. Biological decay, granule breakup,
and attachment mechaniams other than precipitation are not considered
at this stage. Inorganic precipitates are assumed to be entirely
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retained, so0 results shown belov represent a maximum impact an
particle growth due to precipitation. Deposition and shear losses
are assumed tc be uniform with respect to surface area. After
granule pize adjustment, solute concentration calculations are
repeated.

Model Output

Regults of a model trial are presented here. A similar laboratory
experiment has been completed, but data analysis was incomplete at
the time this paper was prepared. The simulation assumes a reactor
volume of D.5 liters and flow rate of 1.2 liters/day. The feseding
regimen is shown in Table 1. Abrupt changes in propionate input were
handled easily by GGMIN.

Table 1. Trial description.

Feed Endpoint Propionate Conc.

Interval (days) {mg/l)

1 49 1700.

2 83 3400.

3 113 6800. ;
4 182 1700.

Table 2 displays total concentrations of major inorganic feed
constituents. (Data is input to MINEQL in this form.) Elevated
total P04y reflects use of a phosphate buffer. Total calcium (27
mg/l) is not high relative to levels reported in some tests of
calcium impact on granulation (Hulshoff Pol et al,, 1983; Alibhai et
al., 1986; Mahoney et al., 1987).

Table 2. Total (not free) molar concentrations of wajor inorganic
components of feed.

ca®*  6.9E-4 ol 9.26-3
ng%'  1.6E-4 Pui' 3, 1E-3
K 9. 4E-4 c1” 2.0E-3
Na© 1.4E-2
B 1.3E-2

, Initial innoculation was assumed to consist of about 23,000
granules with a total dry mase of about 6 g, Since the model does
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not consider particle breakage, the numbers of particles shown in
Table 3 in each size interval at the end of the 180 day simulation
are the same as were present initially. However, the corresponding
diameters are changed as is reflected in the increased total mass.
If biological growth alone is considered, a total masgs of less than
15 g is predicted at 180 days. A maximum specific utilization rate
for propionate of 0.9 g/g'day, Monod coefficient of 35 mg/l, and
yield of 0.015 g/g were assumed for calculations shown here.

Aleo shown in Table 3 are the fraction of total mass attributable
to each size interval and active and inert fractions within each size
interval. Since inorganic depceition has been assumed to be evenly
distributed with respect to surface area, the smaller granules (with
higher specific surface area!} showed increases in fractional mass at
the expense of the larger granules during the simulation. Initially
the largest fractions of total mase were in the intermediate size
intervals. The impact of inorganic precipitation is algo reflected
in the higher inert content of the zmaller granules., (All granules
were assumed to be 31% inert material initially). Essentially all of
the precipitation predicted by MINEGQL is attributable to
0950}'[ ( PU4 )3.

Table 3. Model output at 180 days.

Size No. af Diameter Hass Fraction Fraction Fraction
Interval Granules {cm) (g) Total Mass  Active Inert

1 8300 0.178 4,15 0.161 0. 43 0. 57

2 5400 0. 206 3. 88 0.131 0.47 0.53

3 2900 0. 241 3.35 0,130 0. 50 0.50

4 2000 0. 263 3.02 «~0.117 0.52 0.48

5 1300 0. 296 2. 80 0.109 ~ 0.54 0. 46

=] B9C 0,318 2.37 0.092 Q.95 'p 45 .
7 610 0. 350 2.17 ‘B:084° 0.56 0,44 "~
8 400 0.372 1.70 ‘0.06§ e : Q!ﬁ? 0.43

9 240 0. 403 1.30 0.051 0.58 0,42 T4
10 160 0.424. 1,01 0,039, - 0.58 i 0.42

. . , s i

sum 22,800 25.8 ot e oa

Propionate concentration# at granule eenters and surfaces for each
granule diameter are shown in Table 4. At 180 dayes only the smallest
granules are predicted to be fully penetrated. External mass
tranefer resisgtance, which accounts for the difference between
surface and bulk concentrations, was estimated using mass transfer
coefficienta for spheres settling at terminal velocity in accordance
with Stokes' Law.
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Table 4. Propionate concentration profiles at 180 days.

Concentration {(mg/l}

Size Granule Granule Bulk
Interval Center Surface Liquid
1 1.12 ‘20,2 22,3
2 0.51 19.9 22.3
3 0. 20 19.6 22.3
4 0.1 19.5 22.3
b 0.05 15,2 22,3
2] 0.03 19,1 22.3
7 .01 19.0 22.3
a8 0.0l 18.9 22.3
g Q.00 18.7 22.3
10 0, 00 18.7 22.3

Summary

A sophisticated aguecus chemical equilibria model, MINEQL, and
subroutines describing sclute diffusion and solute degradation
according to Monod kinetics in heterogeneously sized, homogeneous
spherical granules have been linked. A trial gimulation has shown
that inorganic precipitation can potentially account for increases in
granule mass that are significant relative to microbial growth. The
model currently contains many simplifications, but requires little
computer time. Further refinement is anticipated as information from
Yaboratory work becomes available,
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Summary

Imnunsera against the dominant species present in anserobic digesters
have besen obtained in rabbits. Titration and specificities were studied
by immunofluorescence. The use of these immunsera to identify in situ
the various bacterial morphotypes in granules is described with a
particular emphasis to syntrcophic microcolonies.

Keywords : Methanchrevibacter, Methanothrix, Methanosarcina,
Syntrophobacter, Syntrophomenas, immunolabelling, microcoleonies.

Introduction

Granular methanogenic sludge present in upflow anaerobic filters and
UASB reactors are very complex ecosystems and numerous microcolonies of
different bacterial morphotypes are evidenced. There are also many
bacteria-and <¢ell ghosts dispersed among these microcolenies. Previous
microbiological studies (Dubourguier et al., 1985) have shown that
Methanobrevibacter sp., Methanogpirillum sp. and Methanothrix sp. were
the main methancgenic bacteria present in granular sludge. Ethanol was
oxidized to acetate by Pelobacter carbinolicugs (Dubourguier et al.,
1986) and propicnate and butyrate by syntrophic organisms similar to
Syntrophobacter sp. and Syntrophomenss sp., respectively.

The presumptive ddentification in gitu of one species, based on its
gross appearance, the cell wall structure and the cytoplasmic content
has to be confirmed by specific methods among which immunclogical
probes allow precise localization. This psaper reports on the use of
polyclonal antisera for dissecting the biological structure of granules,

Material and methods

All strains were obtained from the DSM collection. Methanothrix
goehngenii FE (DSM 3013} and Methancsarcina mazei MC3 (DSM 2907) were
isolated from industrial digesters in our laboratory (Touzel & Alhagnac,
1983, Touzel et al., 1987). Immunsera against reference strains of
methanogens and against syntrophic associations were prepared in
rabbits according to Conway de Macario et al. (1982). In the case of

Methanothrix sp., the conventional intravenous  hyperimmunization
procedure was also used.
 The "syntrophic" antiserum against Syntrophobacter wolinii was

absorbed before use with Desulfovibrio strain Gl1l whether the antiserum
against Syntrophomonas wolfedi was absorbed with Methanospirillum

55



hungatei strain JFl. Absorption was first performed 2 hours at 37°C
followed by an overnight incubation at 0°C {serum/bacterial
centrifugation pellet ratio : 1/1, wvol/vol}.

The sgpecificity of the antisera against methancgens was checked by
immunofluorescence &s well as the level of absorption wusing
methanogenic cells and Desulfovibrio Gl1 cells heat-fixed on glass
glides. In addition, specificity was checked directly during
immunoelectron microscopy.

For immunoclectron microscopy, granules were fixed in a mixture of
formaldehyde (4%)-glutaraldehyde (0.1%) in Pheosphate Buffer Saline (PBS
:pH 7.4 - 50 mM phosphate - 150 mM NaCl). After washing in PBS,
samples were infused in a cryopreservant (25% glycerol - 5% DMS0O) and
freezed in liguid nitrogen on metallic stubs. Cryosections were done on
a Reichert's wultracut and picked up on parlcdion-coated nickel grids.
Grids were immediately floated on PBS with 0.1% ovalbumin {PBSO Buffer).
Immunological linking was done by transferring fhe grids to the
specific antiserum diluted in PBS., Different dilutions were used. After
washing in PBS50, the specific antibodies fixed on their corresponding
antigen were revealed by the protein A-gold (5 nm in size) prepared by
the methed of Slot and Gueuze {1985). After washing in PBS and then in
distilled water, the cryosections were embedded in a mixture of
methylcellulose (2%) and agueous uranyl acetate (0.3%} according to
Griffiths et al. {1982). The grids were observed with a Hitachi HU-12A
electron microscope.

Results

For dimmunofluorescence, all the antisera were used at the S-dilution
as defined by Conway de Macario et al. (1982), i.e. the last dilution
giving a Y4+ positive response. In the case of Methanospirillum hungatei
JF1 and of Methanobrevibacter arboriphilicus AZ, these S-titers were
respectively 1:200 and 1:100. No autofluorescence was observed. The
specific fluorescence was uniformly distributed around the cells. The
antiserum against M. arboriphilicus AZ cross-reagted weakly only with M,
formicicum M4 and two strains of M. thermoautotrophicum TGSE and FTF

isolated in the laboratory. .Thid.. antiserum recognized alss M.
arhboriphilicus DH1. The antiserum against M. spiriddum JF1 was species-
specific. ' ) 4

The antiserum against Methancossrcina mazei MC3.crossg-reacted strongl;
with M. mazei S6 and less with other Methandsarcina speci such as M.
barkeri, M. thermophila, M, vacuolata.r The §-titer of this sera was 1:
100. The fluorescence appeared as patches. on the surface of clumps.

By the conventional procedure of Conway de Macario, Methanothrix
soehngenii FE was & pogr imwuncgen, the S-titer being 1:40 in one
rabbit and 1:20 in the other one. Hyperimmunisation increase slightly
the antigenic regsponse to 1:100. This antiserum tested with the
homologous strain FE gave a U+ response with some Filaments and only 2+
with the other ones gsuggesting a gurface heterogeneity within the came
culture. This antiserum appeared also rather strain specific since only
weak cross-reactions were observed with M? soehngenii strain Opfikon
and GP6& (Fig. 1). No cross-reactions were cbserved neilther with
hydrogenophilic methanogens nor with Methanogarcina straing except a
weak reaction with M. mazei S6 and MC3.

After absorption by cells on the hydrogen scavenger, the antisera
against Syntrophobacter sp. and Syntrophomonas sp. gave no reaction
with any of the methanogenic strains tested nor with Desulfovibrio Gl11.

In thin section, the best immunological 1labelling was obtained
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Fig. 1. Titraticon of the immunserum Fig. 2. Specific labelling of
against whole-cells of Methanothrix  Methanobrevibacter arborophilicus
scehngenii FE with @ whole-cells of

strain FE (+), strain GP6 (*} and

strain Opfikon (o).

Fig., 3. Specific labelling of Fig. 4. Specific labelling of
Methanothrix sochngenii Methanosarcina sp.
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Fig. 5. Labelling of
Syntrophobacter wolinii

generally with the 1:10 dilution of with the pure antisera. Specificity
of the labelling was checked by . examining ®arefully the_morphotypes
which were recognized taking in acceunt the shape, the strusture-of the
cell enveloppes and the appeafance’ of the c¢ypoplasm. Whichever the
antiserum was used, only one morphotype,corfesponding to the homologqys
antigenic cells was Jlabelled among all +the morphotypes present n
granules. Thus, all the antisera used weré eonsidered spegific not only
on indirect immunofluorescence results’ but also on the basis of gold-
immunolabelling electron microscopy.: - E

Using the immunserum against M. arboriphilicus AZ, the labelling was
gpecific of small rods with pointed ends, presenting a dark cytoplasm.
This ultrastructure corfesponded to 'that of the homologous species. The
lebelling was mostly distributed on the cell wall. A slight background
labelling of the intersticial matrix was occasionnally cbserved when
high numbers of M. arboriphilicus were present, suggesting a release of
antigen prcbaebly due to cell turnover. No reaction was seen with
Methanothrix cells nor with the syntrophic organisms even within
syntrophic microcolonies {Fig. 2).

In contrast, the labelling obtained with the whole-cell antiserum
against M. sgoehngenii was specific of filamentous cells of which
cellular structure was typical for the immunizing organism, This
labelling was randomly distributed all over the cytoplasm, In all cases,
a quite high background of labelling was also observed only around the
cells revealing an important release of antigen (Fig. 3).
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Methanosarcina clumps easily distinguished by their peculiar structure
were labelled only by the antiserum against M. mazei MC3 used as a
probe. The gold-particles were seen mainly randomly distributed in the
cytoplasm. No labelling occured outside of the cells nor on the
heteropolysaccharidic enveloppe (Fig. 4).

The antiserum against Syntrophobacter wolinii labelled only the
large rods within the syntrophic microcclonies (Fig. 5}. Cells of
Methanobrevibacter sp. were never labelled. These rods in crycsecticns
appeared with a well-defined outer membrane, a rather clear cytoplasm
containing electron-translucent inclusions which were previously shown
to be glycogen-like (Dubourguier et al., this boock).

In the case of the antiserum against Syntrophomonas wolfei, the
labelling was only observed on large rocds which were present in pure or
syntrophic microcolonics (Fig. 6). No clear outer-membrane was present,
the cytoplasm was darker than in Syntrophobacter. But cytoplasmic
inclusiong were mostly similar to theose of Syntrophobacter. However in
gome cases, these inclusions appeared as little holes within the
cytoplasm, This 1s to be related to conventional thin sections where
these dark rods present large holes probably due to a loss of poly-
hydroxybutyrate during granule preparation. In addition, accumulation
of this reserve polymer was shown in Syntrophomonsas wolfei {Mc Inerney
& Bryant, 1982), Thus, we assume that the antiserum recognized only
Syntrophomonas wolfei and not Syntrophobacter wolinii.

Conclusion

Id

In complex agglomerated ecosystems such as granular methanogenic
sludge, in  situ identification is difficult to achieve. Only =a
presumptive naming <can be done on the basis of structural characters as
shape, cell enveloppe structure, cytoplasmic dinclusions., This fact
limits the interpretation of micrographs of which only Methanosarcina
sp. cells and Methanothrix sp. filaments are easily recognized loosing
other dominant genera 1in a general description as rods, cocci, etc
(Robinson et al., 1984, Dolfing et al., 1985). Comparison of bacterial
structures within the granules with that of pure cultures issued from
collection or from direct isolation wmay improve the quality of
presuwptive identificaticn {Dubourguier et al., 1985). However,
definitive identification requires specific probes such as polyclonal
or monoclonal antibodies of which the specificity can be verified
either by immunoflucorescence or within the granule itself. The use of
immunolegical probes may also allow the detection of released antigens
{this work, Rocbinson & Erdos, 1985) and probably to study the exact
nature of the intercellular matrix.

This paper dis the first report on the use of a complementary set of
polyclonal antibodies to analyse the structure of granules. This
technique can also be used 1in the case of biofilms. It extends the
range of applications of the entibodies for methanogenic bilotechnology
(Macario & Conway de Macario, 1985). Methanosarcine sp. was identified
by immuncelectron microscopy on digester fluid (Robinson & Erdog, 1985} .
But in this case, crogs-reactions within this genus are very well-known
(Macario & Conwey de Macario, 1983, Thomas et al., 1987) and
differenciation of Methanosarcing at ‘the species level will not be
possible unless specific antibodies will be available. At the present
time, it was shown that these cross-reactions within the genus
Methenosarcina are due at least partly, to component C {Thomas et al,,

¥987) .
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In the case of Methanothrix sp., the strain specificity of the
antiserum sgainst FE may limit its use as a general probe for studying
biofilms and granules. Such strain specificity was recently noticed
with antisera against the strains Qpfikon, GP6 and CALS-1 (Macario st
al., 1987). Moreover, in immunoelectron microscopy, it recognized all
the Methanothrix cells even in digesters unrelated with the origin of
the immunizing strain because of its use at low dilution.

Polyclonal antibodies against syntrophs may be obtained easily by
immynization of rabbits followed by the absorption on cells of the
hydrogen scavenger. But the use of cryosection or of hydrophilic
embedding such as Lowicryl dc not give exact morphological
correspondance with conventional Epon sections. In this case, careful
examination of micrographs must be performed tce allow identification of
the genera of syntrophic bacteria. Development of antisera against
Syntrophobacter wolinii have been mentioned amnd a rather low immune
response compared with that of other gram negative rods such as E, coldi
was pointed out (Conway de Macaric & Macario, 1987). However using this
type of antisera in immunogold electron microscopy is not affected by
low titers as measured by indirect immunofluorescence.

The get of antisera used in this study has now to be extended to
other bacterial  genera, particularly Propionibacteriuvm  sp. and
Pelobacter carbinolicus which have been demonstrated as being dominant
components of anaerobic sludge treating wastewaters from agro-industry
(Dubourguier et al., 1985, Dubourguier et al., 1986). These antisera
mgey be used also for quantification of methanogenic species as it hasg
been done in the case of Methenosarcina with the Elisa technique
{Archer, 1984, Kemp et al., 1986). But the use of polyclonal antibodies
is restricted because cross-reactivity with other species may be
enhanced by the Elisa sensitivity. Also, antigens released by decaying
cells or bacterial ghosts will give false higher respongses. In this
case, monoclonal antibodies may be useful., In addition, antibodies
against specific enzymes involved in a dominant metebolism of the
sludge such as component C for 'methanogenesis may give indirect
egtimation on bacterial activities. Such tibodies have been raised
ageinst the component € and its . subunits o Methancsageina mazei
{Thomes et al., 1987} and of Methgnothrix soechngenii (unpubkished
results). ’ i e

. -
]

References L Y

. + . #

Archer, D.B,, 1984, Detection ahd quahtithtién of methanogens by enzyme-
linked immunosorbent assay. Appl. Envipon. ‘Migcrobiol. 48:797-801.

Conway de Macario, E., A.J.L. Macario & M.J. Wolin, 1982. Specific
antisera and immunological procedures for characterization of
methanogenic bacteria.”J. Bact. 149:320-328.

Conway de Macario, E. & A.J.L. Macario, 1987. Manipulation of microbial
consortia with antibodies. ASM Meeting Abstracts XXVI.

Dolfing, J., A. Grifficen, A.K.W. Van Neerven & L.P.T.M. Zevenhuizen,
1985. Chemical and bacteriological compesition of granular
methanogenic sludge. Can. J. Microbiol. 31:744-750.

Dubourguier, H.C., G. Prensier, E. 3Samain & G. Albagnac, 1985. Granular

methanogenic sludge : wicrobial and structural analysis. In : Palz,
W., J. Coombs & D.0. Hall (F4.} : Energy from Biomass. Elsevier
Applied Science Publishers. London. New York. p. 542-546,

Dubourguier, H.C,, E. Samain, G. Prensier & @G. Albagnac, 1986.

Cheracterization of two strains of Pelobacter carbinolicus isolated
from enserobic digesters. Arch. Microbiol. 145:248-253,

60



Griffiths, G., K. Brands, B. Burke, D. Loward & G. Warren, 1982. Viral
membrane proteins acquire galactose in trans Golgi cigternae during
intracellular transport. J. Cell. Biol. 95:78-85.

Kewp, H.A., M.R.A. Morgan & D.B., Archer, 1986. Enzyme-linked
immunosorbent assey for methanogens using polyclonal and monoclonal
antibedies. In : Anaerobic Treatment. A grown-up technology.

Aquatech' 86. 15-19 September 1986. Amsterdam p. 39-149,

Macario, A.J.L. & E. Conway de Macario, 1983. Antigenic fingerprinting
of methancgenic bacteria with polyvclonal antibody probes. Syst. Appl.
Microbiol. 4:451-458,

Macario, A.J.L. & E. Conway de Macaric, 1985. Antibodies for
methanogenic biotechnology. Trends in Biotechnology 3:204-208.

Macario, A.J.L., C.B. Dugan & E. Conway de Macario, 1987. Antigenic
diversity of Methanothrix. ASM Meeting Abstracts I 71 p. 184.

Mc Inerney, M.J., M.P. Bryant, H.B, Hespell & J.W. Costerton, 1981,
Syntrophomonag wolfel gen. nov. sp. nov., an anaerobic syntrophic
fatty-acid oxidizing bacterium. Appl. FEnviron. Microbiol. 41:1029-
1039.

Robinson, R.W. & G.W. Erdos, 1985. Impuno-electron microscopic
identification of Methanosarcina sp. in anaerobic digester fluid. Can.
J. Microbiol. 31:839-844.

Robinson, R.W., D.E. Akin, R.A. Nordstedt, M.V. Thomas & H.C. Aldrich,
1984. Light and electron microscopic examinations of methane-
producing bicfilms from anaercbic fixed-bed reactors. Appl. Environ.
Microbiol. 48:127-136.

Slot, J.W. & J.J. Geuze, 1985, A new method of preparing gold ﬁrobes
for multiple-lakelling cytochemistry. Eur. J. Cell Biol. 38:87-93.

Thomas, 1., H.C. Dubourguier, G. Prensier, P. Debeire & G. Albagnac,
1987. Purification of component € from Methanosarcina mazei and
immunolocalization in Methanosarcinaceaes. Arch. Microbiol. 148:193-
201.

61
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Suramary

A stable, methanogenic propionate-degrading coculture was tested for the
ability to convert pyruvate and fumarate, Both substrates were degraded
rapidly and without a lag phase. Acetate and propionate were formed from
pyruvate, whereas fumarate Ygs predominantlﬁccnverted to malate and
succinate. High~resolution “*C-NMR with [3---C}-pyruvate showed the
involvement of a randomizing pathway in the formation of propionate.
A pyruvate-fermenting organism isolated from the coculture, did not
degrade propionate in the presence of hydrogen-consuming methanogens.
Keywords: coculture, pyruvate and fumarige conversion, methyl-malonyl
CoA pathway, high-resolution *“C-NMR, propicnic acid
fermentation.

Introduction

During complete degradation of complex organic material under
methanogenic conditions, about 15% of the total carbon is degraded via
propionate as an intermediate (Kaspar & Wuhrmann, 1978a; Gujer &
Zehnder, 1983). Propionate is oxidized to acetate, carbon dioxide and
hydrogen, according to the following.equationt

CH3CH2CCD- + 3H20 — CIITISC(X)-} + H&3_ + H+ + 3}712 .
AGP = + 76.1 ka/mple (‘Beauer et al., 1977)
! . "3
Due to the extreme positive A, the degradation of propionate is only
possible when hydrogen is removed by methanodenic bacteria fZehnder &
Koch, 1983). Syntrophic cocultures of propiongte-oxidizing bacteria and
hydrogen-consuning anaercbes have been described (Boone & Bryant, 1980;
Koch et al. 1983). Although some information is awvailable about the
kinetics of the breakdown, (Kaspar & Wyhrmann, 1978a, 1978b; Zehnder &
Koch, 1983; Heyes & Hall, 1983; Schink,” 1985), little is k&gwn abouhthe
biochemical pathway of propionate oxidation. Studies with *°C~ and ~“C-
labelled propionate provided evidence for the operation of the methyl-
malonyl CoA pathway (Buswell et al., 1951; Koch et al., 1983; Schink,
1985; Houwen et al., 1987), a route which is also present in some
propionate-foming and propionate-degrading ahaercbes (see Faziro &
Ochoa, 1964; Allen et al. 1964; Galivan & Allen, 1968; Allen & Linehan,
1977; Macy et al. 1978; Schink et al., 1984; Stams et al., 1984). In
such a pathway fumarate and pyruvate are intermediates. The AGY -values
of the conversion of these intermediates to acetate, carbon dioxide and
hydrogen are negative, and would allow growth of the propicnate-
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oxidizing organism in pure culture. Since it was shown that the obligate
syntrophic butyrate oxidizer Syntrophomonas wolfei was able to grow on
crotonate, from which the CoA-ester is an intermediate in the
degradation pathway of butyrate (Beaty & McInerney, 1987), we decided to
investigate the ability of a stable propionate-oxidizing coculture to
convert pyruvate and fumarate. Prelz_mmaxy results of this study are
presented here.

Materials and methods

Organisms and cultivation

The propionate-degrading coculture used in this study was originally
enriched by Koch et al. (1983). It contained the propionate-cxidizing
bacterium (approx. 10%), two types of methanogenic bacteria (approx.
90%) and < 1% of an unknown bacterium. This coculture degraded
propionate to acetate, carbon dioxide and methane; acetate was not
metabalized further.
Methanobrevibacter arboriphilus (DSM 744) was obtained from the culture
collection from our department. Methanospirillum hungatei (DSM B64) was
purchased from the German Collection of Microorganisms (Gittingen, FRG).
Eb{cept for the growth substrate and two trace elements {Se0, and

H,0 were not added), the medium had the same composition as
descr before (Houwen et al., 1987). For growth of M. hmgatei, 2
gram bicTrypticase (bioMerieux) was added per liter medium, Pynwate and
fumarate were filter-sterilized as 2.5 M and 1 M solutlons,
respectively, Agar plates were prepared anaercbically in a glove box
centaining a gas phase of Ny/H, (96 4). To the medium were added: agar
(2%), sodium pyruvate (50 mi) and in some experiments 2-brome ethane
sulfonic acid (BrES) (50 mM). To allow stabilization of the pH (7.0-
7.2), the plates were stored for at least 12 hours in jars with a gas
phase of 1.8 atm No/CO, (80:20) or 1.8 atm Hy/CO, (80:20).

Incubation with pyruvate and fumarate

Propicnate grown cells (720 ml) were transferred anaerobically and
aseptically to 160 ml vials (Aluglas Verenigde Bedrijven B.V.), closed
with butyl rubber stoppers (Belco). The vials were placed in a GSA-rotor
(Sorvall) which was filled with 100 ml water. After centrifugation at
3000 rpm for two hours, the supernatant was removed aseptically and the
cells were washed twice in a medium without carbon source. The final
pellet was suspended in 20 ml of this medium and then 3 ml of the
suspension was brought into 100 ml vials containing 30 ml medium with
pyruvate o:é fumarate (40 - 50 mM) as substrates, The final cell density
was 8 x 10° cells/ml. Either 1.8 atm N,/CO5 (80:20) or H,/00, (80/20)
was placed above the cultures. The v1als were incubated at 35-C. Samples
were withdrawn weekly and analyzed as described below.

13c-NR experiment
1.8 1 of the propicnate grown coculture was centrifuged and washed
anaercbically with growth medium containing 5mM sodium pyruvate. Since
FeS in the suspension causes significant peak broadening in the NMR-
spectra, removal of this substance was necessary., The 100 times
goncentrated cell suspension was therefore transferred to a tube in the
anaerobic glove box. After 15 hours almost all the visible FeS-
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precipitate had sedimented. Then, 3.2 of the supernatant was
transferred to an NMR tube and 0.4 ml 20 was addﬂtopxwidea lock
signal. This suspension contained approximately 10°~ cells/ml. The NMR
tube was closed with an overseal stopper, and the gas pha,iﬁ was changed
to 1.2 atm Ho/00D, (80:20). At time zerc 0.4 ml sodium [3-"°C)-pyruvate
(99% enricheg, MgD-Isotopes, FRG) was adci with a syringe to give a
concentration of 33 mM. High resclution ““C-NMR was carried out as
described before (Houwen et al., 1987).

Analytical methods

Propicnate and acetate were measured gaschromatographically, using a
Varian Aerograph 2400 with a chromosorb 101 columm (200 cm x 2 mm) and a
flame ionisation detector (FID). Samples were acidified by the addition
of Amberlite IR 120(H'). 1 yl sample was injected together with 1 1
air. The carrier gas was nitrogen saturated with formic acid. The column
temperature was 180°C and the detector temperature 210°C,

Hydrogen and methane were determined qualitatively with a Becker Packard
417 gaschromatograph which was operated with argon as the carrier gas.
0.2 ml from the gas phase were injected into the molecular sieve column
13X {1 m x 0.25 inch). The temperature of both the column and the
detector (FID) were 100°C.

Fumarate, malate and succinate were analyzed as methyl-esters with a
Kipp GC system 8200 equiped with a pack sil 198 (10 cm x 0.53 mm)
columm. 2 ml methanol was added to 1 ml sample and heated to 60°C for 30
minutes. After cooling, 1 ml water and 0.5 ml chloroform were added and
the mixture was vigorously shaken. 1.0 ul air and 0.5 ul from the
chloroform-layer werxe injected. Nitro%en was used as the carrier gas.
The temperature of the column was 100-C for 3 minutes and increased to
280°C in 3 minutes. The injection temperature was 250°C and the FID had
a temperature of 325°C. The inlet pressure was 10 kPa.

Pyruvate was measured spectrophotometrically as described by Katsuki et

al. (1971). -

. ™ .
Results ot bt -
Incubation with pyruvate and fumarate - w

. [} . 5
Cell suspensions of a stable propionate—degragding methanogenic coculture
were tested for the ability to convert pyruvate and fumarate. These
experiments were pexformed in the presehce ofi. BxES to prevent
methanogenesis. With N,/(Qy in the gas. phase (Fig. 1A) pyruvate is
converted within one week‘%:o acetate, propionate and a little hydrogen.
In a separate experiment ,in which samples were withdrawn every two days,
it was cbserved that pyruvate degradation started without a significant
adaptation time. The degradation rate of pyruvate was in the same range
as that of propionate; 35 mM of the latter compound was degraded in one
week (results not shown). A slower conversion was cbserved in the
presence of hydrogen (Fig. 1B). About equal amounts of acetate and
propionate were formed. As the expected stochicmetry of pyruvate
conversion to these products (in the absence of hydrogen) is 2 to 1,
respectively, hydrogen must have been taken up by the cells.
Fumarate was degraded at the same rate in the presence or absence of
hydrogen (Fig., 2). Malate was the predominant product in the absence of
hydrogen. Only small amounts of acetate and succinate were formed. In
the presence of hydrogen, besides malate also succinate was a major

64



product. Also in this case it is obvious that the cells must have taken
up molecular hydrogen.

A B
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Fig. 1. Conversion of pyruvate by the coculture with N,/CO, () or
Hy/004 (B) in the headspace.
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Fig. 2. Conversion of fumarate by the coculture with N,/CO4 (A) or
Hp/CO5 (B) in the headspace.
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13C—NMR experiment

The time dependent incorporation of the 13C—1, into intermediates and
end products after the addition of 33 mM [3-"“C]-pyruvate to the
propionate-degrading coculture if shown in Figure 3. The amplitude of
the resonances belonging to the 3c-labelled carbon at the C-3 position
of pyruvate, rescnating at 27.5 and 26.3 ppm (the second resonance is
from hydrated pyruvate), decreased close to zero during the time course
?g the experiment.

C-label occurred at several positions in various compounds. These
included the C-2 position of acetate (24.3 ppm), the -3 and C-2
positions of propionate (11.2 and 31.7 ppm), the C-3/C-2 position of
succinate (35.1 ppm), the C-3 positicn of alanine (17.3 ppm), the C-2
position of ethanol (17.8 ppm), the C-2 position of pyruvate (206.0 ppm)
and the C-1 position of acetate (182.2 ppm). .

After 25 hours the coculture was further incubated outside the NMR-
apparatus to allow the methane bacteria to convert all hydrogen and thus
allowing propicnate to be degraded. After two weeks methane and a little
hydrogen (and carbon dioxide) were present in the headspace. Pyruvate
and the "intermediate" propionate had disappeared.

Isolaticn of a pyruvate-fermenting organism

Because of these results, atiempts were made to isclate the pyruvate-
fermenting organism. 0.1 ml of dilutions of the propionate-degrading
coculture were brought on agar plates containing BrES. Colonies appeaved
after 2 - 3 weeks of incubation. After three transfers on agar plates
BrES was omitted because no methane was produced by the bacteria after
transfer to liguid media with pyruvate and hydrogen. Upon microscopical
analysis, colonies were judged to consist of only one bacterial species.
Colonies were tested for their ability to convert propionate in
coculture with Methanospirillum hungatei and/or Methanobrevibacter
arboriphilus. So far, no propionate degradation has been observed. In
preliminary experiments performed to identify tliks isolate, growth was
observed on hydrogen in the presence of sulfate and acetate. This .
indicates that the organism is a sulphite reducer. o~

“

N ‘* .' ! ) *
Discussicn ol

The ability of a stakle propicnate-degrading coculture to convert
pyruvate and fumarate instantly was quite a surprise. The coculture was
isolated from agar-shake tubes and had been maintained for more than
five years in media with propionate as sole energy and carbon source.
The finding indicated to us, that the propionate-degrader iﬁelf might
ke able to convert the two substrates. The more so as with ~“C-NMR it
was shown that a randomizing pathway is involyed in both propicnate
degradation and propicnate formation (Houwen et al., 1987; this paper).
Our hypothesis was further strengthened by the observation that also two
thermophylic propionate-degrading cocultures degraded pyruvate and
furarate (results not shown). Unfortunately, Syntrophobacter wolinii,
described by Boone and Bryant (1980), could not be tested. This organism
is maintained together with a Desulfovibrio species, an organism able to
degrade pyruvate and possibly also fumarate in the absence of sulfate.
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Assuming that the propionate-degrader indeed converts pyruvate and
fumarate, the product formation can easily be interpreted with the
hypothetical pathway depicted in Figure 4. The conversion of pyruvate to
acetate is thermodynamically favourable; reducing equivalents formed in
this reaction are disposed either in the formation of hydrogen or
transferred to oxaloacetate and fumarate leading to the formation of
propionate. In the presence of hydrogen these reducing equivalents are
channelled only in the direction of propionate. A similar process is
carried out by Desulfobulbus propionicus. This organism degrades
propionate in the presence of sulfate and performs a propionic acid
fermentation with e.g. pyruvate in the absence of sulfate (Widdel &
Pfennig, 1982; Laanbroek et al., 1982). Furthermore, it is alsc able to
form propionate from acetate, carbon dioxide and molecular hydrogen
(Laanbroek et al., 19823,

-
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Fig. 4. The methyl-malonyl“CoA pathway for propionate formation and
degradation. The presgnce of a transcarboxylase and a CoA-transferase
are hypothetical. AG® —values (in the direction of propionate to
acetate) are calculated from Thauer et al, (1977).

The formation of malate from fumarate, in the absence of hydrogen, can
be explained by the small difference in oGS between the two compounds,
In the presence of hydrogen, succinate is formed. This conversion is
highly exergonic and allows ATP formation (Kriger et al., 1986). Though
further conversion to propicnate would deliver even more energy, this
product was not found, This indicates the involvement of a trans-
carboxylase in linking the decarboxylation of methyl-malonyl Coh to the
carboxylation of pyruvate (Fig. 4). Similar transcarboxylases that do
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not allow conversion of (-4 substrates have been described earlier
{Swick & Wood, 1960; Wood, 1972; Allen & Linshan, 1977; Schink et al.,
1984; Stams et al., 1984). However, because some acetate was produced,
the pregence of a pyruvate decarboxylating enzyme must be assumed.
In the ““C-NMR experiment label occurred in the C-2 position of pyruvate
and the C-1 position of acetate. This implicates de novo §ynthesis of
te from pyruvate, leading to randomization of the 1 C-label
between the C-3 and C-2 atoms. A similar randomization was cbserved
during the degradation of propionate (Houwen et al., 1987). The high
amplitude of the resonance of etha:i%l in the first hour of the
experiment did not originate from ~pyruvate. It appeared to be a
contamination of non-enrig ethanol as was clear from scanning for 15
minutes befor adding the ~-C-pyruvate.
The crganism isolated on pyruvate has not yet been studied in detail.
Until now we have no evidence that it is indeed the propicnate-degrading
crganism: 1) it is unable to convert propionate in coculture with
methanogens 2) it does not resemble the predominant bacteria present in
the propionate-degrading coculture and 3) it grows on hydrogen in the
presence of sulfate. Research is in progress to identify the nature of
the organism.
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Sunmary

The use of reticulated polyurethane foam as a support material for the
immcbhilization of methanogenic associations was investigated., The coloni-
zation in a continuous upflew reactor fed on a mixture of acetate, pro-
piconate and butyrate was both rapid and dense. The combinaticon of rumen
microcrganisms and ceclonized polyurethane in one reactor resulted in an
efficient anaerobic degradaticon of papermill sludge.

Keywords: rumen microorganisms, immobilization, polyurethane, papermill
sludge.

Introduction

s

The high cellulolytic activity and relatively short generation time make
rumen microorganisms very suitable for the anaerckic acidogenesis of
lignocellulosic residues. Recently the successful application of a rumen-
derived anaerobic digestion (RUDAD) process for treatment of a& cellulose-
rich fraction of demestic refuse was described (Gijzen et al, 1988; Zwart
et al, 1988). The acids formed in this process were converted to biogas
in an UASB-type reactor. A schematic diagram of this process is shown in
Fig. 1. The UASB-type reactor is an example of high-rate anaerobic diges-
tors which are based on the retention of slowly growing microbial popula-~
tions and which have been developed in the past 15 years (Van den Berg,
1984) . Recently, reticulated polyurethane foam has been reported as an
excellent support material to immobillize methanogenic consortia (Pynn &
Whitmore, 1982; Huysman et al, 1983). However, applications of such
support materials have been restricted mainly to the treatment of waste
waters [Van den Berg, 1984).

This study describes the combination of the RUDAD process (acidogenic
phase) and colonized polyurethane fcam (methanogenic phase) in one reactor
treating papermill sludge, a fine particulate organic waste.

Materials and methods

Colonization of polyurethane

Reticulated polyurethane foam (density 18 kg/ms; 20 pores per linear cm)
was used for the immobilization of microorganisms involved in the degrada-
tion of volatilg fatty acids (VFA)}. A 10 1 volume cylindrical upflow reac-
tor (15.5 cm internal diameter} was inoculated with 300 ml crushed UASB~
sludge and subsequently packed with polyurethane cubes: (2.2 cm edge size}.
The reacter was filled with half-strength buffer solution according to
Rufener et al (1963), supplemented with trace elements (0.1 ml.1"Y) accor-
ding to Vishniac & Santer (1857), NH4Cl (14 mM), veast extract (0.2 g.l_IL
sucrose (0.2 q.l_l), sodium acetate (38 mM), propionic acid (12.8 mM} and
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rumen reactor methanecgenic reactor

Fig. 1. Schematic representaticn of the RUDAD-system

butyric acid (8.7 mM). This medium was continucusly fed to the upflow
reactor with a hydraulic retention time of 9.2 hrs. The temperature was
maintained at 39°C. After 5 days of operation the remaining sludge was
removed from the bottom of the reactor. VFA conversion was a marker for
colonization,

RUDAD reactor design

A RUDAD reactor combining the acidogenic and the methanogenic phase was
developed. A 25 1 reactor (39°C) was inoculated with 800 ml of fresh
strained rumen fiuid obtained from a fistulated sheep. The volume was
adjusted to 5 1 with pre-heated (39°C) buffer solution according to
Rufener (1963}, supplemented with trace elements (0.2 mi.1"%) and NH.C1
(28 mM) . The day after inoculation support particles {coleonized for 3
weeks) were transferred from the upflow reactor #nto the RUDAD-reactor,
resulting in a total effective volume of 15 1. The digester fa¥d copsisted
of partially dehydrated papermill sludger, sﬁpplemented with a small Amount
of ground alfalfa. The composition of the §ubs&ratesﬂis shown in Table 1.

s 4

o

: . e T .

Table 1. Composition of the substrates?® - -+ & i i .
¥

Determination Alfalfe  Papermill sludéé
Dry weight {(dw) % . 92.930.7 40,410.2
vssP (% of dw) 90.7:1.6 38.240.5
NOF® (% of dw) 46.0%1.8 32.220.7
Total N (% of dw) 2.3%0.2 0,14+0,02
copd (g 0p.g" % dw)  1.0820.04 0.69+0.09

a Average #8D; b Volatile suspended solids:
¢ Neutral detergent fibre {(Goering & van Soest,
1970} ;- & Chemical coxygen demand
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Fig. 2. Schematic representation of the two-phase RUDAD reactor. A,
acidogenic phase; B, methanogenic phase; €. stirrer; D, bidirectional
sludge pump: E, homogenecus effluent removal; ¥, feeding and addition
of fresh fermentation medium; G, gas outlet:

The lower part of the reactor (aclidogenic phase) was stirred and pumped on
the upper layer of support particles (methancgenic phase) at a rate of 25
1.471, Every day 2.5 1 of homegeneous acldogenlc phase content was
replaced by an equal volume of buffer containing suspended substratg. A
schematic diagram of the reactor is presented in Fig. 2.

Sampling and analyses

Samples for determination of pH, VFA and neutral detergent Libre (NDF)
were taken from the daily reactor effluent. Bicgas production was conti-
nuously monitored and the methane content of the biogas was determined
twice a week. Analytical methcds were as previously described (Gljzen et
al, 1986, 1988}).

Results and discussion

Coleonization of polyurethane foam

Coleonization of the polyurethane feam as assessed by VFA conversion
proceeded at a high rate (Fig. 3}. Within 13 days after inoculation stable
conversion efficiencies of 80-90% and 95-100% were obtained for acetate
and butyrate, respectively. Propicnate degradation of about BO% was
reached after 20 days of operation. The rate of colonization was somewhat
lower as compared to previous reports on studies with polyurethane (Fynn
& Whitmere, 1982; Huysman et al, 1982). This may be due to differences in
substrates and inoculum applied. After 3 weeks of colonization blomass
amounted to 20 mg volatile suspended solids (VSS) per em® of support mate-
rial. Scanning electron microscopic examination of the colonized support
cubes revealed the presence of aggregates of bacteria (Fig. 4). The
bacteria appeared to he physically associated with the support material.
This is in contrast to previous scamning electron micrographs on the
ceolonization of polyurethane (Fynn & Whitmore, 1982, 1984), which did not
reveal indications of physical attachment by polysaccharide fibres or
surface appendages. The methanogens in the biofilm consisted mainly of
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Fig. 3. Degradation efficiency of acetate (e}, propionate (4) and
butyrate (o) during the colonization of polyurethane support particles

H Fig. 4. Scanning electron micrographé of ‘colonized polyurethane foam

N / e
long filamentary Methanothriz-type bacteria and smaller numbers of Motha—
nosarcing species,

RUDAD-reactor performance

The performance of the di?ester_is summarized in Fig. 5. Substrate loa-
ding rates were 75 g VS8.47" during period 1 and 102 g vgs.a-? during
period 2, including 21 g VSS of alfalfa at both loading rates. The NDF-
degradation efficiency varied between 50-70%. Only shortly after the
increase of the loading rate the efficiency dropped temporarily to about
45%,. In spite of the high content of inorganic material in the papermill
sludge used, loading rates and conversion efficiencies were higher than
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Fig. 5. Performance of the two-phase digester fed on papermill sludge
Period 1: loading rate 75 g vss.d™*

Periocd 2: loading rate 102 g vss.d !

Biogas preduction (e}, pH {(0);

Concentration of acetate (e}, propionate (B}, butyrate (¥);
Degradation efficiency: NDF ([O), v55 (W)

those reported by Takeshita et al (1981). The cbserved fluctuaticons in VFA
levels reflect disturbances in the balance between thelr production in the
acidogenic phase and the subsequent degradation in the methancgenic phase.
Egpecially propionate accumulates temporarily during period 2. Specific
accumulation of propionate may be explained by the fact that its anaerckic
conversion is thermodynamically less favourable than that of acetate or
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butyrate (Conrad et al, 1986}, because of slow specific growth rates of
proplonate oxidizing populations (Zehnder & Koch, 1983) adaptation takes
a long time,

At day 90 a steady-state isc reached as is demonstrated by the complete
conversion of VFAs in the reactor. The pH values correlated with fluctua-
tions in the concentrations of VFA and varied between 6.0 and 7.1. Rumen
ciliates were present in high numbers {abcut 10%-10% cells.m1™h) during
the entire experimental period. Exact microscopical enumeration was
hindered by substrate particles.

Conclusions

The results described in this study demonstrate that polyurethane is an
excellent support material for slowly growing methancgenic-phase bacteria
converting VFAs to CHy.

The combination of rumen microorganisms and colonized polyurethane
result in a high-rate anaerobic digestion of papermill sludge. The high
loading rate {(up to 20 g vsg.a .17t acidogenic phase), short solid
retention time (48 hours), degradation efficiency between 50-70% and
simple reactor construction make this system attractive for application
of other particulate solid wastes.
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Summary

Little gattention has been paid to relaticnship between structure and
activities in granular sludge. Imege analysis petformed directly on
granules with a video camera linked to a computer led to a mean size of
0.56 to 1.15 mm.However, the diameter ¢ 50 ranged from 1.68 to 2.52 mm.
Gross mineral analysis pointed out the importance of mineral
precipitate, mainly of sulfides. This was confirmed by surface X-ray
analysis and by elemental mapping. Identification of bacterial
morphotypes was not only done by comparison with the ultrastructure cof
pure cultures but also with specific immunoleogical probes against
methanogens and = syatrophic  bacteria. The experimental potential
methanogenic activities are discussed taking in account free energy
changes and ultrastructure of granules with a particular emphasis to
interspecific transfer of hydrogen.

Keywords : hydrogen transfer, granule, Syntrophobacter, Syntrophomonas,
Methancobkrevibacter, Methanospirillum, propicnate, butyrate.

Introduction

In upflow anaerobic sludge bed, reactors and in upflow anserobic
filters, methanogenic congglomerates are formed. The resulting granulies
were previously shown to be a complex bacterial associationy. But up to
now, relationships between structure,., and: activities are still unknown
due to a lack of knowledge about spatial digtribution, in _ sgitu
bacterial identification and functioning.®

This paper reports on the establlshment of a laboratory scale UASﬁ
reactor treating a mixed defined substrate Main characteri¥stics of the
grenular studge are presented’ With a particuiar emphasis to minerals
and microbiclogical features.

Material and methods

1
K

The UASE recactor was seeded with 300 ml of granular sludge sampled
froma 5§ mB—pilot treating wastewater from starch industry. Feeding
solutions were geparated and concentrated to avold bacterial
contamination and to allow manipulation of the individuel operational
parameters. Carbon solution contained (g/1l} » glucose : 7.2 ; lactate :
7.2 ; acetate : 21.6 ; propicnate : 11.2 ; butyrate : 8.0 ; valerate :
4.8, Mineral solution I contained (g/l1) : KHPO : 39.7 ; Na HPO :
18.6 ; NaHCO. : 40 and Na S, 1M ¢ 10 ml. Mineral’ sélution II cohtainhed
(g/1) + NaCt® : 30 ; N}Fm : 30 ; CaCl_: 11 ; MgCl : 10 and trace
solution : 10 ml {NiCl , CoCl MnCl : each 100 mg/l}.zA multi-channel
pump was used in ord%r to adjust the flowrate of each sclution
(100 ml/day) which were diluted by distilled water in a mixing vessel.
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The UASB reactor was operated during four months before starting
experiments. The mean operational values were : COD removal efficiency :
99.4% ; hydraulic retention time : 0,41 day ; volumetric lcad : 2.9 g
C0D/1 reactor/day corresponding to 26.1 g COD/1 granular sludge/day.

In all cases, granules were sampled anserobically from the bottom of
the reactor. Metabolic activities were determined as previously
described {Dubourguier et al,, 1986). Disintegration of granules was
performed in an anaerobic chamber by vigourous shaking with a Polytron
{Kinematica GmbH, Switzerland]} homogeneizer (repeated 30 s. pericd).
Numeration of dominant trophic groups was done by the MPN method using
three tubes per dilution and the individual carbon substrate present in
the feeding solution. For size determination, 0.5-1.0 ml of granular
siudge were dispersed in 50 ml of 10% agar in PBS buffer and poured in
2 Petri dishes. Images were obtained with a video-camera and asnalysed
directly on a Quantimet @ 10 analyser. Twenty fields were analysed per
sample,

For scanning electron microscopy (SEM), samples were fixed according
to Costerton {1980). Transmission electron microscopy and techniques
used for immunogold 1labelling are described by Prensier et al. (this
bock). For X-ray analysis, osmium tetracxyde was omitted in the
fixation procedures and samples were coated with carbon. Surface
analysis was performed on intact granules whereas elemental mapping was
done on 10 um sections.

Results )
Granules formed a well-defined bed with a limpid supernatant. No
fluffy congglomerates were evidenced. Although almost all the granules
were black, some whitish congglomerates were always present. Size
analysis of granule sludge showed great variations of mean diameters
{(Table 1) due to wvaricus profiles of size distribution. In addition,
mean diameters were rather low, ranging from 0.56 to 1,15 mm hecause of
the presence of numerocus granuleg of small size (< 0.3 mm}. The volume
distribution was alsc studied. A diameter ¢ 50 was defined as the
maximal diameter of small granules which occupied half of the total
volume of the sample studied, These values were higher than the
corresponding mean diameters and ranged from 1.68 to 2.52 mm.

Teble 1. Size of granules sampled monthly.

I II III v v Total
No. of granules 4327 900 1183 3156 1370 10936
Mean diameter 0.56 1.15 0.89 0.68 1.13 0.75
Variance 0.24 0.30 0.37 0.48 0.51 0.41
Diameter ¢ 50 2.26 1.68 2.52 2.33 2.01 2.15

The sludge concentration in the bottom part of the reactor ranged
from 54 to 80 g TSS/1. The ash contents of the granules were between §
and 18%. Typical mineral composition of granules is given in Table 2.
Compared with pure strains of methanogens, the contents in Fe, Ni, Cu
and S were high and suggested the presence of sulfide precipitates.
"Calcium was alsoc in high amounts and might be found as calcium
carbonate or phosphate.
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Table 2. Mineral composition of the granular sludge.
A}l values are expressed as g per 1000 g dry matter
‘D" after Scherer et al., 1983.

(1) 1)

granule M. arboriphilicus M. mazed
Na 2.90 3.65 4.0
K 13.50 52.5 7.70
5 18.30 9.90 7.85
P 7.60 28.5 11.5
Ca 9.30 0.55 1.7
Mg 3.60 2.9 2.9
Fe 9.90 1.3 0.72
Ni 4,69 0.065 0.095
Co - 0.015 0.035
Cu 0.085 0.020 0.010 i

X-rey analysis is generally considered as giving information on
elemental composition of a 1 pm-layer of the sampled studied. Surface
analysis of entire granule showed wvariastions of element ratios,
perticularly in the case of P and Si {Table 3).

Table 3. Elemental surface composition of individual granules
ag determined by X-ray analysis. The relative concentrations
were calculated according to U/k = (peak height-background)/
packground

Element 1 2 3 4 5 6 7

Na 0.42 c.86 0.87 0.86 0.63 0.56 0.78

Al .00 ©0.43 0.16 0.15 .0.05 0.05  0.00¢

si 0.26 1.38 o0.44  0.92°., 0.86. Q.29  0.h2 -
P 2,26 2.07 3.31 2.88 2,03, ..3.88  2.96

) .97 1.61 1.73  1.62 1,07 1.37 1.8 3
c1 ¢.09 ©0.11  ©0.08 D0.04 0.07 . 0.2 0.2

K 114 1.3z 2,05 1.29.  1.08" ;1.73 - 1.9 |
Ca 0.32 0.48 0.53  0.46 +0.22, ,0.50 0.50

Fe 0.5 1.08 1.00 1.00 = 0.5% 0.60 0.78

Co 0.00 0.00 0.00 0.20 ©0.00 0.00 0,00

Ni c.33 0.4 .29 0.37, 0.25 0.37 0.25

Cu 0.4 0.62 0.50 0.83 © 0.43  0.43  0.67

Zn 0.10  0.12  0.00  0.00 0.00 0.17  0.20

On 10 um-thin section, spectra of wvaricus granules did not show
significant differences, However, X-ray spectra of different zones
within the same granule presented great variations, mainly in calcium,
phosphorus and silicium contents (Fig. 1). Elemental mapping (Fig. 2)
allowed in gitu identification of precipitates such as calcium
phosphate and ferrous sulfide. Silicate was also present. In all
mappings of thin sections, =a high background of P and S was cbserved
and was attributed to the bacterial cells by comparison with the X-ray
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8006 xed - 38120
Fig. 1. Surface  X-ray analysis of granules and of Methanothrix
soehngenii

Fig. 2. Elemental mapping of a calcium phosphate precipitate within a
granule.
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gpectrun of M. scehngenii (Fig., 1). In addition, this bacterium
presented significant amounts of Cu and Zn.

Microbiological analysis was performed by the MPN method taking in
sccount cell morphology and ultrastructure, end-preoducts and indirect
immunofluorescence. Glucose and lactate were fermented to acetate and
propionate by Propionibacterium sp. {109). Propionate was oxidized to
acetate and methane by syntrophic associatigns of Mathanobrevibacter
arboriphilicus and Syntrophobacter wolinii (107). Valerate was oxidized
by Syntrophomonas wolfei {10°) with M. hungatei as the main hydrogen
scavenger, with M. arboriphilicus at low levels. Surprisingly, in
addition to few cells of Sintroghomon@s sp., a large curved rod was
dominant in the butyrate dilutions (10°). Thin sections revealed that
it was different from the other syntrophs known. A nucleus-like
structure and two S-layers were present. This rod ressembled to a
unicellular algae and its role in butyrate degradation is under study,
However, on thin sections of granules, similar rods were found but in
low numbers, Thus, the MPN conditions probably favoured the growth of
this very large rod. The dominant acetoclastic and hydro&enophilic
methanogens were M. soehngenii {109) and M. arboriphilicus (1077).

In situ identification of these bacterial genera was performed by
immunogeld labelling as described elsewhere (Prensier et al,, 1987,
this book) and allowed to localize syntrophic microcclonies degrading
either propionate or butyrate. A good correlation between the numbers
of Syntrophobacter sp. and Methanobrevibacter sp. within syntrophic
microcolonies was found. A mean value of 2.46 M. arboriphilicus per cne
cell of Syntrophobacter sp. was found (16 colonies observed). In the
case of butyrate, two types of microcolonies were observed : pure
cultures of Syntrophomonas sp. or association with low numbers of M.
arboriphilicus. In syntrophic microcolonies, a ratio of 0,71
Methanobrevibacter sp. per one cell of syntroph was found. This
chservation suggested that kinetics of proplonate degradation will be
mere influenced by disintegration of granular sludge that those of
butyrate degradation. -

Methanogenic potentials reflected quite well the general sheme of
methanogenesis. In all experiments, an dnitial concentration¥of 1.5 g/1
of substrate was used. ©No .trafsient} sccumuletion of metaBolic
intermnediates was cbserved, Methanogenic . poteméial from glucose,
lactate and acetate were not affected significantly by disintegrationg
of granular sludge (Table 4). Propionate degradation rates were more
reduced (23-60%) than the degradation rates of, butyrate {.6-32%). In
contrast, methanogenic potential from fvaleratg was not significantly
inhibited by disintegration. . . -

- E i
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Table 4. Compariscn of potential methanogens
activities of intact and disintegrated granules.
Values are expressed as pmol CHA/g VS85/mn,
Samples were taken monthly.

Biomass substrate 1 2 3 4
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Discugsion and conclusion 4

Particle size distribution of granules was varying between samples.
In addition, the direct videc technique used recorded sll granule sizes,
even when they eare less than 0.3 mm. Thus, mean diameters, as defined
by T(nixdi)/Eni with ni number of granules with a diameter di, are
impaired by numercus small granulegs which are always present in sludge.
These results are consistently lower than those reported by Hulshoff-
Pol et al. {(1986). However, the diameters ¢ 50 defined previously are
similar to those vreported by other authors and particularly those
cbtained by the sedimentation balance method. This technique is based
on the volume of individual granules from which diameter are calculated
(Hulshoff-Pol et al., 1986).

Minersl analysis showed that granules contained large amounts of
sulfide precipitates of iron and nickel. Dolfing et al. (1985) reported
that 30% of minerals were FeS, responsible for the bleck colour of the
granules. Similar results can be calculated from our data. Calcium
precipitates, either carbonate or phosphate represented 30-40% of the
minerals, although this ion is present in low amounts in our feeding
solution (around 30 mg/l). The calcium carbonate cristals are observed
easily in spiky granules where they make up about 60% of the granule
dry weight (Grotenhuis et al., 1986). X-ray element sanalysis and
mapping suggest that these minerals occur in defined zones in the
granule and are not uniformly distributed. Analysis performed on broken
granules (Alibhai & Forster, 1986) did not evidence & general rule for
wmineral deposition in preferential zones like surface, half radius or
centre. In fact, the precipitation is probably due to local
envirconmental conditions which are modified by microbiological
activities. For example, development of sulfate-reducers, even in low

~amounts (Samain et wal,, 1984 ; Dubourguier et al,, 1985) will
concentrate ferrous sulfide around their location. This is clearly
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evidenced by electron microscopy. In the same menner, calcium carbonate
will precipitate close to the production zone of CO, such as
nicrocolonies of methanogens. These precipitates provide to the
bacteria natural inert supports to which they cen stick. In the case of
Methanothrix sochngenii, ferrous sulfide particles are frequently
cbserved slong the filament proteic sheath in the first subcultures
{(Dubourguier et al., 1985). In this manner, the minerals contribute not
only to the settling characteristics but also to the granule stability.
In contragt, mineral precipitation may limit the availability of the
ions to the bacterial cells, due to thelr low solukility products
{Table 5). But, specific trangport molecules with very high affinities
have been demonstrated in wmany bacterial genera. In addition, it was
shown that ZnS5 and FeS 1nstead of Na S could serve as an alternative
sulfur source for Methanosarcina barkeri2[Scherer & Sahm, 1981).

w

TFble 5. Solubility and solubility products of sulfides.
EQ; in mg per 100 ml of cold water
at 18°C.

FeS 0.62 3.7 x 107"
NiS 0.36 1.4 x 107
7ns 0.69 1.2 x 107%
Cus 0.033 8.5 x 1ql’“5
Cus 1677 2% 1077
Cod 0.38 3 x 107%
MnS 0.5 1.4 x 107

Regults of microbiological analys%s were similar to theose previously
reported in UASB reactors treating wastewaters from starch industry
{Dubourguier et al., 1985) or from suger factory (Dolfing et a}., 1985).
Methanothrix soehngenii is still the maim agetoclastic methanogefiv In
our works, Methancbrevibacter sp: was dominant ass,the hydrogenophilic
methanogen. Careful examination of electron’micrographs of Dolfing et
al. allows presumptive identification of Methanobrevibacter sp. In the
other hand, Methanospirillum_hungatei is also present dn granules
{Dubourguier et al., 1985, this study) bﬁt.ip thin sections, it is not
observed as =& dominant hydrogengphilic dethanogen in syntrophic
microcolonies. Considering the respective Ks of M. arboriphilicus and M.
hungatei (6.6 and 5.0 uM respectively, Kristjansson et al., 1982,
Robinson & Tiedje, ‘1984)’ and their maximal growth rates (O.iOT and
0.070 hﬂ). the doubling time at low hydrogen concentration (10 Atm)
are 571 and 658 hours respectively. In these conditions, and according
to the model of Archer and Powell (1985), Methanobrevibacter will play
the major role in syntrophic associations.

A good correlation was obtained between tke number of syntrophs and
those of Methanobrevibacter present within the same microcolenies, Cn
the other hand, methanogenic potential activities were similar to those
reported by Dolfing (1985) on propionate-grown granular sludge. With
this substrate, the disintegration of grenules inhibited significantly
the rate of degradation indicating that sggregation plays a significant
role in interspecies hydrogen-tranafer., As the degradaticn rate of
valerate remained unchanged while that of butyrate wss weakly
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diminished, the partial pressure of hydregen might be in the range of
10 Atm. within the matrix, With this value and considering the
concentration of all substrates equal being to 1 mM, the calculated
G'o values are 18.5, - 10.7 and - 68.7 KJ/reaction for acetogenesis
from propionate, butyrate and valerate respectively. These values are
consistent with our experimental results, i.e. in these conditions,
propicnate would be degraded -only in syntrophic microcolonies whers
local partial pressure of hydrogen must be below 107 Atm. Apparently,
Dolfing (1985) did not find any effect of disintegration on propionate
degradation. This might be due to the strength of granules and mostly
of syntrophic microcelonies which could not be dispersed by a simple
homogeneiser. However, din the same experimental set, methanogenesis
from hydrogen was greatly enhanced after disintegration of granules and
also, kinetic studies indicated that hydrogen transfer was limited
within the granules at low partial pressures. These results are in
agreement with our data.
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BICFILM DEVELOPMENT IN LAB-SCALE METHANOGENIC FLUIDIZED BED REACTORS
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Summaxry

Biofilm development on sand with different inocula or different substra-
tes was studied in laboratory-scale methanogenic fluidized bed reactors.
Bath the course of bicfilm formation during reactor start-up and the bhac-
terial composition of newly developed biomass at steady-state were found
to be similar irrespective of the type of inoculum applied. Although the
course of biofilm formation was comparable with either acetate, butyrate,
propiconate or a mixture of these fatty acids as substrate, the composition
of the biomass was dependent on the type of substrate. Biofilm formation
proceeded according to a fixed pattern which could be subdivided in three
consecutive phases, v£2 lag phase, biofilm production phase and steady-
state phase. Crevices in the surface of the sand particles were found to
be the sites of initial colonization.

Keywords: fluidized bed, biofilm formation, biofilm ccmposition.

Introduction

Anaercbic purification of the soluble organic fraction of industrial
waste waters can be accomplished successfully by use of bioclogical
treatment systems such as the fluidized bed (FB} reactor. In this system,
retention of purifving bacteria is achieved by immobilization on a mchile
carrier {(Heijnen et al., 1986). At Gist Brocades (Delft, The Netherlands}
the FB-system is already used at full industrial scale in a two-stage
process for anaerchic treatment of waste waters originating from yeast
and penicillin producticn (Enger et al., 1986). However, a better under-
standing of the microbial basis of biofilm development could be expleited
to improve process performance and control.

In order to study the factors which influence the microbial population
dynamics during start-up of methanogenic FB-reactors with sand as the
carrier material, a laboratory experimental set-up was designed and used
to investigate the influence of different microbial inocula and substrate
composition of the waste water on biofilm development.

Materials and methods

Experimental conditions

Start-up experiments were performed with seven all-glass FB-reactors in
a set-up depicted in Fig. 1. Each reactor consisted of an effective part
(a), which contained the sludge bed (b), and a settler compartment (c),
which was equipped with a gas outlet (d) connected to a Marictte flask
(e). The volume of the effective part of the various reactors ranged from
650 to 950 ml. Reactor temperature was kept constant at 37°C (f). The
Influent liquid entered a reactor through a hook-shaped inlet tube (g).
Glassbeads (h), 5 mm of diameter, were used to disperse the influent 1li-
guid evenly. The influent was composed of synthetic waste water (i,3) and
liguid from the settler compartment, which was recirculated (m) to obtain
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fluidization of the sludge bed. Inoculum (X} was applied as specified
below. Spent liguid left the reactor through an effluent cutlet equipped
with a water seal (1). The main specifications and operating parameters of
the varicus reactors are given elsewhere (Gorris, 1987). At the start of
the experiments the sludge bed of the reactors consisted of bare sand with
a particle diameter of 0.1-0.3 mm and a density of 2.6 g/cm’.

Fig. 1. Schematic representation of experimental set-up. a, effective

part; b, sludge bed; c, settler compartment; d, biogas outlet; e, 10-1
Marictte flask; £, temperature bath circulator; g, influent inlet; h,

glassbeads; i, concentrated scolution of synthetic waste water; j, tap

water reserveir; k, inoculum; 1, effluent outlet.

Crganic loading regimen/waste water csmpositioniipoculum
L ) +

The organic lecad was increased gradually during start-up by emplofing
the fellewing loading regimen: ab Lnitlo the reactq‘; received 0.5 g VFA-
CODb/h, whereas the loading rate was doubled when the total VFA- degradathn
reached 60%; an experlment was terminated when steady-state was reached 3t
2.0 g VFA-COD/h. r . +

The reactors were fed an artlfL01ally prepared waste water contdining
tat 1 g VFA-COD/h}: 8.4 mM acetate, 2.3 mM prepidnate and 1.9 mM butyrate
(VFA-mix, reactors 1-4), 17.8 mM acetate (reactor 5), 6.4 mM butyrate
(reactor 6) or 9.6 mM progiconate (reactor 7). KHzPOy, KoKHPOy, KoSOy, NHyCI,
vitamine and minerals stock solutions weére included as well (Gorris, 1987).

Reactor ! was inoculated batch-wise by addition of 15 ml mature granules
(2.1 g v88, methanogenic activity 300 ml CH./g VSS.d) taken from a 5-1 FB-
reactor, which was fed the VFA-mix waste water at 2 g VFA-COD/h. Reactor 2
was inoculated with digested sewage sludge from a local sewage plant. The
sludge {0.4 g V$8/1, 50 ml CHy/g VSS.d) had been activated by anaercbhic
incubation during three days at 37°C in activation medium (Gorris, 1987)
and was pumped into the influent flow at 48 ml/h during the whole experi-
ment. Reactor 3 received effluent (80 ml/h; 4 ml CHy/i.d) from a 1-1 UASE-
reactor, fed 2 g COD/h of VFA-mix waste water. Reactors 4 to 7 were ino-
culated by addition of effluent from the 5-1 FB-reactor (flow 300 ml/h, 10
ml- CHy/1.d). Both effluents were free of volatile fatty acids, whereas the
VSS—-contents were below the detection limit of the assay method.
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Measurements and analyses

Biogas production was monitcored by means of water displacement in 10-1
calibrated Mariotte flasks. The amcunt of methane in the biogas was measu-
red by gas chromatographic analysis. Acetate, propionate and butyrate were
quantified by gas-liquid chromatography. Standard methods were used to de-
termine the amount of biomass (= volatile suspended solids) lmmobilized on
sand particles {=ash weight) (g VSS/g Aw). Samples were prepared for scan-
ning electron microscopy as described elsewhere {Gorris, 1987).

The methancgenic activity cof newly develcped biomass was measured in two
types of activity tests. Sludge samples taken during reactor start-up were
subjected to the first test, in which they were incubated anaerobically in
a test medium containing an excess of those volatile fatty acids (acetate,
propionate or/and butyrate) present in the waste water fed to the reactor
the samples were taken from (Gorris, 1987) to determine the maximum metha-
ne production rate (umcl CEy/h). The data obtained were used to calculate
the methanogenic capacity (umol CHu/g Aw.h), which gives an indication of
the amount of methancgenic biomass immobilized on the sand. Samples taken
from the top laver of the sludge beds at steady-state were incubated
similarly in a second type of activity test on each of the following
substrates: H,/CO;, acetate, butyrate and propicnate. This test vielded
the potential methanogenic activity (umol CHy/g VS5.h) on each of the
substrates. The ratic of all four activities of one sludge will be refer-
red to as the relative subsivate spectrum.

Based on the concentraticns of specific methanogenic cofactors in sludge
samples taken at steady-state, the proportions (% of total hiomass)sof
acetotrophic and hydrogenotrophic methanogenic bacteria were quantified
using pure culture cofactor contents of Methanothrix soehnganii, Methanc—
sarcina bavkeri and Methanobaoterium formicicum as reference (Gorris, 1987).

Results and discussion

Course of biofilm development

Two types of parameters were monitored to assess the course of biofilm
formation on sand during reactor start-up. Indirect parameters, Vi3
methane production rate, total fatty acid conversion and volume of the
sludge bed, were monitored as an overall indication on reactor level,
Direct parameters, wiz methanogenic capacity, amount of biomass on sand
and volume of individual layers within the sludge bed, were determined as
an indication on sludge level.

The results obtained with regard to both direct and indirect parameters
in the experiment with reactor 4 are illustrated inFig. 2. Reactor start-
up proceeded in a sigmoid fashion: an initial period cf slow increases in
both direct and indirect parameters (lag phase) was followed by a period
of accelerated biofilm formation and reactor performance (biofilm produc-
tion phase)}, which persisted nntil the organic load was not increased any-
moxe and a steady-state situation was reached (steady-state phase}. This
overall pattern reflected the course of bicfilm formation on the sand as
assessed by scanning electron microscopic examination. During the first
period initial colenization of the sand particles was cbserved. Characte-
ristically, this incipient colonization was restricted to crevices in the
carrier surface (Fig. 3a,b). During the second period, the surface cf the
sand particles became gradually colenized as a result of proliferation of
ghe attached bacteria. At this stage the sludge bed consisted of three
visuvally distinct sludge layers, which contained granules which differed
in biomass content and methancgenic capacity (Fig. 2). With granules
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Fig. 2. Course of (a) loading rate and VFA-conversion, (k) methane pro-
ducticn rate and total sludge bed volume, (¢} methancgenic capacity, (d)
bicmass on sand, and (e) volume of individual sludge layers of reactor 4,
which received FB~effluent {(inoculum) and VFA-mixture (substrate).

L3

present in the bottom layver, colonization cof the carrier surface was still
restricted to crevices, whareas granules in the middle or top layver bhocame
completely covered with biomass (Fig. 3c) In all gther reactors a similar
course of biofilm formation was obssrved: (datd not shown). A comparableg
pattern has been described recently for start-up of a 25-1 methanogenid
FB-reactor on acidified yeast waste.water (Mulder, 1986) . ¢

In Table 2 a comparison is made betwgen the times at which thé parame-
ters showed a steep and persistent ihcrease Xn ‘each start- up experiment.
From this, the onset of the biofilm production phase can be timed for the
varicus reactors. Both dlrect and indirect parameters indicated that this
phase was reached “about 40 days after +the start of reactors 2 and 3, and
after abouvt 20 days in case of reactor 4. with reactor 7, fed propiocnate
as scle carbon source, the onset appeared to be retarded to about day 80.
With reactors 1, 5 and 6, however, there was a difference in the timing by
both types of parameters: the indirect parameters {methane production rate
and VFA-conversion) indicated an instantanecus cnset of biofilm develop-
ment, while the direct parameters indicated that biofilm formation accele-
rated after about 40 days, at which stage alsoc the sludge bed started to
expand. The discrepancy was found to be due to proliferation of bacteria
in the inoculum layer (reactor 1) and the growth of floccose granules
(reactors 5 and &) on top of the sludge bed., In these cases, the course of
colonization and bicfilm production on the sand particles in the sludge
bed was not reflected accurately by the indirect parameters.
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Fig. 3. Scanning electron micro-
graphs of FB-sludge granules sampled
from reactor 5 during the course of
start-up, showing initial ccloni-
zation in crevices (a and b: overview
and detail; day 22, bottom layer)

and complete biofilm formation (c:
day 55, top laver).
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Tahle 1, Comparison of the times {(days) after reactor start-up at
which a steep increase was observed in the various parametersa.

Inoculum and Substrateb Indirect parameters Direct parameters
1 FB-zludge, mix 0 43
2 sewage sludge, mix 41 38
3 UASB-effluent, mix 40 38
4 FB-effluent, mix 20 < 27
5 FB-effluent, AA 0/41 41
& FB-effluent, BA 0/37 41
7 FB-effluent, PA 82 76
a: indirect parameters and direct parameters are named in the text

b: mix, VFA-mixture; AA, acetate; BA, butyrate; PA, propionate

-

Bicfilm compcsition

FB-granules were sampled from the top-layers of the wvarious reactors at
the end of the experiments to determine the bacterial composition of the
newly developed biomass by means of microscopic observation, comparison of
relative substrate spectra and quantification of methanogenic biomass.

Examination of the samples by scanning electren microscopy, revealed
that the biofilms in all instances mainly consisted of bacteria morpholo-
gically resembling Methanothriz and of small amounts of Methancsarcina.
Apart from these acetotrophic methanogens, varicus other types of bacteria
were observed, but none of these could be identified by morphology alcne.
As judged by epiflucrescence microscopic cbservation strongly fluorescent
Methanobacterium-type organisms were present in all sludges, except in
the sludge cultured on acetate as the sole carbon source (reactor 5). In
this type, the biomass appeared to consist almost completely of Methano~
thriz spp and a small amount of Methdnosarcing spp.

The potential methanogenic activities of the Sludges on foug different
substrates were measured as an indicatidn of the relative proportiegs of
the various trophic groups in the'newl?‘developed biomass, which is
reflacted in the relative substrate spectyum YTable 2). Similar substrate
spectra were obtained for the sludges cultured Qn‘the VFA-mixture and off
butyrate alene, although the sludge in reactor 4.had a relagively high
potential methanogenic activity with prqpiondfe ds the test substrate. Cn
average, the substrate spectrum was acetatei bropionate: butyrate: Hz/CO»
= 60: 5: 30: 5. This is taken as an indication that the relative propor-
tiocns of methanogenic and acetogenic bacteria were quite similar in all
these cases. With the acetate~ and thé_propionate—grown sludges, however,
the relative substrate spectra deviated substantially. In the former,
acetate appeared to be the only substrate degraded at a significant rate,
which indicates that only acetotrophic speciles were present in this
sludge. With the propicnate-grown sludge, relatively high activities were
measured on propicnate and H:/C0», while the acetotrophic activity was
comparatively low. This indicates that propicnate consuming acetogens and
hydrogenotrophic methanogens were relatively numerous in this sludge.

Based on the concentrations of specific methanogenic cofactors measured
in the various sludges (data not shown), the relative amounts of different
methanogenic bacteria were quantified directly (Table 3). The calculated
proportions show that the biefilm composition of all sludges cultured with
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the VFA-mixture and with butyrate were comparable, with Methanothrixz spp
as the predominant organism {(on average 70% of total biomass). Using
Methancbacterium formicicum as reference, substantial amounts of hydroge-
notrophic methanogens were estimated (average 10%). Methanosarcina spp was
found tc be present in all instances, but was most abundant in sludge from
reactor 1. In the acetate-grown sludge, an extremely low amount of Metha—
nobacterium was measured, while the amount of Methanothrix was estimated
to be over 100% of the total biomass. Althcugh this clearly is an over-
estimation, it may still be taken as an indication of the relative abun-—

Table 2. Potential methancgenic activities of newly developed FB-sludges
on four test substrates, measured at steady-state to assess the relative
substrate spectrum.

Inoculum/substrate Total QCHHKVSS)a Fraction (%) of total QCHQ(VSE)

(umocl CH,/g VSS.h) on the indicated substrate®rC
AR PA BA HC

1 FB-sludge, VFA-mix 2336 60 2 k)| 7

2 sewage sludge, VFA-mix 3692 59 6 33 2

3 UASB-effluent, VFA-mix 3825 57 5 29 9d

4 FB~effluent, VFA-mix 2284 56 21 23 -

5 FB-effluent, acetate 1829 @7 1 1 1

& FB-effluent, butyrate 34418 56 1 27 te

7 FB-effluent, propicnate 1593 33 28 23 16

a: sum of QCHg(VSS} values on each test substrate

b: the ratio of the four fractions is the relative substrate spectrum

¢: BA, acetate; BA, butyrate; PA, propionate; HC, Hz/COz

d: activity test not performed

Table 3. Relative amounts of methanogenic species and non-methanogens in
the newly developed bicmass, determined at steady-state

Inoculum/substrate? Relative proportions (% of total bicmass)
Methano-  Methano— Methano-  non-methanogens®
bacterium thrix saraing

1 FB-sludge, mix 6.4 71.9 12.1 9.6

2 sewage sludge, mix 12.1 79.2 2.3 6.4

3 uaSB-effluent, mix 14.5 60.6 9.1 15.8

4 FB-effluent, mix 6.2 78.6 0.7 14.5

5 FB-effluent, AA 0.3 150 2.7 -G

6 FB-ef fluent, BA 11.3 62.5 6.7 19.6

7 FB-effluent, PA 43.6 41.93 2.7 11.8

a: mix, VFA-mixture; AA, acetate; BA, butyrate; PA, propionate

b: the relative proporticns were calculated by subtraction of the sum of
methanogenic proportions from 100% biomass

€: not estimated due to overestimation of proportion Methanothrixz spp
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Conclusions

dance of this methanogen in the acetate-grown sludge. A comparatively low
amount of Methanothriz spp but a high amount of Methanobacteriwm spp was
found to be present in the propionate-grown sludge. With regard to the
non-methanogenic bacteria, amongst others the butyrate or propionate uti-
lizing acetogens, comparable amounts were estimated in the various types
of sludge {10-20% of total biomass}.

In Fig. 4 a comparison is made of the relative organic load which was
applied to each reactor in the form of primary substrates (acetate, pro-
picnate and butyrate) and secondary substrates (acetate and hydrogen], by
assuming that the primary substrates are degraded completely. This compa-
rison visualizes that, on the micrcbial level, major differences exist in

Hl acetate
[ hydrogen
butyrate

propionate

relative substrate load
(arbitrary units g €00.h-1)

—
acefate butyrate propionate VYFA-mixture

Fig. 4. Comparison of the relative organic load with primary substrates
lacetate, propionate and butyrate) apd secondary substrates {acetate and
hydrogen) applied during start-up on different substrate combinations.

: o+

.
> »

. e

the availability of butyrate, propionate and hydrodgh. In general, the
differences noticed between the relative substrate spectra of the variows
FB-sludges {(Table 2) correlate well with thesg major differgnces. For the
acetate- and the propionate-—-grown sludge, 'a dirett correlation botween the
relative load with acetate and hydrogen‘and the proportions of acetotro-
phic and hydrogenotrophic methancogenic-bibmass is evident as judged by the
results obtained with all measurements. Only miner differences exist in
the relative load with acttate and hydrpgen between the sludges grown on
butyrate and on the VFA-mixture; censistently small differences were mea-
sured in the relative substrate spectra and the proportions of hydrogeno-
trophic and acetotrophic methanogenic bicmass (Tables 2 and 3).

v

Under the experimental conditions of the laboratory set-up, biofilm
development was successfully cbtained with various types of inocula and
substrate. FB-reactor start-up proceeded in a similar three-phase pattern,
in all experiments. Initial bacterial attachment in the lag phase of
start-vp was found to be restricted to crevices in the carrier surface in
all cases. With either acetate, butyrate and the VFA-mixture as primary
carbon source the lag phase was about 40 days. Characteristically, acetate
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was the main methanogenic substrate in these cases and the newly formed
biomass consisted mainly of Megthanothria spp. In contrast, with propionate
as primary carbon scurce and hydrogen preduced from it as the main metha-
nogenic substrate, the lag phase was 80 days. Alsc, Methanothrix spp were
present in relatively low amounts, while relatiwvely high amounts of
hydrogenotrophic methanogens were measured. Thus, in general, the composi-
tion of the biomass at steady-state was a reflection of the relative
amounts of primary and secundary carbon sources fed to the reactors.

The observations thdt the waste water composition influences the time
course of reactor start-up and that initial colonization is restricted to
crevices in the carrier surface may have an iwmpertant practical impact.
Since the time needed for reactor start-up is a decisive factor for the
economical application of the FB-system in practice, it is important to
obtain more informaticn about the microbial interactions and the physico-
chemical factors which influence the early stages of colonization. The
laboratory fluidized bed system and the analytical technigues used here
are very well suited for investigaticns in this field. Both are exploited
at this moment to study in more detail the population dynamics during the
initial colonization in methanogenic fluidized bed systems with sand as
support material.
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Summary

Granules sampled from wvaricus anserobic filters and UASB reactors
were examined for the presence of viruses and other potential predators.
In zones of complete bacterial cell lysis, virus-like particles were
found. Two types of wviruses present in Methanothrix scehngenii are
described. In  addition, helical bacteria (Spirocchaetales} were
frequently observed within empty cells, even in Methangsarcina sp.
clumps. Ecological significance of these infections agents is discussed,
Keywords : Virus, Spirochaetales, infection, Methanothrix,
Methanosarcina, granuls.

Introduction

In granular methanogenic sludge, electron microscopy pointed out the
peculiar organization of wvarious different bacterial morphotypes and
revealed numercus cell debris entrapped within a matrix (Dubourguier et
al., 1985, Dolfing et =al., 1985), During studies of granular sludge
from different anaerohic digesters, numerocus- microcoleonies of empty
cell walls were often observed. Other .images suggesting cel? lysis due
to infectious agents were also, obtained., This paper reports oh the
presence of viruses and helical organisms in granulmr sludges.

. %
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Freshly sampled granules were fixed angegébically in a cacodylate
buffer {0.07 M ~ pH 7.4) containing glutaraldehyde (1.2%) and ruthenium
raed {0.05%). After washing in ruthenium red cacodylate buffer, samples
were post-fixed in the ,same buffer containing osmium tetraoxyde {1%).
Dehydration was performed in graded ethancl soluticn and inclusicn was
dene in Epon Epikote. Sections were stained with uranyl-acetate (2%) in
alcohol (50%} followed by lead citrate. Negative staining of wviral

particles was performed on carbon coated parlodion grids with 3%
agueous uranyl acetate.

Material and methods

v

Results

Granular sludges were gsamnpled from wvarious upflow industrial
angerobic filters and UASE (industrisl or laborstory) reactors. All
were operating on wastewaters from agro-industry. In respect with their
origin, the granules had a normal aeppearance without any sign of viral
infection and had a specific activity in the range 0.15-0.35 g COD
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CH /g V8S/day.

%he cverall structure of granules were similar to that previcusly
described (Dubourguier et gl., 1985, Dolfing et el., 1985). Briefly,
all granules studied were wvery complex and constituted of various
bacterial morphotypes entrapped in a heterogeneous matrix. Methanothrix
sp. cells were observed in all the sections as dispersed and non
criented, but also wounded in balls. Microcolonies of Syntrophobacter
sp. always associated with numnercus Methanobrevibacter sp. were
observed. Another typical morphotype iddentified as Syntrophomonas sp.
was also always arranged as microcclonies but associated with limited
numbers of Methancbrevibacter sp.. Methanosarcina clumps were always
present but in low numbers. In glucose/lactate/VFA-fed UASB laboratory
digesters, Propionibacteria were observed mainly localized at the
periphery of granules.

Besides eactive bacterial cells characterized by their cytoplasmic
gppearance, numerous empty cell walls were dispersed in the matrix (Fig.
1), Scmetimes, they clearly originated from microcoleonies. These
bacterial lysis might be due to cell death and lysis or to specific
infectious agents.

Careful examination of empty cell walls of filamentous bacteria
allowed identification of the lysed organisms. Regularly arranged
subunits in the sheath, spacer-plugs between empty cells were typical
of Methanothrix sp. as previously described (Beveridge et al., 1986a,
1986b, Debeire et al., 1987)., In addition, specific polyclonal
antibodies reacted in immunogold labelling with these empty cell, walls
{(Prensier et al., this book}. In these zones, numercus electron dense
particles were seen at low magnification (Fig. 2}. Higher resolution
microscopic examination allowed the identification of two types of
particles easily distinguished by their size.

Empty capsidic enveleppes, characterized by a translucent ceatral
core and complete hexagonal particles of a 100 nm-virus were often
present within bacterial ghosts together with wvery long tubular
structures of 20 nm in diameter (Fig. 3}. No peripheral appendage was
cbserved around this hexagonal virus-like particle.

Also, smaller virus-like particles were observed in Methancthrix sp.
cells in some granules &s hexagonal heads of 50 nm with a tail. This
tail apparently appeared as a sheath and fibers attached to a base-
plate. These two viruses were both frequently observed within the same
granules. They have been isolated and are currently under study
{Roustan et al., 1986). They were both lytic for Methanothrix concilii
strain GP6, now classified =as M. soehngenii (Touzel et al., 1987} and
also for M. soehngenii strains Opfikon and FE, strain GP6 being the
more sensitive.

Besides  viruses, some electron micrographs suggested bacterial
infections by other agents. A free-living helical long bacteria was
frequently observed in light microscopy and electron microscopy (Fig. 4
& 5). Its morphological appearance and its ultrastructure allowed its
claessification in the family 8Spirochaetales. In thin section, these
helical bacteria were frequently observed inside of empty bacterial
ghosts, even in  Methanogarcina cells (Fig. 6). This peculiar
localization might be due to migration of the sgpirochete after
bacterial cell death and 1ysis. But infectivity of such heldical
organisms for other genera cannct be excluded since complex nutritional
requirements including long chain fatty acids have been described for
some representative species of the Spirochaetales (Jchnsorn, 1981).
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Fig. 1. Empty cell walls within
the matrix of granular methanogenic
sludge,

Fig. 3. Tubular structures
associated with the 100 nm-virus
within an empty cell of
Methanothrix sp.
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Fig. 2. Zone of lysis of Methano-
thrix sp. with electron dense
virus-like particles.

Fig. 4. The tailed 50 nm-virus
within a ghost of Methanothrix
sp.



Fig. 5. Scanning electron micros- Fig. 6. A spirochete within an
copy {a) and thin section (b) of empty cell of Methanosarcina
free-living spirochetes in a sSp.

granule

Conclusion

In digesters, the importance and the ecological significance of
bacterial predators remained poorly documented. In sewage, manure and
sediments, many wviral isclates wmorphologically similar to the "T"
phages have been found (Bradley, 1967). Spircchaetales are present in
various habitats ranging from muds to mammalian cells (Johnson, 1981).
Thus, this work extends the occurence of these organisms.

At the present time, the infectivity of spirochetes to methanogens
remains unknown. However, many described genera have not yet been
isolated and cultivated, probably due to specific growth requirement as
described for other spirochetes. Highly bacterial c¢ell enriched
biotopes like granular sludge may. provide the adequate nutritional
envirconment. In case of Methanosarcina cells, spirochetes may be
provided with peculiar lipids or other compounds.

Viruses infecting  Archacbacteria have been recently described
(Janekovic et al., 1983, Schnabel et al,, 1982, Martin et al., 1984).
The only 1lytic phage of methanogenic bacteria was demonstrated in s
Methanobrevibacter sp. strain (Baresi & Bertani, 1984). The rcle of

‘viruses in  grenular sludge 1¢ still unclear. Possibly, infected
digesters may be still operational without any trouble as long as the
environmental parameters allow bacterial growth and sufficient turnover.
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In these conditions, detection of wviruses by conventional operating
measurements such as digestion efficiency or gas productivity would be
difficult, Evidence of wviral infection c¢ould be obtained only by
electron microscopic observations or by specific antisera against viral
proteins. Adverse conditions such as substrate limitation, pH cor
temperature shocks may induce a generalized viral infection and create
troubles in digester functioning. Luckily, such a phenomenon was not
identified until present time. However, substrate depletion have been
shown to induce 1lysis in 1lysogenic strains of Thermoproteus tenax
{Jenekovic et al., 1983). A similar process can be involved in the
viral infection observed within the granules where bacterial cells are
in substrate-limited conditions. In addition, wviral dissemination is
probably limited to the inside of granules increasing the multiple-
order infection and therefore the efficiency of the phage.

Presence of wviruses in Methanothrix sochngenii affects the coverall
morphological properties of this dominant acetoclastic methanogen, no
bundles being observed in the pure cultures. Since this bacteria forms
normally networks, fragilization and subsequent fragmentation cof the
filament may affect the granule cchesion particularly in high rate
digesters (Roustan et al., 1986},

Lastly, in such bacterial congglomerates, the viral particles and the
bacterisl ghosts remained in their original spatial location. Therefore,
informations were easily obtained on the viruses and their hosts and
thus, purification of the viruses was facilitated.
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COLONY FORMATION AND LIFE CYCLES OF ANAEROBIC BACTERIA ATTACHED TO
SURFACES

1
U. Szewzyk and B. Schink

Fakultédt fiir Biologie, Universitadt Konstanz,
Postfach 5560, D-7750 Konstanz, FRG

Indreoduction

Bacteria living in environments with high amounts of particulate
matter, like sand grains or detritus particles, must bg adapted to the
spatial hetercgenity of these environments. It is of great interest,
if and how bacteria shift from one micrcenvironment {liquid phase) to
the other {solid/liquid interface). For the understanding of this
system it is necessary to investigate all fluxes between the two
microenvironments, like deposition of cells to the surface and
detachment or release of cells from the surface. Sc far most research
was focussed on the deposition of cells from the liquid phase to a
surface. Only few informations are available about the longterm
behavior of the cells at a surface, and the reascns and mechanisms for
detachment of cells after the development of colonies or bicfilms.

In this study anaerobic bacteria, isolated from environments with
high amounts of particulate matter, such as anoxic freshwater and
marine sediments, were used to study these processes (Szewzyk und
Pfennig, 1986).

Results and discussion

The formation of microcelonies by amaerobic bacteria, beginning with
attachment of individual cells to the substratum,” as well as the
subsequent development of the microcolonies over long time perfods was
studied in a continuous flow microchambe?. Based on the observations
in the microchamber complex life cycles could be-pes™ilated for two
strains of Pelobacter acidigallici, 2 gallic acid degrading bacterium.

For P. acidigallici strain WoGal a dependencq of the dynamigs of, the
formation and mzintenznce of colonies on the substrate concentration
was found. At high substrate concentrations { >»1mM) many cells were
suspended in the liquid phase and depbsited uniformly cver the
substratum. This high deposition rate led to a homogenous, thick
biofilm and circumvented ifidividual coleny formation. By contrast, at
gallic acid concentrations below 0.1 mM only very few suspended cells
were present. Cells which attached to the surface, divided and formed
individual microcclonies, After the colenies had reached a certain
size, depending on the substrate concentration in the inflowing
medium, peripheral cells were observed which egtended radially from
the colony and showed twiching motility. After several hours the
motile cells detached and migrated into the liquid phase. These motile
swarmer cells could reattach to the surface after different time
periods and build up new colonies,

1. Present address: Lehrstuhl Mikrobiclogie I, Universitdt Tiibingen,
Auf der Morgenstelle 28, D-7400 Tiibingen, FRG
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P, acidipallici strain MaGal2 (Schink and Pfennig, 1982}, like
strain WoGal, formed homogenecus biofilms at high substrate
concentrations. By contrast, at low substrate concentraticns the
behaviour was quite different since many attached cells of strain
MaGalZ showed marked morphological differentiations. These originally
short rods formed very long filaments which expressed a swinging
movement, The filaments built up spongy colonies, Besides these
colonies always some compact colonies consisting of short rods were
observed. In the center of those coleonies motile cells were formed
after 1-2 days. These swarmer cells were released through one opening
and migrated into the liquid phase. The swarmer cells could attach
again to the surface and form colonies censisting either of long
filaments or of short rods.

For both organisms 1ife cycles could be postulated which included
the attachment of cells to a surface as well as the formation of
swarmer cells. It seems probable, that the cells of anaercbic bacteria
in liquid cultures correspond to the swarmer cells. For experiments
with this cultures one should keep in mind, that swarmer cells
represent only a part of the life cycle of the bacteria and might
differ from cells in the other parts of the life cycle. Consequently
only a part of the potential of microbial cells can he studied when
only the usual liquid culture methods are used.
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REPORT ON THE MICROBIOLOGICAL ASPECTS OF GRANULATION

0.B. Archer

AJFL.R.C. Institute of Food Research, Colngy Lane, Norwich NR4 7UA, United
Kingdom.

Introduction

The upflow anaerobic sludge blanket (UASB) process has heen successfully
applied to the treatment of wastewaters from a variety of industries. The
application of this technology continues to expand and its widespread use
has not been dependent on understanding the microbiolegy of the process.
Nonetheless, there remain certain limitations to the technology. For
example, granular anaerobic siudge does not form with some wastewaters,
problems have been encountered in the transition from one wastewater to
anotner and toxic compounds in waste streams can be inhibitory. Seeding
new UASB reactors with granular sludge developed on a wastewater similar
to that requiring treatment may overcome some of the problems associated
with granulation from a non-granular inoculum, However, unsuspected
differences in the wastewaters can lead to destabilisation of the
granular sludge inoculum, Empirical rules for optimising granulation
have been formulated by Gatze Lettinga and his collaborators but & more
rational approach based on improved understanding of granulation at the
microbial level gught to offer better controi. The operation of
wastewater treatment systems must bDe reliable and, preferably, simple.
In order to exert effective control and overcome some of the present
limitations of the UASB process it will be necassary to develop control
strategies based on the microbiclogy of granulation.

Investigations into the microbioiogy of non-granular methanogenic
communities are technically simpler and, consequently, research into
granules has hitherto received less attention. Research effort into the
microbiology of granules is now increasing and eight speakers presented
results at the Workshop, In addition, several authors presented results
in posters., Some of thneir work is discussed below under the following
headings:

Development of granules
Microbfal structure of granules
Metabolism within granules

Development of granules

Papers were presented dealing with UASB granules and the flocs which are
produced in anaerobic gas 1ift (AGL) reactors. True granules contain
ingrganic material and, because wastewaters generally contain inorganic
particulate matter, the initial events in granulation appear to involve
attachment of cells to surfaces. Granulation is, however, undoubtedly a
camplex process which will include individually recognisable steps such
a§ attachment to inert material, elaboration of structures which secure
the granular integrity and floc formation, The microorganisms within a
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granule grow (with repercussions on intra-granular structure}, granules
fragment and will be subject to changes in microbial content enforced by
alterations in wastewater composition.

Studies of floc formation in AGL reactors were reported by Mulder,
Zoutberg and, under Technological Aspects, by Beeftink. This reactor
design clearly gives a rapid accumulation of flocculant biomass which can
reach very high densities, The system is amenable to study the factors
which are important in floc formation and the effects of flo¢c formation
on metabolism. The events involved in floc formation in AGL reactors are,
however, probabkly not identical to the initfal stages of granulation
where attachment of cells to inarganic matter s probably most
significant.

Systems are being cdeveloped to facilitate study of the initial events in
granulation and were discussed by Schink, Dubourguier, Grotenhuis,
Kissel, Prensier and Gorris. Factors under investigation include the
microbial species of particular importance, the nature of the inorganic
materiat, granule-inducing substrates and the operating conditions of the
reactors (discussed under Technological Aspects). There is considerable
overlap 1in this work with studies of biofilm formation and there is a
substantial relevant literature on attachment of cells to surfaces. In
wastewater treatment, studies will need to focus on the types of
inorganic material present in a ¢given waste, the major organic components
and the most significant species involved in initial attachment. There
is unlikely to be one set of rules for optimising granulation in the
treatment of all wastewaters, MNonetheless, factors may well emerge which
can be exploited in the controi of granulation., Methods were presented in
the Worksheop for probimg the inorganic content of developing granules,
for labelling particular species and for enabling the activities of
individual trophic groups to be estimated - all techniques which are
necessary in the investigation of granulation.

No conclusions were reached on the nature or role of extracellular
polymers which may stabilise developing granules. “The level of
extracellular polysaccharide was, found tor be only 1-2% (by weig#t) in
granules (Dubourguier) 1in contrast to approximagely 30% in flocs of
Clostridium acetobutylicum {(Zoutberg). The role of other polymers actigg

as non-specific 'glue', or specific interactions between microbial
species, remains to be Investigated al;hoqghjﬁome jnitial studies of
avents in floc formation were presented-by qudgr.

Selection for closely associating mutualistic cocultures may occur
because of their metaboljc advantage over freely suspended, and therefore
physically more distant, cocultures. This phenomenon, which is discussed
more fully below, could provide a natural mechanism for favouring
granulation of mutualistic cocultures. Selection on this basis would be
more pronounced in the degradation of the energetically least favourable
sustrates (e.g. propionate) and is a mechanism of granulation deserving
detailed investigation. Positive selectiomr for granulation by washing
out freely suspended cellis was discussed in the Technological Aspects of
the Workshop.

Microbial structure of granules

Study of the microvial composition of granules has been made possible by
improvements in the methods for preservation of the granular structure
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far electron microscopy and in the ability ta label particular species of
bacteria. Papers were presented by Dubourquier and Prensier describing
the electron microscopy of thin sections of granules and immuno-gold
lanelling of bacteria. The types of bacteria recognised are limited by
the range of available antisera but they were able to recognise species
of particular interest: acetotrophic and hydrogenotrophic methanogens,
Syntrophobacter and Syntrophomonas.

Microcolonies were - detected within the granules examined; e.g.
microcolonies responsible for propionate degradation by mutualistic
associations of Syntrophobacter and Methanobrevihacter. Syntrophomonas
was aliso detected 1n microcolonies either seemingly unassociated or 1in
association with Methanobrevibacter or Methanospirillum. Although
Syntrophgbacter wolinit was aoariginally 1isalated in coculture with

Methanospirillum hungatei (Boone & B8ryant, 1980) it was later predicted
that a Methancbrevibacter sp, might be a more favoured partner (Archer §
Powell, 1985). In the propionate-degrading enrichments described by
Grotenhuis and Houwen the major hydrogenotropnic methanogen was
Methanobrevibacter arboriphilus.

The average ratio of the number of hydrogenotrophic methanogens to the
number of Syntrophobacter in microcolonies within granules from an
industrial digester was reported by Dubourguier to be 2.3. In contrast,
the equivalent ratio of methanogens to Syntrophomonas was 0.5. According
to the model of Powell [1985) such ratios are characteristic of the
particular cocultures and determined by the relative growth and pfroduct
yields of member species. That the ratio with Syntrophobacter is nigher
than that with Syntrophomonas is qualitatively in accord with the
prediction of the model and it is to be noped that continued madelling
and experimentation will 1lead to tne formulation of predictive
quantitative models of mutualistic interactions and, indeed, granulation.

The average distance measured hetween Syntrophobacter and
Methanoprevibacter was less than 100nm. If, as predicted from
conventional thermodynamic considerations, a_dconcentrqgion of hydrogen
equivalent to a partfal pressure between 10 and 10 atmaspheres is
required for propionate degradation, an average of less than one molecule
of dissolved hydrogen will be present in the volume between the two
muytualistic partners, Serious doubts must then be raised about the
validity of applying conventional gas laws and chemical Kkinetics to the
mutualistic interaction and it must de concluded that much less is
known, than was previously thought, about mutualism, Certainly, much of
the hydrogen flux may not be available for measurement (Conrad et al.,
1985). Hydrogen flux and properties of the mutualistic partners at the
enzymic level then become overidingly significant, supperting the case
for more fundamental biochemical studies. A potential relationship
hetween the efficiency of propionate degradation and the average distance
between the mutualistic partners was discussed by Schink and deserves
further investigation.

Lytic phage were detected by Prensier in microcolonies of Methanothrix in
granules. It is too early to predict any technological consequences of
lytic phage although it was the view of Zehnder that the fmplications
could pe serious if artificially-constructed populations of bacteria,
rather than the possibly more reobust natural populations, were employed
in wastewater treatment.
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Metabolism within granules

Methods for measurement of activities of individual trophic groups were
discussed by Dubourquier. There is a need for development of simple and
reliable activity tests which are economical on labour. As discussed by
Schink there is potentiai for anderobic degradation of a wide range of
organic compounds and the degradation of propionate, because of its
importance in anaeropic digastion (Gujer & Zehnder, 1983), was discussed
in detail by Schink and Houwen., The bulk of the data concerning
degradative mechanisms has, however, been obtained 1in non-granular
systems and the potential for novel routes in granules has not yet been
seriously addressed. Refinement of methods for investigating metabolism
within granules will be required. More fundamental studies are needed
for measurement of specific activities, specific growth rates, growth
yields and saturation constants (and, indeed, the meaning of saturation
canstants for mutualistic cocultures must be assessed). Such information
is required in the formulation of deterministic models, Methods must be
developed for identification and quantification of species (e.g. using
serological probes) and probes developed for the measurement of
metaboiite fluxes within granules. Not all the necessary toaols for
investigating metabolism within granules are available but it 15 not
satisfactory to make predictions from knowledge of non-granuiar
systems.

Summary

- Although the UASB process 1is already a techneological  success

microbiclogical studies of granulation can be expected to be exploited in
the wider application and control of the process. Further description of
the microbiology of granules, e.g. in terms of species present, is
required but as methods develop it will become more realistic to
investigate organisation and interactions between species within
granules. The organisational structure within granules may necessitate a
reevaluation of prasent views on degradative -mechanisms and metabalic
interactions between mutualistic organisms. Direct measurefient of the
flux of metabolites between organisms 7s necessary and fundantental
studies of enzymes involved in hydrogen evolyticon @md utilisation should
be encouraged., Initiation and stabilisation of granules is an importdagt
area for future research effort, The role of inorganic material and cell
attachment must be <clearly .established. . -.Jhe phys1c§1 basis of
interactions between arganisms, . which . might include specific
recognition sites on some species; also requires investigation. The
information obtained must then be assessed and the means by which it can
be exploited in the control of the UASB process determined, We must not
lose sight, however, of the need for a reliable, but preferably simple,
wastewater treatment process,
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IMMOBILIZATION OF ANAEROBIC BIOMASS
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Summgg

This paper reviews the applied aspects of startup of anaerobic fixed
film processes., This includes envirommental and process conditions, in-
ocula, support surface, support surface conditioning, and external
factors,

Keywords: methane fermentation, anaeroblc digestion, biofilms, fixed
films, wastewater treatment,

Introduction

T

A reasonable working hypothesis for the interactions between microcr-
ganisms and surfaces according to Atkinson & Davies {(1972) suggests that
any surface in contact with a nutrient medium which contains suspended
micrcoorganisms will in time become biologically active due to the adhesion
of microorganisms. Sanitary Engineers have long made use of thiz
principle for treating wastewater in fixed film reactors. As early as
1865 Dr, Alexander Mueller demonsirated that sewage could be purified by
living organisms in a filtration golumn (Peters & Alleman, 1982).

There exists a large basis of scientific literature on the mechanisms
of microbial attachment onto surfaces (Ho, 1986; Fletcher, 1687). 1In ad-
dition, the immobilization of specific whole cells to carriers is a well
developed commercial process (Crueger & Crueger, 1984), For example the
production of fructose from glucose is carried out using gluteraldehyde to
cross—-link cell suspensions of B. coagulans. However such technology is
considered to be too expensive for most wastewater treatment applications,
especially in light of the fact that bacteria will form bicfilms and floc-
culant pellets or granules, given time.

Most of the applied research which has taken place in the area of
bvacterial attachment has involved biofilm fouling and its prevention;
places where bicfilms cause more harm than good (i.e. heat exchangers,
ship hulls, pathogenicity on tissues, teeth). Relatively little informa-
tion exists for these mechanisms under anaercbic {Wastewater treatment)
conditions., There has been a resurgance of interest in anaerobic
processes in the recent past, primarily related to the new generation of
fixed-film processes (Speece, 1983; Switzenbaum, 1983). The status of ocur
understanding of atarting-up anaerobie Cixed film reactors, however,
remains experimental (empirical) rather than scientific (rational) as has
been noted (Salkincja-Salcnen ef ai.,1983). 1In this paper the authecrs
will review the applied aspects of start up of anaerobic¢ fixed film reac-
tors {mainly filters and expanded/fluidized beds) including some data
based on their experiences., We shall deal mainly with the establishment
of mature biofilms, which are necessary for wastewater treatment. The
theoretical aspects of bacterial attachment will be covered in other
papers of this conference, as will UASB reactor startup.

Fundamental Concepts




As was stated previously, there exits a large amount of scientific
literature on the mechanisms of microbial attachment onto surfaces. This
literature covers many disciplines including medicine, dental seience, and
marine science as well as environmentzl science and engineering. As this
paper stresses the applied aspects of anaerocobic fixed film reactor star-
tup, this section will omly highlight some fundamental information,

The Pattern of Biofilm Development

The development of biofilms has been reviewed by several authors(
Characklis, 1982; Ellwcod, 1979; Savage & Fletcher, 1985). Numerous
processes are invelved in the development of a mature bicfilm on a support
surface. These processes have been postulated fo cccur sequentially by
Trulear & Characklis (1982):

1. Transport and adsorpticn of organic molecules £0 the surface

2. Transpcrt of microbial cells to the surface

3. Microorganism attachment to the surface

4, Miecrobial transformations {growth and exopolymer production) at

the surface resulting in the production of biofilm, and

5. Partial detachment of biocfilm, at a rate approximately equal to

growth and additional attachement (steady state).
The First three processes listed above occur relatively quickly (hours).
Unfortunately in anaercbic systems the fourth process, growth, occurs
rather slowly,

Practically speaking, biofilm formation can be reduced to two key
steps: 1) attachemnat of the microbes to the surface, and 2) the sub-
sequent growth of the attached biota to a mature film,

Microorganisms are transported tc the surface elther by turbulent
flow conditions, diffusion, or chemotaxis . COnce in close proximity to
the surface, the organism will experience a net attractlve force at a par-
ticular distance due to forces thecrized in the VODL theory. The
attractive force will tend to hold the organism close to the surface. In
this locatlion, the organism can then use its smaller diameter appendages,
pili, flagella, fibriae, and most likely_fhe glycocalyx pelymers, to 'stick
to the surface, Bacteria that have attached successfagly, produce addi-
tional exopclymers to strengthen thelr attachment and reprcduce causing
the bilofilm to grow. In time a mature or steady-state biofilm is formed
where the amount of biofilm lost is equal tg thé amount produdkd. The at-
tachment of additional bacteria is mest Likely pegllgible by this point in
time. .

There are a number of causes for biofilm detachment: shear stress,
nutrient or oxygen (in the jgase of aBPOblC aystems) depletion, cell death
or mechanical abrasion,

da

Factors Affeeting Biofilm Development

The attachment of microorganisms to a solid surface is a complex
process and is influenced by many factors including those of the organism,
support surface, and surrounding environment., Daniels (1980) listed the
significant parameters affecting the adscrption of mig¢roorganisms to solid
surfaces, as ls shown in Table 1. Several of these parameters have been
investigated for anaerobic systems and will be discussed in the next part
of this paper.

116



Table 1,

Parameters Affecting the Adscorption of Microoganisms to Scolid
Surfaces. ({after Daniels, 1980)

Character of microorganism

a) Species

b) Culture Medium

¢) Culture Age

d) Concentration

Character of -adsorbent

a) Type

b) Ionie Form (ion exchange resin)
c) Partiecle Size

d) Cross-linkage (ion exchange resin)
e} Conecentration

Character of the environment

a) Hydrogen lon Concentration

b) Inorganic Salt Concentration

¢) Organic Compounds

d) Agication

e} Time of Contact

f) Temperature
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Applied A§EEEE§

Methods for the Reduetion of Anacrobic Fixed Film Reactor Startup and thne
Enhancement of Anasrobic Microbial Attachment.

It has previously been discussed that the startup of anacrobic
fixed film reactors may reguire a leong and unpredictable period of time
{8alkinoja-Salonen et al., 1983). In the recent past much resesarch has
been carried out to investigate various strategies to reduce anaercbic
fixed film reactor startup time. These may be categorized into two broad
areas (which are not mutually exclusive}: 1) those means which optimize
anaerchbic growth and biofilm development through envirommental controls
(i.e., organic loading and inoculum, substrate and nutriticnal enrichment,
temperature, and pH controls) and 2) those means which enhance anaerobic
attachment and growth through process controls {i.e,, support media varia-
ticn and support media preccating). Some of these strdtegies are
discussed below.

Anaerobic Environmental Control,

From the point of view of energy metabolism, cptimum environmental
conditions should be maintzined in crder to achlieve rapid attachment and
development of a stable, mature biofilm in anaerobic fixed film reactors.
Recent advances in the fundamental aspects of mefhane fermentation
processes (i.e. nutrition, toxics, ete.) have helped to better define ap-
propriate startup and operating conditions, Examples include the
importance of trace metals such as iron, nickel, ccbalt, and the influence
of sulfides (Barford, 1987).

In terms of optimum conditions, the temperature during the startup
period should be kKept constant. A temperature of 35 degrees C i3 ap-
proximately where maximum growth rates for mesophilic systems occur, but
it is not always attainable or practical for full scale systems. The pH
of the reactor medium should be maintazined as clese to neutrality as pos-
sible, The latter may require the addition of alkalinity to pnéveng
significant pH depression due to the ovar praduction of volatile organic
aclds by the acid-forming bacteria. Should a particwhar waste be defi-
cient in the nutrients required for anaerobic growth, it may be necessaryy
to supplement the waste stream with those whloh are deficient., For ex-
ample, Kelly and Switzenbaum (1984) were not atfle o establish a mature
blofilm in an anaerobic¢ Fluidized bed reaetor tregting whey until Nl, Co,
and Fe salts were added to the feed. Although our knowledge of nutritional
requirements of methanogens is now better defined (Barford, 1987) it is
still incomplete,

Several metheds to reduce startup tlmes for anaerchbic fixed film
reactors through environmental means have been reported. 1Initial use of
low organic reactor loading rates with gradual increases to the operating
reactor loading was cited as beneficial for start-up (Bull et al., 1983;
De Zeeuw et al,, 1982; and Kornegay, 197%). Quite 1likely this strategy
maintained velatile acid production at a minimdm and prevented pH depres-
sion even for poorly buffered systems. Others researchers have started
vith synthetic feeds and gradually replaced them with the waste to be
treated (Dennis & Jennett, 1974; Lovan & Foree, 1971). Bull st al.
{1983), Stephenson and Lester (1986), and Tait and Friedman (79807 reduced
startup time by using methanol as initial substrate (then gradually
changed to the influent to be treated)., This strategy most likely selects
for the growth of methanol utillzing methanogens , which may grow faster
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than acetate utilizers. However It is not clear that these organisms
remain after the actual wastes te be treated is intrecduced to the reactor

Kennedy and Droste (1984) reported that methanogenic activity
decreased with higher crganic loading rates during the startup period
Whether this is a temporary or permanent phenomenon is not certain,

Seeding of the reactor volume with a rich inoculum of active solids
from a working reactor treating a similar waste is highly desirable when
available. Such an incculum offers the advantage of acc¢limation to com—
ponents of the waste being treated and alsc fo any toxie or inhibitory
compounds which may be present,

Ancther aspect of seeding is the propensity of organisms for at-
tachment. This is a relatively unknown area of research. Work with
aerobic bacteria clearly indicates that some organisms have a greater ten-
dency for attaching than others. Isa el al, (1986) studied the influence
of sulfate reduction in anaeroblic reactors and found that methane produc-
ing bacteria (MPB) were able to colonlze and adhere to polyurethane
carriers better than suifate reducing bacteria (SERB). Thus the MPB were
able to cutcompete the Faster growing SRB by thelr propensity for attach-
ment. This may be an important observation and reserach along these lines
should be enecouraged,

Experience has shown that during the sztartup, especially with unac-—
climated seeds (which is usually the case) the ratio of feed to seed

{biomass density kept over 20 kg VSS/mB), and the organic lcading rate
should be kept low {food to microcrganism ratio kept less than 0.1 kg
COD/kg VSS « d) (Henze & Harremoes, 1983; Salkinoja-Salonen et al., 1983)
(where V38S = volatile suspended sclids). Salkinoja-Saleonen et al. (1983)
auggest a seed inoculum of 20-50 percent of the reactor volume Lo speed
the startup period. Henze and Harremoes (1583} concluded that organic
loading rates should be increased by 50 percent per week to design operat-
ing levels on each observation of increased gas production.

More recent experimentation by Shapiro and Switzenbaum (1984a,1984b)
investigated the effects of organic space loading {that is mass of organic
material applied per volume of reactor) of the reactor bulk liquid and
reactor SRT onh anaeroblc biofilm development. Contrary to earlier re-
search, Shapiro's results indicated that anaerobic biofilm {measured as
COD) accumulation increased with increased organic space loading (In a
well buffered system). These results are shown in Figures 1a and 1b.
Biofilm accumulation rates were alsc strongly influenced by the VSS con-
centration of the bulk liquid. This data is shown in Figure 2. The
design of this experiment does not allow cne to separtate organic loading
rate and bulk liquid VSS concentration. In addition, the higher substrate
concentrations cause as increase in the growth rate of the organisms
allready attached, However, this suggests that a reduction of startup
time in anaeroblc¢ fixed film reactors might be achieved by malntaining a
high organic space loading. High organic space lcading provides a large
V33 concentration in the bulk liquid during the start—up pericd and in
general it has been shcown that an increase in organism concentration
reaults in an increase in the number ¢f bacteria attaching to a surface
(Fletcher,1977; Bryers & Characklis, 1981},

The physiclogical state of the organisms as well as their actual num-
ber may affect startup time. Data from several aeroblec studies imply that
log phase organisms attach faster than staticnary phase organisms which
attach faster than death phase organisms (Fletcher, 1977; Marshall et al.,
1971). Loosdrecht et al. (1987) observed that cell surface characteris-
tics determining adhesion are influenced by growth conditicns, They noted
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that bacteria become more hydrophobic during the expenential phase of
growth,

A carefully controlled study by Robins and Switzenbaum (1987) found
no significant difference In initial anaerobic bacterial counts on a glass
slide surface between § and 20 day SRT inoccula (Figures 3 and 4). Similar
bacterial numbers and patterns have been repcrted by Verrier and Albagnac
(1985). The data of Robins and Switzenbaum (1987) confirm that initial
organism attachment can occur in a relatively short time, Therefore the
slow accumulation of anaerobic biofilms which have been reported are most
likely due to the slow growth rates of the methanogens,

The role of recirculation may be important as it relates to organic
leoading, V88, volatile acid accumulaticn, and pH depression, However,
Duff and Kennedy (1983) reported that recirculation ratio did not affect
the startup period, although higher loading rates could be used at higher
rates of effluent recyecle,

Support Media Variatlon

The propensity of microorganisms to attach to solid surfaces may
vary significantly depending on the type of material used. For this
reason, the use of a material to which methanogenic and anaerobic bacteria
have a high affinity for adsorption may prove favorable for the construc-
ticn of fixed film reactors by significantly reducing the startup perliod,
The c¢ost and durability of the material however also needs Lo be con-
sidered.

Since the late 1940's, researchers have attempted to accurately quan-—
tify the effects of various support materials on biological attachment.
Weiss and Blumenscon (1967) were the first to introduce the concepts of
wetability, contact angle, and critical surface tension to the field of
bioadhesion , Critical surface tension is defined as the intercept of the
extrapclated atraight line plot (Figure 5 and 6) of cosine @ versus the
vapor/liquid surface tension., It is a characteristic of a solid surface
which gives the maximum surface tension of a liquid that wiil spon-
tanecusly apread on the solid surface. Critical surface tension provides
information on the nature of the solid itself, since it is a characteris-
tic of the solid only. It is used as a means of empirically ranking
30lids by their relative surface energies.

The critical surface tensicn of a material 1s believed to play an im-
portant role on the adsorption of molecular organic films during the first
atage of the attachment process (Baier, 1980; Dexter, 1579; Pringle &
Fletcher, 1983). The adsorption of a molecular organic film happens
nearly instantanecusly and the layer which is created has been termed the
"eonditioning film" (Dexter,1979), It has been suggested that the role of
the conditicning film is to make the surface more suitable for biological
attachment, thus enccuraging primary biofilm formation (Corps, 1970;
Dexter, 1979; Marshall, 1972). A dependence of primary biofilm formation
rate on the origlinal surface properties of & material has been
demonstrated by others (Baier,1980; Dexter,1976).

Values of critical surface tenslon are commonly expressed in terms of
dynes per centimeter. Typical values range from 18 dynes/cm for a
hydrophobic material such as polytetrafluorocthylene (teflon), to Ub
dynes/om for glass which is considered hydrophilic (Dexter, 1879). Goupil
et al. (1973} found that relatively strong adhesion and biofilm growth was
"exhibited by both very low and high critical surface tension support
media, and that minimal bioadhesion was noted in a zone of intermediate
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Figure 5. Schematic diagram of a finite contact angle formed by a sesile
drop resting on a solid surface (after Weiss and Blumenscon, 1967).
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Jigure 6. Wettability of polytetraflurcethylene by the n-alkanes (after
Weiss and Blumenson, 1967).

123




eritical surface tensions, from 20-30 dyn/cm . This work was later con-
firmed by Dexter (1976), who examined the effects of material critical
surface tension on marine bacterial attachment in lower Delaware Bay
{(Figure 7).

In regards to anaercbic biefilm attachment, several studies have been
done to investigate the effects of support media variation on biofilm
development. Marchand and Le Duy (1983) investigated the effect of
ceramic and stainless steel packings on the start-up and steady-state per-
formance of anaerobic downflow packed column reactors. They concluded
that the type of material used had no effect on the steady-state perfor-
mance of the reactor, but that a reduction of the start-up period could be
expacted by using stainless steel support media. Switzenbaum et al,
(1985) and Scheuer and Switzenbaum (1985) found stainless steel and
teflon media to be superior to PVC and aluminum in terms of initial ac-
cunmulation of anaerobic biofilms, The teflon has a high critical surface
tension, while stainless steel has a low value, This_is in agreement with
Dexter (1976) {(see Figure 8).

Wilkie et al. (1984) observed that the type of support media used in
an anaerobic filter can dramatically reduce start-up time. Clay media was
found 1o start-up best and was found to be superiocr to coral, mussel shell
or plastic., One possible reason for the clay was sald to be the tendency
of the clay to leach minerais, nutrient or both, The authors reported
that other media related factors which merit consideration include par-—
ticle size and shape, arrangement and dimensions of the internal media
pores, and the packing arrangement of individual matrix pieces within the
filter bed.

Kennedy and Droste (1985) examined five different support media and
found that needle punched polyester (NPP) and red drain tile clay were the
beat biofilm support materials for the anaercobic dewnflow stationary fixed
film (DSFF) reactor, They observed that materials with roughened surfaces
gave the best startup and that performance appeared to be a function of
the ease at which bacteria became entrapped and attached., They also noted
that (similar to Wilkie ot al. (1984)) in the case of the clay, leaching
of materials cut of the olay may be a”"factor. They also observed that
startup with high surface area to volume ratic material requirpgd a longer
period of time, and rates of biofilm acoumulation were faster for lower
strength wastes. :

Similar experiences in regard to'the advantages of porous and rough
surfaces have been reported. Oakley et al. (1985a,1985b) found
microporous Keiselguhr particles to be superiqr to sand in tgrms of in—
itial piofilm accumulation in an anaerob}c expanded bed trea ing a high
strength waste. The porous and rough surfaceallowed organisms tc be
entrapped and protected those which adheré to the surface, The authors
noted two problems: floating and destruction of the Keiselguhr particles.
Jeris et al. (1985)-found#a significantly faster start up with activated
carbon particles, which are porous, rather than sand media in anaerobic
fluidized bed reactors treating primary sewage effluent,

Poels et al. (1984) found polyurethane foam sponges, & highly porous
materlal, able to colonize methancgenic cultures in a completely mixed
reactor treating piggery manure. Huysman et al. (1983} compared the
colonization of porous and nonporous packing materials. From their
results it appeared that the most important factors for rapid colonization
were gurface roughness for non-porous materials while for porous materials
the size of the pores and the degree of porodity had the greatest in-
fluence,

- One must remember, however, that all of the environmental and operat-
ing factors act together and can influence one another. For instance,
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there appears to be interaction between surfaces and reactor hydraulics.
DeVocht et al. {1983) observed that different mechanistic influences
selected for different methanogenic assoclations. Methanogenic rods were
found dominating a sedimentation type system (granules), while
methancgenic cocci dominated in an adhesion type system (fixed film).
Switzenbaum's (19806) elsctron microscopy study comparing biofilm develop-
ment in three reactor types found relatively meore sarcina in the high
shear anaerobic fluidized bed than the low shear anaercbic filter and
anaerobic upflow sludge blankeb reactor. TIn the latter two reactors, rod
type crganisms were more numerous than sarcina.

In general then, in terms of initial biofilm development, rough sur-
face nenporcus materials and porous materials are preferred. For the
porous materials, the size of the pores and the degree of porosity are
most important. Of course, the cholice of support surface must also con-
sider cost and durability of materials. "

Support Media Preccating

Support media precoating is a novel, although ncot necessarily new,
process control for ennancing miercobial attachment in fixed film reactors,
There has been no literature to date dealing with the subject of support
media precoating in anaercbic processes, however several regsearchers have
investigated this technique in aerobic systems (Corpe,1970; LaMotta &
Hickey, 1982). It has been suggested that support media precoating may
prove favorable In reducing anasrobic fixed film reactor start-up (Henze &
Harremoes,1983; LaMotita & Hickey,1980).

As stated previously, the second phase ¢f the attachment process is
characterized by the production of extracellular polysaccarides by the ad-
sorbed bacteria. Ccorpe (1970), in his work with marine bacteria, was able
to isolate and purify these polysaccharides, He smeared some of the
recovered pclymer on glass slides and allowed them to air dry. After
three days he submerged them along with clear slides into both natural and
artificial seawater. In both cases the presence™of polymer s%gnificantly
enhanced attachment.,

Torteson and Corpe (1975) repeated™the "same experiment for algai
cells . The polymer of the marine pseudomonad caus@®® algal attachment,

If the polymer was added to a suspended culture of algae, it caused the @
cells to clump or aggregase. P

Since it is apparent that attachment is conwrolled to a falrly large
extent by surface properties of the suppert media, it follows that the
surface properties of the substratum surfdce may be altered via the ap-
plication of a surface modifier such as chemical polymer, Because of the
many adscrptive sites, po¥ymers are viftually insensitive to variations on
localized surface conditions. Polymers may extend adsorpticn sites out
varicus distances from the substratum, thereby increasing the chance for
bacterial attachment.

La Motta and Hickey (1982) investigated the effect of support surface
precoating (with various water and wastewater treatment polymers) on the
attachment of aerobic mixed and nitrifying bacterlal cultures treating
domestlc wastewater. Precoating the support surfaces with synthetiec cat-
icnic polymers was found to significantly enhance the initial biofilm
accumulation, In the case of nitrifying bacteria, no nitrification was
observed during s8ix days in the control chamber, while a low level of
nitrification could be observed as early as one day in the precoated cham-
ber. Switzenbaum et ai. {1985} investigated the effect of six different
polymers for precoatlng surface to reduce anaerobic reactor start up.
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However, the various polymers tested did not appear to enhance the rate of
initial biofilm accumulation.

Besides precoating support media with natural and synthetic polymers,
preccating support media with acrobic or denitrifying biofilms may promote
faster anaerobic biofilm attachment. This fechnique may in fact be
preferable because of the possible toxic effect of synthetic polymers on
anaerobic growth, It may also be difficult to keep water soluble polymers
from dissolving into the bulk liquid after the support surface has been
subjected to the anaerobic sluriy, Since aerobic and denitrifying bac-
teria metabolize much faster than anaercbes, they can quickly produce a
matrix of polymers which anaerobes may adhere to during the startup
process. Aerobic and denitrifying fluidized beds have been reported o
develop makture bicofilms within days (Jeris et al. 1977).

finacrobic fixed film processes are amenable to preccating with
denitrifying biofilms. Once treatment begins it is relatively easy to add
nitrate salt and inoculum to the reactor. After a few days of operation
in this denitrifying mode, the procedure can be halted and the reactor
seaded with anacrobice culture,

This concept wuas Lested (Scheuer & Switzenbaum,1685; Switzenbaum et
al.1985) in lab scals batch fixed films reactors, but was not found to
Hglp enhance mebthanogenic biofilm development. However, Owens et al.,
(1980} found this strategy to be sucessful in starting up a full scale
anaerchbic fluidized bed treating a softdrink bottling wastewater, This
was of course not a static reactor, but a continucus flow system with more
shear. 4

Fxternal Factors

Much of the research on anaerchie reactor startup has been done on
lab scale and pilot scale reactors as well as test tube experiments, Very
little information is available on full scale startup. While the basic
information learned from the lab and pilot studies is useful, care must be
taken in using this knowledge for full scale systems,.

Barford {1987) pointed out that it is somewhat difficult to gereral-
ize with respect to startup and stability of anaerobic digestion since a
large number of external factor contribute to the Final design of a reac-
tor and its likelihood te result in a stable startup and operation,
Lettinga et al., (1983) characterized some of these external factors such
as characteristies of the wastewater, local factors, environmental
restrictions, ete. Barford (1987) alsc noted sucessful startup and opera-
ticn are integrated in overall reactor development including waste
evaluation, labcratory and/or pllot scale assessment, and advanced en-
gineering design (including a high level of instrumentation). Factors
such as flow distribution, material characteristics and size, and waste
strength, composition and variablility will cbviously influence startup.

Summary and Conclusion

Much progress has been made in the basic micrbiology and biochemistry
of the anaerobic methane fermentation process over the recent past. This
has helped practitioners to better startup of these reactor by allowing
them to establish better environmental conditions. However, our knowledge
of startup remains more empirical (experimental)} than rational.

' While there are different suppert surfaces and varicus loading, in-
ocula and environmental strategies which may allcw faster film
development, the same feature that is one of the major attactive features
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of methanageniec systems, the slow growth rate of the methanogenic or-
ganisms (which results in low cellular yields) will usually control and
imit rapld startup, WNonetheless, when startup is done carefully, with a
good inoculum, with proper envircnmental conditions, and as part of an in-
tegrated strategy of waste evaluation, labcratory and/cr pilet scale
agssessment and good engineering design, it should not be a major problem.
Startup should not be an obstacle to further implementation of anaerobic
waste treatment technolgy. When cone thinks of a typical 20 year life
cycle for a facility, startup even if it takes 3-4 months (s not a long
time,
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GRANULAR SLUDGE IN UASB REACTORS
Willem de Zeeuw

AVEBE, P.0. Box 15, 9640 AA Veendan

Summary

In 1971 the first lLaboratory UASB reactors were built and operated at the
Agricultural University of Wageningen. In this paper a brief history is
presented of the UASB concept with special emphasis on sludge
granulation.

Different types of granular sludge occur in the laboratery and to a
lesser degree in practice,

The development of each type of granular sludge can be explalned on the
basis of seed sludge selection and sludge bed erodion and expansion,
resulting in differences in selection pressure and mean sludge residence
time.

More or less spherical pellets showing an inert carreier particle and
mainly consisting of filamentous, Methanothrix Ilike bacteria  will
preferentially develop when a relatively short sludge residence time, due
to severe wash-out of sludge, does not allow for purely bacterial
aggregates to grow out to a sufficient magnitude to settle and remain in
the reactor.

Spherical . granules without a carrier particle occcur in two formes. One
mainly consists of Methancsarcina like bacteria and develops when the
acetate concentraticn in the reactor is maintained on a high level for a
prolonged period of time. The other form mainly contains Methanothrix
like single cells or short chains,

The development of these Methanothrix granules, which are in fact the
most abundant type in full scale UASB veactors, is subject to some
controversy.

Based on laboratory observations it 1is believed, that Methanothrix,
having a lower Ks value for acetate, colonizes the cayities of
Methanosarcina c¢lumps, eventually rasultiqg in the loss of the guter
layer of Methanosarcina,

Another explanation can be found in aging of Methano®rix pellets, during
which the loose spapghetti like structure fllls up Wlth more bacteria to%
yield a compact Methanothrix granule i B N ¢ .
Keywords: UASB reactor, granular sludge, start—up & .

: '_9 ¥

History of the UASB process

In 1971 the first- labodatory Upflo%. Anaerobic Sludge Blanket (UASB}
reactors were built and operated at the Acricultural University of
Wageningen. This process resembles upflow sludge blanket processes such
as the reversed-flow modified Dorr'Oliver Clarigester described in the
literature {Cillie et al. 1969, Pretorius 1971), except that in the UASB
process sludge recirculation and mechanical agitation are omitted and
that the reactor is equipped in the upper part with a proper system for
gas—solids separation.

The UASB concept aimed at treating low and medium strength wastewater at
high volumetric loading rates and thus at short hydraulic retention
times. S5ludge retention therefore is of paramount importance.

The first laboratory UASB reactors were operated with well settling
flocculent sludge (approximately 15 kgV35/m®} treating sugar beet sap
solutions at volumetric loading rates barely reaching 10 kgCOD/(m’.d)
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{(Lettinga et al. 1980).

It came as a very pleasant surprise that during scale up experiments at
the CSM sugar Factory in 1974-1976 granular sludge developed in a & m’
pilot plant seeded initially with digested sewage sludge. The superior
settling characteristics of the sludge granules allowed for much higher
sludge concentraticons and consequently much higher loading rates, =.g. 30
kgCOD/(m’.d) with sugar beet factery wastewater. The implementaticn from
1677 onward of anagrobic wastewater treatment in the sugar industry using
the UASH process was very successful.

Later the development of granular sludge from digested sewage sludge was
also observed in treating other types of wastewater (Versprilie 1978, van
der Vlugt 1980, van Bellegem 1980). Similar sludge granules were reported
to cccur in the interstices of highly loaded anaerobic filters (Young and
Dahab 1983).

In the meantime research efforts had broadened to include the Technical
University of Delft, the Wniversity of Amsterdam, as well as some
research institutes {(e.g. IBVL, NIKO). The start-up of UASB reactors with
special emphasis con the sludge granulation process {including the
microbiclogical aspects) was studied at the Wageningen University (de
Zeeuw 1984, Hulshoff Pol et al. 1983, Dolfing 1987). The Delft group
specialized in the modelling of 1liquid flows 1in the different reactor
sections (van der Meer 1979, van den Heuvel and Zoetemeyer 1682). In
Amsterdam emphasis was placed on the anaerobic acidification process
producing acidifying granular sludge (Zoetemeyer 1982) and the two step
treatment of carbohydrate solutions (Cohen 1982). .

Tahle 1. Early research in pilot scale UASR reactors using granular
sludge.

type of wastewater maxinum COoD reference
ioading rate reduction

(kaCOD/ (m* .d) (%

sugar beet factoery 30 - 32 75 Lettinga a.o. (1930)
potato processing 40 84 Versprille (1978)
potato starch prod. 30 75 van Bellegem (1980)
vegetable canning 10 - 20 60 - 80 Maenhout a,o. (1982)
veast factory 14 70 Mulder (1982)

dairy factory i5 80 Nicuwenhof {1982)
slaughterhouse 10 55 Sayed (1982)
rendering plant a0 63 de Zeeuw {1982)

The applicability of the system for a great variety of industrial
wastewaters was studied in universities and research institutes, by
consulting companies and by R&D departments of industrial firms. Apart
£rom those mentioned in Table 1 research was dcone on wastewater from
ameng others soft drinks manufacturing, wool washing, mussel canning,
fibre: board wmanufacturing, a gluccse factory, a chemical factory
(containing  formaldehyde), paper processing and recycling, fish
processing, beer manutacturing and landfill leachate.

As the 1UASB reactor was commercialized by at least six competing Dutch
consulting companies the open exchange of data and experiences rapidly
diminished.

From the early eighties onward the circle of those involved din research
on the application of the UASB reactor widened even more and hegan to
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include a growing number of researchers from outside the Netherlands
{(Hall and Jovanovic 1982).

The UASB concept was for instance well accepted in many latin american
countries (especially Brazil and Colombia), but met with lictle
enthousiasm in the USA, presumably partly because of its relative
low-tech nature. There 1s little hardware in 1t te sell and anyona who
nas seen an UASB reactor can build one. Although in doing so mistakes can
he and have been made. The concept itself has not heen patented. The
patents mentioned in some companies' advertising only apply te details of
the gas—solids separator in particular, which are dealt with in different
ways by others. Of course some improvements have been made over the years
in the design of UASB reactors.

The relative simplicity of the UASB design does not imply that operating
it is always easy. Apart from some general guidelines that should be
followed to obtain and preserve the proper sludge quality and quantity
(de Zeeuw 1984, Lettinga et al. 1987) every type of wastewater asks for
specific know-how. Pilot scale research will provide such know-how.

The dimpact of pilet scale research on the realisation of full scale

reactors is reflected in Table 2.

Table 2. Types of industries employing full scale 1JASB reactors.

type of industry methane reactor number of design capacity
volumes (m’) reactors (kgCOD/(m*,d))

beat sugar 200 - 3040 17 8 - 17

potatc processing 200 - 2200 12 5- 12

potato starch 1000 - 5500 4 8 -15

corn starch 800 - G500 2 - 10 - 12

wheat/barley starch 410 - 4200 4 7-11

paper 70 - 3000 ° 8 ) 4~ 15

hrewery 800 - 4600 . 4 5 -14

alcohol 120 - 3000 “oe 11 9 - 16 )

confectionery 50 - 400 4 . 7.95-13

dairy (cheese, whey) 400 - 7 2 6~ 8 . 4

yeast 1800 — 4400° 3 L9 - 12 v

vegetable canning 300 - 500 - 2 r 10 - 1ir

shell fish 2 x 50 1 10 )

coffee 450 R 6

flax 350 1 30

landfill leachate 4 20 . 1 ?

chemicals ) 1250 1 7

slaughterhouse 600 - 900 3 h - 6

pig manure 2 x 2750 1 4

domestic wastewater ? 1 ?

The UASB process has heen developed as a high rate anaercbic treatment
system bhased on dimmobilisation of the biomass in the form of well
settling sludge granules. About one hundred full scale reactors are now
in operation. More than half of them are found outside the Netherlands
{see Figure 1).

Alternative modes of application of the UASB reactor have also been
investigated, particularly its use in the one step anaerchic treatment at
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ambient temperatures of wastewaters containing a high concentration of
suspended solids, viz., domestic wastewater (Grin et al. 1983),
slaughterhouse wastewater (Sayed 1987) and dilute manure {van Velsen et
al. 1979). Instead of granular sludge a flocculent sludge blanket is
required to capture the solids and loading rates will he lower.

Some full scale UASB reactors for these types of wastewater are already
functioning (Table 2).

number

1001
804
(5()"
4071
207

total

77 79 81 83 85 87 /
year

Fig. 1. Approximate number of full scale UASB reactors, which have
been built until 1987.

UASE reactor start-up and sludge granuiation

The first start-up of UASB reactors using digested sewage sludge as seed
may last several months (Versprille 1978, Patte et al, 1979, Frostell
1979).

To exemplify the course of UASB reactor start-up and the process of
sludge granulation results will be used from laboratory experiments, in
which different types of digested sewage sludge were used as seed
material. Details of these experiments and cof the materials and methods
used have been published previously (de Zeeuw and Lettinga 1980, de Zeeuw
and Lettinga 1983, de Zeeuw 1984). The start-up procedure consisted of a
step-wise increase of the loading rate whenever the COD removal
efficiency surpassed 80 to 90 Z. The COD removal efficiency never dropped
below 50 Z. The effluent volatile fatty acids {VFA) concentration was
maintained generally below 1 to 1.5 kgVFA-COD/m® for the 3 to 5 kgCOD/m’
substrate concentration range.

The substrates used in the experiments were acetate and propionate in a
molar ratio of 1.5 : 1. Tn some experiments acetate was used as scle
substrate.

All experiments were conducted at 30 °C.

Sdudge pellets and granules

Three different types of sludge pellets developed in laboratory UASB
reactor start-up experiments from digested sewage sludge as seed material
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and volatile fatty acids as substrate (Table 3). The first macroscopic
pellets were usually observed 30 to 45 days after the start of the
experiments.

Two types consisted entirely of bacterial matter, whereas the third type
contained an inert particle as a nucleus on which the bacteria attached.

Microscopic observation of sludge samples during the start-up experiments
revealed the predominant prcoliferation of Methanothrix and Methanesarcina
type bacteria, as may be expected in the digesticn of volatile fatty
acids.

Table 3. Description of the different macroscopic sludge pellets
formed in UASB reactor start-up experiments.

A: Compact spherical granules mainly composed of rod-shaped bacteria
resembling Methanothrix soeshngenii. Also called rod-granules.

B: More or less spherical pellets mainly consisting of loosely
intertwined filamentous bacteria attached to an inert particle.
Also called filamentous granules. The prevailing bacteria resemble
Methanothrix soehngenii.

C: Compact spherical granules composed predominantly of
tlethanosarcina-type bacteria,

The general course of start-up

The sludge bed and sludge blanket behaviour during start-up is reflected
in the sludge VSS (Volatile Suspended Solids) profiles over the reactor
height as shown for a characteristic experiment in Figure 2. The gas
preduction rates of example A in Figure 3 belong to the same gxperiment.
At day 8 the sludge bed had only expanded from 0.37 to 0. 42 m (oL the
total height of 1 m), because of the still low hydrau‘lc loading and gas
production rate, The sludge bed concentration amounted to 22 and the,
sludge blanket concentration to only 0.7 kgV3S/m”.

Uowever at higher 1oad1ng and gas -producitidn. rates . the rsludoe bed
expanded to 80 % of the reactor height, resulting in an average' sludge
bed concentration of 7 kgV85/m® and a, sludge blanket concentration of 1.85
LgVsS/m® at day 53.

Around dzy 40 the first sludge granules were detected. These compact
spherical grey—whitie particles at that time were approximately 0.5 mm in
diameter and showed a very low ash content of only 10 Z of the dry
matter. They were more or less uniformly dispersed over the sludge bed at
day 53, but in the course of the next 4 weeks they gradually concentrated
in the lower part of the reactor constituting there a 'granular sludge’
bed with a sludge concentration of 17.5 kgVSS/m® at day 80. The siudge
blanket concentration at that time was approximately 4 kgVs5/m® (Figure
2).

The total amount of sludge retained in the reactor decreased slowly until
day 30, beyond wihich day the amount started to increase.

The specific activity of the retained sludge increased in the course of
the start-up from 0.03 to 1.8 kgCHa—COD/(kgVSS.d).

As a result the gas production rate reached 11.5 kgCH&—COD/(m’.d) at day
75.
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Type of seed sludge and sludge wash-out

Seeding the reactor with a highly concentrated digested sewage sludge,
leads to a substantial less of sludge during the first days of the
start-up due to the wash~out of 'non-settleable' or 'colloidal' solids.
With it a considerable part of the methanogenic activity is lost as well,
The remaining sludge exhibits a fairly good settleability combined with a
relatively low specific methanogenic activity. This is reflected in the

moderate expansion of the sludge bed during the first weeks in the
experiment of Figure 2,

In contrast, less concentrated types of digested sewage sludge (as used
in experiment B of Figure 3) are much more homogeneous regarding their
settling characteristics. Little sludge wash-out occurs during the first

days of operation and little methanogenic activity is lost {see Figure
3).

The overall inferior sgettleability and the comparatively  high
methanogenic activity of the retained sludge in the latter case, cause a

rapid expansion of the sludge bed into the settler,
wash-cut of part of the sludge
onwards).

The latter mechanism

and consequently a
(Figure 3; experiment B from day 11

of sludge wash-out 1is called here 'expansion
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wash—out', because it is brought about by expansion of the sludge bed out
of the reactor. The former type is named ‘'ercsion wash-out', because it
refers to the wash-out of sludge particles originating from the sludge
bed, provided that the top of the sludge bed is still well below the
settling compartment.

Fig. 3.
gaspmdudmnram[kgCHg{ODJﬁ?dh The gas production rate and the
6.0 ; effluent sludge concentration
/ during start—up of UASB reacrors
ﬁ seeded with different types of
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Expansion wash-out will, of course, occur witﬁ_all types of #seed’ siudge
when too much seed is used reducimg the sged sludge hold—up in the
reactor te its maximum value under the prevailing conditions.

Expansion wash-out primarjly reduces the average sludge retention time
and causes only little selection hetween different sludge particles. If a
reactor is completely filled with sludge, as is the case when sludge bed
expansion wash-out occurs, there is no settling =zone left in the reactor
and sludge particles which might otherwise have been retained, are alsc
wasted. Only very coarse particles are retained selectively, The latter
will be used as carrier material for the development of type B pellets
(Table 3).

The other type of sludge wash-out, i.e. sludge bed ervsion wash—out, is
very selective. It only removes the lightest particles from the system in
accordance with the basic concept of the UASB-reactor. A situation should
be pursued in which sludge bed expansion wash-out is limited and sludge
wash—out predominantly takes place 3in the form of sludge bed erosion
wash-out. Therefore, a concentrated digested sewage sludge type is
recommended as seed for the start-up of reactors treating a medium
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strength wastewater.

Digested cow manure (7.1 % total solids, 4.8 % volatile solids) has also
been used as UASB-reactor seed sludge in the treatment of a VIA-solution
(2.7 kgCOD/m®). The reactor was seeded with 15 kgVS/mJ. A distinct sludge
hed was formed. After 26 days of operation about 60 7 of the V33 had been
washed out as a result of sludge bed erosion and severe wash-out was
still going on. At that time &4 times the reactors' volume of wastewater
had been treated. The specific activity of the retained sludge had
increased from 0.01 at the start to 0.05 kgCH,-COD/(kgVS5.d). The gas
production rate amounted to 0.3 kgCH —COD/ (m*.d)."

Trom these results it appears that digested cow manure behaves in a way
similar to concentrated digested sewage sludge, and that it can be used
as UASB-reactor seed sludge, as 1is well established in case of
thermephilic treatment (see Wiegant et al. 1983}, However, the start-up
with digested cow manure will take longer than with digested sewage
sludge.

Recently Wu et al. (1987) reported the successful use of activated sludge
from aerobic treatment plants as seed material for the start-up of UASH
reactors. The activated sludge should be incubated and Dbatch~fed for =a
fortnight to enhance the number of amethancgens prior tc starting
continuous feed.

Sludge pelletization thecry ,

In the treatment of VFA substrates, two bacterial genera seem of
predominant dimportance with respect to UASB-reactor start-up and the
development of granular sludge; 1.e. Methanothrix and Methanosarcina.
This is not surprising, because acetate is the precurscr of 70 to 75 % of
all methane, and both Methanothrix and Methanosarcina are acetate
converting methancgens.

Of these two, Methanothrix occurs most frequently. Usually it represents
the bulk of bacteria present in UASB reactor sludges.

Of course, in the treatment of more complex substrates acidogenic
bacteria — many of which exhibit goed floc-forming properties - may
predominate.

Methanothrix has a high substrate affinity. Therefore UASB reactors in
which a high removal efficiency is pursued, provide an excellent
environment for their growth,

These hacteria form filaments.

During the initial stages of UASB-reactor start-up - under conditions of
a low selection pressure - Methanothrix filaments grow in and on flocs
and 1in this way are responsible for the development of a bulking
anaerobic sludge.

Methanothrix very easily attaches to all kinds of surfaces, as has been
demonstrated in fixed £ilm reactors (van den Berg and Kennedy 1931,
Heynen 1983).

Vhen a high selection pressure is exerted on the sludge particles during
start-up of UASB resctors they attach to carrier particles originating
from the seed sludge. In this way type B granules develop (Table 3).

In contrast to type B granules, which are composed of loosely intertwined
filaments, type A granules predominantly consist of  Methanothriz
bacteria, which are packed densely together.

139



Methanosarcina is well known for its ability to produce clumps of
bacteria (Zhilina 1976). The tendency of iethanosarcina te cluster is
independent of the selection pressure put on the system and also occurs
in batch reactors with complete sludge retention. The cluwaps can reach
macroscopic dimensions (type C granules; Table 3), and show cavities,
which can be inhabited by other species (Zhilina 1976, Bochem et al,
1982).

Presumably type A granules (see Table 3) develop from Methanosarcina
clunps of which the hollow ceatre becomes inhabited by lethanothrix
bacteria. Their respective substrate affinity facters would favour such a
spatial distribution. In fact large numbers of Methanosarcina bacteria
ware observed in the surrcunding solution of young type A granules,
Jltra—microtomic slices of these granules revealed the presence of
clusters of embedded Hethanosarcinas close to the peniphery, whereas no
ilethanosarcinas were observed din the central part. Obviously the outer
laver of Methanosarcina is easily lost once the granusles  attain
macroscopic dimensions. In later stages of the growth and multiplicaticn
of type A granules Methanosarcina apparently is no longer involved. -

Table 5. Sludge behaviour during UASB-reactor start-up using
different seed sludge types

CONCENTRATED SEED SLUDGE TYPE DILUTE SEED SLUDGE TYPLE
high initial erosion wash-out low initial eresion wash-out
low residual methanogenic high residual methanogenic
activity activity

" slow initial rate of start-up fast initial rate of start-up
well settleable sludge / poorly settleable sludge }/
dense sludge bed . thin skudge bed Tw

L e
fast growth of Methanothrix fast growth of Methanothrix ‘3
limited sludge bed expansion / excessfvé Sigdge bed empansion /
no expansion wash-out expension wash-out )
long biomass retention time short biomass retention time
- * ¢

many Methanosarcina bacteria only few Hethanosarcina bacteria
colonization of Methanosarcina colonization of inert fluidised
clusters by Methanothrix particles by Methanothrix
development of type A granules developmént of type B pellets

HMethancsarcina is not known to attach easily to alien surfaces. Therefore
its retention in upflow reactors depends upon the settleability of the
clumps, or - as long as Methanosarcina still occurs as clusters of only a
few cells - upon the dilution rate, which should be smal}er than the
growth rate. The maximum growth rate is approximately 1.0 d ~. However,
the acetate concentration in the reactor during start—up normally will
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not exceed 1.0 kg/m*, and mostly be far lower when treating low and medium
strength wastewaters at an acceptable removal efficiency. As the ¥_ value
of ‘lethanosarcina is high,(i.e. 0.3 ka/m®) the actual growth rate will be
much  lower than 1.0 4 . In UASB-regEtors during start-up the dilution
rate will initially be less than 0.5 d ~. When the loading rate of the
reactor is increased,, the dilution rate also increases and will soon
become more than 1.0 d” depending on the strength of the wastewater.
Only “lethancsarcina clumps that have grown large enough to settle will be
retained, Single cells or small clusters of Methanosarcina bacteria will

then be washed out of the reactor.

Table 5 shows how the two types of digested sewage sludge distinguished
before behave differently when used as seed in the treatment of a medium
strength wastewater.

Two (A and B) of the three types of granules developing in UASB-reactor
start-up experiments can be cultivated on the sams substrate; a mixtare
of acetate and propionate. The granules consisting of Hethanosarcina-type
bacteria {(type () were found exclusively 1in experiments in which the
reactor concentration of acetate as single substrate was maintained above
1 kgCOD/m*. In  that case  iethanosarcina obviously outcompetas
slethanothrix.

The development of type A or type B granules is apparently related to the
reactor start-up pattern (Figure 3). In turn, differences in the start-up
pattern are mainly dictated by the characteristics o¢f the seed rsludge
used.

The explanation for the development of particular types of sludge
granules related to a particular start-up pattern can be found by
comparing the average biomass retention times in the respective start-up
experiments.

For this purpose, the amount of active biomass present in the reactor was
calculated from the methane production rate. Based on results of VIFA-fed
batch experiments the maximum specific activity of pure active biomass
was estimated at 2.85 kgCHﬁﬁCOD/(kgVSS.d) {de Zeeuw 1984). This value is
in accordance with literature data for Hethanothrix (Huser 1981), which
is the prevailing species in the granules, and it can be used, hecause
during UASB-reactor start-up the substrate concentration is always well
above the K_ level.

In combination with the biomass growth figures as calculated from the
yield factor of 0.024 g biomass-V3S3/gCH,-COD {(de Zeeuw 1984), a hiomass
balance calculation can be made from which the biomass retention time is
estimated.

Figure 4 shows the average biomass retention time corresponding to the
start-up patterns A and B of Figure 3. In each pattern a period occurs
with an average biomass retenticn time of only 20 days. During this
specific period wash—out of flocculent siudge takes place. This is due to
either excessive expansion of the sludge bed, or to sludge bed erosion
caused by high hydraulic and gas loading rates. This period is followed
by a period of increasing biomass reteation times as a result of the
development of a granular sludge bed. As most experiments were terminated
after the appearance of the first granules, this is only shown for one
experiment {(B).

Preceding the period of heavy wash-out of flocculent sludge the average
biomass retention time exceeds 100 days. During this latter period the
sludge bed still has room to expand in the reactor, and the loading rates
are still tocc low to cause excessive wash—out of sludge through erosion
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of the sludge bed. The lensth of this initial pericd with an average
biomass retention time of wmore than 100 days is about 40 days for
start—-up pattern A, conpared to only 10 teo 15 days for start-up pattern
B.

In UASB-reactors bacterial sludge growth can take place in 3 different
modes, i.e. 1) as sludge flocs, 2) as sludge granules without carrier
material, and 3) as sludge pellets attached to supporting particles.
These supporting particles may originate from the seed sludge, or may De
present in the wastewater as coarse suspended solids.
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Fig. 4. Average biomass retention time during UASB-reactor start-up with
different types of seed sludge (see Table 17;. For c&lculation
see text. Seed concentration: approx. 10 kgVSS.m . Feed:.mixture
of acetate and propicnate (3-% kaCOD.m ).

{A): seed sludge type A yielding type A sr¥hular sludge,
(B): seed sludge type B yielding type B granular sludge. v
. . S ‘ R .

It is inherent to the low selection pregsure at the modest loading rates

prevailing during the initial phase of UASB:ra@actor start-up that small

flocs present in the seed sludge will “grow rapidly and produce a so
called ‘'bulking' anaerobic sludge. When a reactor has been seeded with
much active flocculent sFudge, as is ﬁhe cagse vhen a relatively active

digested sewage sludge type is used (start-up pattern B of Figure 3),

little time is required for the sludge bed to expand out of the reactor

at a gas production rate equivalent to about 2 kegCH,—-COD./(m’.d). Once

heavy wash-out of floceculent sludge has started (beyond day 10 to 15),

the average biomass retention time becomes too short to allow for

macroscopic bacterial granules to develop. Large conglomerates  of
bacteria can then be formed only through attachment to inert support

particles, which are heasvy enough to be retained longer (type B

granules).

Only din the case of start-up pattern A the initial peried, with an
average biomass retention time of more than 100 days, is evidently long
enough (about 40 days) to allow for the development of compact sludge
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granules which consist exclusively of bacterial matter.

Tahble 6. Relation between the duration of the initial peried with an
averayge biomass retentlon tiie exceeding 100 days, and the
type of macroscopic sludge granules formed.

initial pericd with an average biomass  type of granules formad

retention time exceeding 100 days after 30-45 days of start-up
(days) : (1)
40 A
37 A
30 C
26 ¢
14 B
11 B
i0 B

(1) Codes refer to Table 3,

S5ludge gyranules of type A, B and € first appear in a macroscopic form
(diameter 0.5 mm} after 30 to 45 deys of reactor start—up treating a VFA
rfeed,

Type - € granules consist almest exclusively of bacteria resembling

riethanosarcina. Froglthe reported growth rate of this organisa on 1 3
acetate of 1.0 d (ilah 1980), one can calculate, that at an average

acetate concentration of 1.0 ka/m® it will indeed take roughly one month
to form a macroscopic yranule when starting from a single bacterium,

However the bulk of the bacteria constituting the granules of type A and

type B resemble Methanothrix schngenii. The growth rate of a pure culture

of .lethanothrix sohngenii at 30 °C is reported to be 9.14 d7° (lluser et
al. 1982); being about one seventh of that of Methanosarcina. The time

needed to form a macroscopic granule starting from a single bacterium

would then be in the order of 180 days. However, compact macroscopic

granules - mainly consisting of Hethanothrix like bacteria - appear after

30 to 45 days of start—up. This wmay imply either, that the growth rate of

Hethanothrix sohngenii in mixed cultures is much higher than in pure

culture or, that a different species is invoived or, that microscopic

granules (consisting of wup te 500.000 bacteria) are already present in

the seed sludae. The latter, however, has never been observed.

NMulshoff Pol et al. (1983¢) have found that the addition of a small
amount.  of ground type A granules to a digested sewape seed sludge, which
normally yields o sludge bed of type B granules ianvariably leads tc the
development of a sludge bed of type A granules without altering the
start-up pattern as far as sludge wash-out is concerned. By adding
fragments of granules, which still consist of fairly large conglomerates
of bacteria, the initial period with a high biomass retention tine
required for the development of macroscopic type A granules is obviously
reduced from aboui 40 to 10-15 days.

The results discussed here apply primarily to the treatment of VFA
substrates; 1i.e. completely acidified wastewaters. In the case of a one
step anaerobic treatment of largely unacidified wastewaters the acid
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forming bacteria may also contribute to the formatien of granular sludge
(Hulshoff Pol et al. 1983b). In view of their far higher growth rates
they may enhance the development of type A granular sludge even at low
initial biomass retention times.
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THE "SPAGHETTI THEORY" ON ANAEROBIC GRANULAR SLUDGE FORMATION, OR THE INEVI-
TABILITY OF GRANULATION

W M Wiegant

Department of Microbiology, University of Groningen, Kerklaar 30, 9751 NN Haren {Gr).

abstract

An analysis of the available data on the occwrrence of granule formation in anacrobic, and
other, reactors demonstrates that there are several ways to obtain anaerobic granules. Granules
that can be used for anaercbic wastewater treatment in TUJASB reactors or UASB lookalikes, often
contain Methanothrix as the predominant organism. This, howsever, is~not necessarily so: acidify-
ing organisms may be outnumbering Mefhanothrix in a number of cases. In this paper relevant
literature data are surveyed. A  hypothesis on the growth of filamentous granules, structures
looking like a ball of spaghetti from small aggregates is presented, and it is argued that 'rod-
type" granules grow out from filamentous granules. It is concluded that the most important part
in granule formation is the formation of precursor aggregates. Attention is given to the question
of how to operate a treatment process towards the formation of granular anasrobic sludge.

introduction

The main advantage of the UASB process, compared to other high-rate anaerobic wastewater
treatment processes, i that no support material is required'. The absence of support material is
also the main drawback of the UASB process. It necessitates a sludge with very good settling
properties, Whenever such a sludge is obtained, or can be maintained, successful operation of
UASE reactors is achieved quite readily™ 2

From basic theories on gravity settling, it becomes clear that in sludge settling, the diameter
of the individual particles is of utmost importange in the determination of the upflow velocities
of the wastewater to be imposed upon the reactor before sludge washout will be occurring, Under
certain circomstances the settling velocity of the - biomass in UASB reactors ik greatly enlarged
because the bacteria grow in the form of spherical flocs with a quite consistent stfucturs. Al-
though considerable amcunts of research has been performed on faglpr governing the phenomenon
of granulat10n3'“ the knowledge on this matter is still rather poor.

This paper is not aiming to reveal any finsights in the fysiological, biochemical or mlcrobm-
logical nature of the dcvclopmcnt ‘of attachment,- or the oﬂcratlonal parametets necessary for its
development. It will try to give an insight in the cperanona.l parameters that reactors in which
granulatlon has been shown to occur under laboxatory, .pilot"as "well as full-scale conditions, share
in common, and the criteria for the development and maintenance of granular sludge that can be

distilled from these data, P .

multidirectional growth

Certain forms of granule formation in anacrobic reactors are more or less comparable to the
multidirectional "branching” growth of certain molds!?, illustrated in Figl It will lead to an
almost inevitable pranulation, under a large variety of conditions. Bacteria of the genus Hypho-
microblum tend to grow more or less in the same way, and indeed, in denitrifying upflow reac-
tors, granulation has been observed with the use of methanol as carbon sourcel®®. Denitrifica-
tion with methanol as carbon source is known to occur only with Hyphomicrobium species.

In anaerobic reactors an acctate splitting methanogen of the genus Methanosarcing will occur
when high acetate concentrations in the effluent are maintained?™15, Reactors with predominantly
Methanosarcina  species, may perform  “spontaneous' granulation, even in sticred cultures, under
both mesophilic and thermophilic conditions*®1®, These Methanosarcing also show a multidirec-
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tional growth mode, yielding granules which will eventually develop diameters of up to 3 mm!™1,
These granules may have less practical significance in the use of UASB reactors. Althcugh having
a high maximum specific activity, they have been shown to give operaticnal problems®,

UASB related granules

For rod-shaped organisms, the mechanism of the formation of granules as outlined above is
impossible. These bacteria either have to develop some kind of attachment by the use of special
polymers, or the bacteria have to grow in filaments, which may or may not be attached to some
kind of surface. Bacteria lacking these two kind of methods will not reach a cell residence time
high cnough to sustain their existence in reactors with a moderately high upflow velocity® 17,
The formation of these bacterial granules has so far been observed nearly only in UASB reactors,
although in has been shown to occur in the interstitial cavities in upflow anaerobic filters!®,

granulcs consisting of filamentous bacteria

Under the conditions which prevail in most anserobic reactors for the treatment of wastewater,
the predominant acetate splitting methanogen belongs te the genus Methanothric. This is a rod
shaped orpanism, which tends to grow in filaments!®. The granules found in reactors treating
scidified wastewaters, or solutions of wolatile fatty acids, when the reactors are operated at low
effluent acetate concentrations, are consisting predominantly of Methanothrix bacteriaZ 6811,

In mesophilic UASB systems, (wo types of granules have been described, both containing
Methanothrix as the predominant bacterium. The [rst type consists of very long Methanothrix
filaments, of up to 1000 units long, These granules have so far only been found in laboratory
UASB reactors. They gencrally consist nearly exclusively of Methanothric and are white or light
grey. They are referred to as ‘“filamentous” granules.  The second type shows much shorter
filaments, of only 5-10 units long. These gramiles are observed in a number of full-scale instal-
lations, and are generally referred to as ‘rod-type" granules. As yet, it is still anclear what
factors govern the mode of growth of the Methanotirix bacteria,

For the bacteria themselves the difference belween the two growth modes may not be impor-
tant. The settling velocity of both types of granules, per unit of biomass, is not very different,
as can be calculated from their densities, which are 1033 and 1054 for filamentous and rod-type
granules, respectively?’, and the density of Methanotiric bacteria, whick is 100022 This is il
lustrated in Fig. 2.

granules with predominant acidificrs

Granules formed during the acidification and mecthanogenesis from sugar solutions often consist
for a large part of Methanothrix bacteria, which may confribute significantly o the consistence
of the granules. The acidifying bacteria, however, seem to be the bacteria governing the granula-
tion process, as the granules are macroscopically are strikingly similar to those obtained in
experiments with the acidification of sugar solutions, As is shown in Table I, the

251 SETTUING VELDCITY femss)

BIOMASS IngTSS1
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Fig. 1. Schematic representation of "branching” Fig. 2. Settling velocity as a function of the amount
growth, of biomass for filamentous (-=--) and rod-lype (——)
. Methanothrix granules,
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Table I. A number of parameters in different reactors at the approximate time granulation is apparent.

concen- volumetric liquid biogas process granule reference
tration loading upflow upflow type
rale velocity velocity
kg COD/m® kg COD/mday  mjday miday - - -
0.10-0.15 6.0 24 13-1.7 denitrification unknown 23
2.25 3.6 13 denitrification Hyphomicrobium?® 14
14 - - - methanogenesis sarcina 15,16
12-15 5.5-6.8 - - methanogenssis sarcina 9
97 193 6.2 113 acidification unknewn 24
48.5 233 1.1 6.9 acidificaticn unkncwn 24
34 4.0 13 105 methancgenesis unknown 4
570 19 0.54 10.0 methanogenesis unknown 5
3.0 2-5 3.0-74 2.0-8.0 methanogenesis filamentous Hulsholf Por®
2.4 1.6 71 methanogenesis filamentous 7
3.0 4.4-11.8 4.0-10.7 1.6-3.9 methanogenesis filamentous 9

a: personal communication
b increasing influent concentrations

biogas upflow velocities at the approximate moment of the first occurrence” of the granules is
quite comparable in variovs experiments concerning acidification and combined acidification and
methanogenesis. -

For a sludge converting sngars to methane at a “high" SRT, the bacterial yield at high
growth rates is estimated to be Y = 008-0.12 kg V3S/kg COD*S, With a Y of 0.025-0.040 for
methanogenic and acetogenic bacteria®, it may be concluded that in methanogenic granules
growing on sugars, the majority of the bacteria (expressed in cell mass), is non-methanogenic,
even though it is pencrally assumed that the decay rate for acidifiers is much higher than of
Methanothrix bacteria. This can also be concluded from the resemblance between acidifying and
methanogenic granules growing with sugars as substrates, Both have a yellowish colour and a
gleamy macroscopic appearance®2,  sugoesting some kind of -polysaccharide occurring in the
granules. - 1

Acidifying granules can also be grown at a very.high’growth rate®, It has been psstulated
that a hydraulic retention time, lower than the reciprocal of the mseximum growth rate of the
bacteria involved has to be applied, for the granulation of acidifying bacteria. In this wayia
selsction pressure s imposed for  bacteria which perform attached growth™ 27, This would
imply high efflueat concentrations, at least during, startup. DF course, -this rButine ' cannot be
applied in the granufation of biomass converting noa-acidificd K wastewaters, because ' the selec-
tion for Methanothrix demands for very low reactor substrate concentrations.

granulation of rod-shaped organisms \

For the operation of UASB reactors, only the -granules with Methanothriv as the predom-
inant organism seem to have practical significance, Thercfore, it is important to give attention
to the mechanism of granule formation in the treatment of acidified wastewaters, or solutions
of acetate, or mixtures of volatile fatty acids. Two major topics can be distinguished in this
type of granule formation: the formation of precursors, and the actual growth of the granules
from these precursors. ‘
selection

In the initial phase of reactor startup, it is important that there is a selection for (he
bacteria one wants to form pgranules! In this case, a strong sclection for Methanothrix has to
be imposed. This can be carried out by making use of the high subsirate affinity for acetate of
Methanothrix, as opposed to Methanosarcina. This means that the acctate concentration has to
be low during the startup phase, for otherwise growth of Methanosarcing is promoted, Although
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Methanosarcing clumps have been observed as a "condensation particles’ in Methanothrix gran-
ules?, there is no reason to believe lhay”hey functioning as anything else than inert material,

If the selection pressure is not directed towards  Methanotirix, granulation can only occur
with Methanosarcing, which will eventually lead to inferior process operation.

collection )

There is some circumstantial evidence that Methanothrix bacteria will move around in the
sludge bed, by the turbulence generated by the gas evolution, to become collected in very small
aggregates. Support for this hypothesis found in the fact that in a number of experiments™ it
has been shown that granulation of Methanotiric can occur extremely rapidly. Within one
month of operation, the first granules with a diameter of ¢ 1 mm generally are observed.
Assuming no diffusion limitation, and a maximum specific growth rate of the Methanothrix
species involved, ¢ 0.10 day'ng, then still particles with a volume of 5 % of the volume of a 1
mm granule, thus having a diameter of 037 mm, should be present in the seed material. This
seed material generally is digested sewage sludge, and purely methanogenic particles of this size
can hardly be expected to be present in this sludge. Apparently this “"collection® happens with a
higher rate than the actual growth rate of the bacteria.

The actual rate of increase of the methane production rate in mesophilic and thermophilic
experiments is much lower fthan the maximum growth rate of the bacteria involved. The in-
crease rates are ¢ 0.03 and 0.07 day'l, respectively, for UASB expetiments®, and 0.10 and
0.40 day'1 for the bacterial®®, These observations imply that during the startup phase a large
part of the growing methanogenic population is washed out of the reactar.

The fact that each increase in the loading rate will coincide with an increased washout of
aggregates, toco small to withstand the higher upflow velocity, has been demonstrated with
thermophilic Methanosarcina granules®, in which an increase in the loading rate by 30 % led to
an initial strong increase of the methane preduction of the reactor followed by a decrease due
to washout.

There can be no doubt that concentration of particles on which the Methanothrix bacteria
can grow - either particles consisting of these bacteria themselves, or inert particles - may not
be too high, because othsrwise the increase in the size of the aggregates will be too slow to
allow for a rcassonable rate in the stepup regime. For this reason granulation cannot be ex-
pected to occur when l(reating wastewaters with a high concentration of suspended solids. It
should be noted that the highest rate of increase of the methane production rate in
thermophilic experiments was observed with a seed material which consisted of the contents of
a CSTR fed with acetate and butyrate, containing thermophilic Mefhanothrix as the only
acetate consuming methanogen, with a concentration of only 0.025 kg VSS/m>,

the growth of small aggregates to full blown granules

Once the precursors are formed, the prowth of the actual granules in the laboratory seems
tc be a mere matter of time, if a regular stepup routine in the loading rate is followed. The
precursor particles will grow out to granules by the combined growth of the individual bacteria,
as well as the entrapment of non-attached bacteria. It is not hard to imagine that the growth
of filamentous organisms will vield aggregates of a spherical shape in an environment in which
constant moderate sheer forces are supplied by the biogas evolution, For instance, the biogas
upflow velocity at the approximate moment granulation becomes apparent is pretty comparable
in experiments on both the acidification and the complete digestion of sugar solutions, as
shown in Table I. Or the other hand, the difference between these biogas upflow velocities in
experiments with sugars as substratcs on one hand and with volatile fatty acids as substrates
on the other, may reflect differences in the nature of acidifying bacteria and Methanothric (see
Table I).

The granules grown in this way are generally of the filamentous type. Under a microscope,
they strongly resemble a huge ball of badly prepared spaghetti, of which part is pretty loose,
and part is still in bundles.

*
1

149



rod-type granules

Granules, consisting for a large part of shont filaments of Methanothrix bacteria are ob-
served in a number of cases. These granules are the omnes most often found in full-scale instal-
lations®. They may be grown whea a high biomass refention time is used during the startup®.
When granular sludge, obtained from full-scale installations, is crushed into small aggregates, an
identical type of rod-shaped granules is obtained when a mixture of volatile fatty acids is
used®10, There is some reason to believe that the difference between filamentous and rod-type
granules is much less than previously supposed. In  thermophilic expetiments another type of
Methanothrix  granules, macroscopically strongly resembling rod-type granules, but apparently
still consisting of long filaments, ap é)arently developed from the first type, as was indicated by
the presence of intermediate forms”. Although photographs of thermophilic granules grown on
acetate strongly resemble rod-type granules, even on the microscopic level, they actually
existed of IOng flaments. It scems highly likely that the formation of rod-type pgranules is the
result of an increase in the density of the bacterial growth, which may be generated by either
a high sludge age of the seed material®, the use of a seed material with a very desse bacterial
density already, like crushed granular sluclge or an increasing age “of a filamentous granule,
as outlined above. Apparently, the growth from dense granules, either rod-type or filamentous,
from filamentous granules has never been observed under mesophilic conditions because it takes
a lot of time. It already took ha!f a year under thermophilic conditions! -

in summary: the "Spaghetti Theory

The granulation mm UASB reactors with predominant Methanothriv bacteria, thus appears to
proceed via the following stages. Initially there is a seed material with more or less filamentons
Methanothrix in it. When their relative concentration is not high enough, a strong selection
towards Methanothriv has to be imposed. The concentration of inert material may not be too
high, so that individual Methanothrix bacteria, present or grown in the sludge can become
entangled in small microscopic knots, as observed in thermophilic experiments (personal obser-
vation), or attached to finely dispersed matter. In the initial phase, the upflow wvelocity is zero
or very low, so that there will be no selection pressure towards growth in aggregates. Selection
for apgregates is exhibited by imposing an increasing upflow velocity. The low increase rate of
the methane production rate indicates, that apparently the larger part of the methanogenic
biomass in the initia! phase does not grow in aggregates. Therealter, when a proper stepup
routing is followed, the development of Methanothrix granmles will be inevitable.

The ultimate development of rod-type granules seems a matter of (much) timf after the Ffrst
filamentous granules are observed. ’ ’ .

> -
- -~

consequences for startup by

The apparent occurrence of a "collection' phenomenon in the startup phase of a UA#B
reacior, 1mphcatcs that one has to- give the [lamentous mx;thzmogenzc bactcng_ the  opportunity
to grow in such concentrations that they -can colect | This ‘implies a negative selection for
Methanosarcina-bacteria  which compete with Methanolhrix - for sacetate, as shown in Fig. 3.
Once the selection pressure towards Methanodirix - has yielded sulficient amounts of these
bacteria, a stepup regime can be started. In practice, the occurrence of Methanothrix and
Methanosarcing  bacteria in the sledge can be checked quite simply with the use of a light
microscope. Of course the selection for Methanotivic has to be continued, until one is sure
that Methanosarcing cannot "take over”,

This may mean that dilution of the wastewater to a low concentration, or even effluent
recirculation, should be preferred above the application of a low loading rate with a high
concentration. As long as selection has to be carried out, there can be 1o underloading !

consequences for stepup

The application of selection implics that an absolute value for the effluent acetate con-
centration has to be the ultimate criterion on which to decide for an increase in the loading
rate, rather than a relative (contrg 1), The use of a absolute criterium for the stepup of the
loading rate of 200 mg/L of acetate has been shown to lead to granulation with various seed
materials in experiments on the thermopbhilic operation of UUASB reactors,

150



spatific geowth raote oy %

bL

3
acetate it

TFig. 3. Specific growth rates of acetate utilizing methanogens as a function of the acetate concentration for
mesophilic Methanethrix (A) and Methanosarcina (B), and for thermophilic Methanothrix (D, data from 26 and
28), and Methanosascing (B & C), with Ks-values of 5 (29), or 15.9 (15) mM of acetate, respectively.

Although is has never been shown in the laboratory, it seems that the most important

ingredient in the formation of rod-type granules is patience! Eventually, when a high enough
biomass retention time is reached, the aged filamentous granules will beceme rod-type granules,
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THE SELECTION PRESSURE AS A DRIVING FORCE BEHIND THE GRANULATION
OF ANAEROBIC SLUDGE

L.W. Hulshoff Pol, K. Heijnekamp and G. Lettinga

Department of Water Pollution Control, Agricultural University,
de Dreijen 12, 6703 BC Wageningen, The Netherlands

Summary

The focus of this paper is the "selection pressure" in UASB-systems as a determining
factor in the granulation process. The selection pressure can be regarded as the sum of
the hydraulic loading-rate and the gas loading-rate. Both factors are important in the
selection between sludge components with different settling characteristics. It is through
this selection that heavier sludge particles can be retained in the reactor, while lighter
dispersed sludge will be washed out. The heavier particles will eventually develop into
granules by bacterial growth. Through the washout of dispersed sludge, growth of this
type of biomass will be minimized.

Laboratory scale experiments are described where the effect of the sludge loading rate
and the waste concentration on the granulation process have been investigated. The re-
sults of these experiments clearly show the importance of a proper selection pressure for
the formation of anaerobic granules, P

Introduction

One of the crucial factors in the granulation process is the selection pressure. During
the early phase of the start-up, growth of the desired acidogenic, acetogenic and methan-
ogenic organisms will take place both as attached and dispersed biomass. Through a slow
and gradual selection process the dispersed growing organisms will be washed out from the
reactor, while biomass-aggregates, which consist of organisms either attached to each
other or attached to support particles, are retained in the reactor, The selection is based
on the minor differences in the setiling properties (density) of free organisms and bacte-
rial agglomorates, The selection pressure originates from both the hydraulic loading rate
{or dilution rate D) and the gas loading rate. In this respect, the ratio h/d (h=heigth:
d=diameter) of the reactor obviously is also of importance, as it greatly determines the
actual effective selection pressure; the superficial liquid and gas upflow velocities in the
reactor. In the first week of a first start-up this upflow velocity generally is very low
(0,1 to 1,0 m/d). However, once high loads can be applied the upflow velocity will be
considerably higher; i.e. values of 30 to 50 m/d frequently are applied in full scale UASB-
installations. The upward moving fluid and the mixing brought about by the production of
gas bubbles, which both gradually increase once higher loadings can be accomodated,
cause, directly after the start-up, an expansion of the sludge bed (de Zeeuw, 1984). Poorly
settleable light material (¢colloids, dispersed growing biomass) is starting to be rinsed out
from the system from the very beginning. The sludge bed shows as a result of this a
gradual change over the heigth of the reactor. Heavy sludge ingredients tend to concen-
trate increasingly in the lower part of the reactor, while in the upper part more volumi-
ous sludge will accumulate. Bacterial growth will increasingly concentrate on the sludge
ingredients present in the lower part of the reactor because the substrate load is higher
here. Gradually also more and more active biomass in the form of attached bacterial
matter and bacterial aggregates will be present here. As a result of the washout of dis-
persed and voluminous bacterial matter and the stimulated growth of aggregates and
‘biofilms, a granular type of sludge develops in the reactor.

The experiments presented in this paper were devoted to a ¢loser study of the effect of
the selection pressure in the granulation process. The following two aspects have been
studied:
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1. The effect of the sludge loading rate., In one reactor the sludge loading rate was
maintained at a Iow level (0.3 kg COD/kg VSS.d), while in the other reactor the imposed
sludge loading rate was increased to 0.9 kg COD/kg V5S.d.

2. The effect of the substrate (waste) concentration. By operating the experimental UASB's
at the same sludge loading rates at different waste concentrations, differences will be
obtained in the hydraulic loading rate (or superficial upflow velocity).

Materials and methods

The parameters that were used for the control of the process were the volatile fatty acids
(VFA) concentration in the effluent, the amount of dry suspended solids (DSS) and volatile
suspended solids (VS8S) in the reactor, the methane production and the specific metha-
nogenic activity of the sludge,

VFA concentrations were determined gaschromatographically using a Packard Becker 417
with a 2 m glass column filled with 60-80 mesh chromosorb 101, and formic acid saturated
nitrogen-gas as carrier gas. The operating temperatures for the ifjection block, the oven
and the FID detector were resp.. 180, 190 and 200 °C. The gaschromatograph was equipped
with a HP 7672 A automatic sampler and a SP 4100 computing integrator.

The DSS and VSS determinations were carried out according to standard methods (American
Public Health Organization, 1%75).

The gasproduction was measured with a wet type gas flow meter (Meterfabriek Schlumber-
gen, Dordrecht, The Netherlands).

The specific methanogenic activities were determined in 2.5 | batch digestors. These
digestors were intermittently stirred (15 seconds at 140 rpm every 10 min) and fed with
a YFA-mixture of acetate, propionate and butyrate up to a concentration of 600 mg/l for
] each component, The VFA-mixture was neutralized with NaOH. To each batch digestor 1 ml
i of nutrient solution containing 174 g NH4C), 36 g KoHPQO4 and 265 g NajS504.10H20 per
il liter and 2.5 ml of a trace element sclution according to Zehnder et al (1980) was added.
3 The 10 and 30 | experimental UASB-reactors that were used were identical to those
: previously described (Hulshoff Pol et al, 1983). Table 1 presents the operating conditions
of the experiments.

Table 1. Experimental conditions of the study on the effect of the sludge loading rate
and the substrate concentration.

, . b

experiment volume UASB-reactor substrate conc. specific procescondition 4
| {liter}’ (mg/1). .
| o
\ o,
| I-a 10 acetater 4400 ' sludge loading rate is
[ propionate: 3520 kept at:
\
|

+ 0.3 kg COD/kg VS8S5.d

: . o v
1-b 30 acetate: 4400 sludge loading rate is
\ propionate: 3520 0.9 kg COD/kg VSSd
I 1I-a 10 acetate: 208 influent-COD = 500 mg/1
! propionate: “162
j b 10 acetate: 4160 influent-COD = 10.000 mg/t

propionate: 3330

The acetate and propionate solutions were neutralized up to a pH of 6.5 with NaOH and
to the feed solution 0.1 ml/1 influent of the already mentioned trace element solution was
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added, while also yeast extract was added to obtain a concentration of 100 mg/l in the
influent,

The start-up procedure followed comprised always in a 50% increment once a removal
efficiency of 80% was reached.

The loading rate in experiment I-b was only increased up to a sludge loading rate of 0.3
kg COD/kg VSS.d. and then kept at this level. The experiments I-a and I-b conducted
with an influent waste concentration of 10,000 mg COD/1 in arder to minimize the so
called expansion wash-out, as observed by de Zeeuw (1984), who worked with COD-concen-
trations of 3,000 mg/lL.

Results
1. The effect of the sludge loading rate (exp, I-a and I-b).

Fig. 1 and 2 show the imposed space loading rates and sludge loading rates, the removal
efficiencies, the concentration of acetate and propionate in the effluent, the total amount
of biomass in the reactor, the amount of sludge wash-out and the calculated sludge vield,
The yield factor was calculated on the basis of a sludge balance.

space loading rate (g COD/Ld) sludge loading rate (g COD/gr VSS.1)

reinoculation
44 ¢
| la ! 1
2 r_I_J_J_‘ !
1 T ettt e
volatile fatty acids (mg/1} : removal {%}/
! L'\I A A WL el S LR PN RN a"—-'\. o, sty "--\-\:\\ ! =N
2000 \l ": .,,f L=y -q“! L] N v “'. { || ?'80
| ooy
10004 ¢ 40

2 4 6 8 10 12 14 16 18 20
time (weeks)

Fig. L. Operation and results of reactor I-a, started up under 2 continuous low organic
organic loading rate of *+ 0.3 kg COD/kg VSS.d. (The lines represent; space loading
rate and — - - —— - sludge loading rate for l.a; -— — — removal effiency, effluent-
acetate conc. and.-...... effluent propionate conc. for 1.b; total amount of VS8§,---
sfudge washout as g VSS and....... growth as g VSS for 1.c)
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The reactors were started very carefully with initial sludge loading rates of 0.03-0.04 kg
COD/kg VSS.d. At these low loading rates it was possible to achieve a good removal of
the influent-COD in 2 weeks. These initial low loading rates obviously implicate very low
upflow velocities (x 0.03 m/d} and extremely high hydraulic retention times (HRT's of + 40
days) and consequently a low selection pressure. However as shown in the figures 1 and 2
after 2 weeks the loading rates could be increased up to the desired sludge loading rates
with a good degredation of the volatile fatty acids from the influent. In experiment I-a
the space loading rate was increased up to a value of 2.7 kg COD/m~.d and a sludge
loading rate of + 0.3 kg COD/kg VSS.d. The corresponding upflow velocity was at that
moment; 0,29 m/d. From this moment onwards the space loading rate was remained unchan-
ged. In the other reactor (gxp. I-b) the space loading rate was increased further up to
values of 4 - 6 kg COD/m3.d within 3 weeks, which corresponds to upflow velocities of
0.42-0.63 m/d. and HRT's of 1.7 and 2.5 days. The sludge loading rate in this experiment

sludge loading rate
space loading rate (g COD/Ld) (g COD/g VSS.d)

e

1 80
40
1 V -
2 4 6 g 10, 12 1¥
. time (weeks) 3
Fig. 2. Operation and results of reactor I-b, started up 'undér at a organi¢ loading rate of
0.9 kg COD/kg V38S.d. (The lines represent: ~————space loading rate and ~———-—~—
sludge loading rate for 2.8, - —- -~ removal eff! jency,~=—— effluent-acetate conc. and

------ effluent propionate cong, for 2.b; total amount of VS8S,—~- - sludge washout as
g VS8 and...... . growth as g ¥SS for'l.c}
increased drastically to almost 2.0 kg COD/Kg VSS.d., mainly as a result of sludge washout.
As the acetate and propionate concentration in the effluent increased at this high sludge
loading rate, we decided to lower the space loading rate. The slow increase of the total
amount of biomass in the reactor bevond week 15 resulted in a gradual further decrease
of the sludge loading rateto 1.0 kg COD/kg VSS.d at the termination of the experiment
{week 15). The sludge washout from reactor I-a was relatively insignificant. Only during
the period in which the loading rate was increased a considerable washout (0.35 kg
VSS/m3.d) occurred during a few days. Once the desired sludge loading rate of 0.3 kg
COD/kg VSS.d. was reached, the washout rate became insignificant. This situation remained
unchanged until a massive flotation of the sludge suddenly occured in week 18 and the
sladge started to washout again at a high rate (0.26 kg VSS/m3.d}. The washed-out siudge
was collected in a settling tank and brought back into the reactor. However, the same
phenomenon occured again directly after the studge had been returned to the reactor. The
distribution of the sludge over the height of the reactor from exp. I-a was very unfavorable:
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The applied loading rates regimes together with the results of the experiments 1I-a and
and II-¢ are presented in the figures 3 and 4. Experiment I[-a showed a quick expansion
of the sludge-bed right after the start and sludge started to washout almost immediately
at a washout-rate of 0.4 kg VS8S/d. After the first week the washout-rate decreased to a
value of 0.03 kg VS8S/d. At day 69 a minimum of the total retained amount of sludge was
found (6.8 kg V5S/m>, i.e. 46.6% of the sludge amount at the start) was found, The granules,
formed in the reactor, were of the filamentous type. In most cases these organisms were
attached to inert support particles,

The reactor operated with an influent-COD of 10 kg COD,/m3 showed a very slow start-
up. After day 30 the rare situation existed that a better degradation of propionic acid
occurred than of acetic acid. For 50 days an acetate concentration of 2 g/l was present in

volatile fatty acids ___ removal
(g/1) acetic acid removal (%)
Voo propionic acid
80
r
41 ;60
1 1
2! Esm
1 /
|
space loading rate 1 N sludge loading rate
(g COD/Ld) space loading rate OD/e VSS.d
i ——— sludge loading rate (g’C /8 )
+ 5
30 4 i
] F3
10 1 1

VSS (g} ... amount of sludge in the reactor
! —-——-wash out
= gludge yield

150 ‘——IX/—/\

1004 g

501 S

T T T t‘ d
40 80 120 ime (days)
Fig. 4. Operating conditions and results of the UASB-reactor started up with a influent-
COD of 10,000 mg/l.

the reactor. Only after day &0 this situation came to an end when the effluent acetate
concentration suddenly dropped to a value below 1 g/l. Next the loading rate could
continuously be increased to ultimately a valve of 50 kg COD/m3.d. without further problems
with acetate build-up. The sludge loss through washout due to the sludge bed expansion was
very limited during the first 80 days of the experiment. The minimum sludge hold-up in
this experiment was reached after 115 days of operation when 68% of the initial quantity
was still present. Granulation was observed around day 50 as a result of the growth of
very small Sarcina-aggregates.
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almost all the sludge was accumulated in the settler. This shows the strong tendency of
the sludge to flotate and it is clear that under these conditions it is not possible to
achieve an effective sludge retention in the system.

Microscopic examination of the sludge revealed that the major part of the biomass in
reactor I-a consisted of long filaments, presumably Methanothrix soehngenii. The filaments
form loose floc structures. These flocs start floating very easily by the attachment of
gasbubbles.

On the other hand in reactor I-b a sludge bed developed with an gradual increasing bed
thickness. Microscopic examination learned that also here filamentous granules were present
in the sludge bed and that the major part of the sludge was still flocculant in nature
after 15 weeks of operation. In order to be able to make a beiter comparison between the
two experiments with respect to the sludge quality and loading potentials, the objective
was to continu the operation of reactor I-b until the same quantity of COD had been
converted as in exp. I-a after its termination, This ment another 16 weeks of feeding of
reactor I-b at a space loading of 3 kg COD/m?”.d.. This goal could not be achieved through
the massive sludge flotation. -

2. The effect of the substrate concentration (exp. II-a and I-b).

volatile fatty acids ____temoval )
(mg/1) aceiic acid

removal (%) )

== propienic acid
'

[ 80!

- 60
300 A

F40
100

space loading rate
(g COD/1.4) ——space loading rate _
15+ -==-sludge loading ratesiudge loading rate
SV (g COD/g V85.d) "~

VSS (g) s amount of sludge in the reactor
~-~~-wash out
1504 U studge yield

100

50M

time (days)

F1g 3. Operating conditions and results of the UASB-reactor started up with a influent-
COD of 500 mg/L.
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Discussion

1. The effect of the sludge loading rate.

Exp. I-a shows that under conditions of low selection pressures (= the sum of the
hydraulic and the gas loading rate) growth will take piace mainly as dispersed (filamen-
tous) biomass, Growth of attached bicmass will be limited if ocurring at all, because the
major part of the substrate will be degraded by the voluminous sludge. Microscopic
investigation of the sludge- showed no granules nor even denser flocs, The filamentous
biomass in fact gives rise to the formation of & bulking type of sludge. Obviously the
problem of bulking sludge is not limited to aerobic wastewater treatment, However, there
is a major difference in the cause of the bulking sludge problem in aerobic systems
{Carousel, Pasveer-ditch) and the UASB-reactor. In aerobic systems bulking sludge is
reported to be caused by deficiency of nitrogen and/or phosphorus and the feed pattern of
most aerobic activated sludge systems (Rensink et al, 1982). Completely mixing of aerobic
systems tends to promote the formation of bulking sludge, whereas high loaded plug flow
systems have little problems. In UASB-reactors it appears to be the result of a lack of
selection pressure on the system, which of course may also play a role in the occurence
of bulking sludge in aerobic activated sludge systems, According to our insights the selection
pressure in these systems is small if existing at all. Both in aerobic and anaerobic systems
we are dealing with a predominance of filamentous organisms. In aerchic systems is
frequently Sphaerotilus natans and Microthrix parvicella is found, while in anaerobic
reactors the predominant organism is Methanothrix in the filamentous form. Methanothrix
filaments can become very long (200 - 300 m). When these organisms grow without
attachment to a solid support particle a loosely intertwined structure of filaments will be
obtained. A sludge with very poor seitling properties wili be the result. Through the
attachment of gas-bubbles to these loosely intertwined filaments the sludge even has a
tendency to flotate. Exp. I-a shows that this is a gradual process in which an increasing
part of the original seed sludge (partially consisting of heavier ingredients) is being
incorporated in the voluminous structures. Exp. [-a alse shows that it makes no sense to
return the sludge back into the reactor, in the light of the above this is quite obvious.
These results therefore indicate that once this type of sludge has been obtained the best
thing to do, is to discharge this studge and to re-inoculate the reactor with new sludge.
The importance of a selective washout of dispersed sludge during the start-up cannot be
illustrated better. The lack of selection pressure in exp. I-a is clearly reflected in the low
average wash-out value during the experiment, which was X, = 0.022 kg V585/m-. From
this value the mean sludge residence time can be calculated: SRTy, = 1515 days, a value
which can be considered extremely high, However, as soon as the voluminous sludge
expands until the settler this value will drop sharply The values for exp. I-b were: X, =
0.120 kg VSS/m3 and SRTy, = 67.4 days.

The start-up of reactor [-b showed that after 7 weeks the sludge bed was expanded
into the settling compartment. When comparing these results with those of start-up
experiments using lower influent-COD levels (Hulshoff Pol et al, 1983; ten Brummeler et
al, 1985), it is clear that sludge bed expansion and consequently expansion washout (de
Zeeuw, 1984) is significantly delayed at high influent COD levels. This is the result of the
lower superficial velocities under those conditions. Liquid surface loading rates play an
important role in the selection process. The expansion wash-out became effective at a
surface loading rate of 0.02 m/h (at 2 HRT of 2.2 days) and at a gas loading rate of 1.6
m/day. Experiments with a low influent-COD (see exp. II-a) show however that this effect
is less important. With low influent-COD levels, which means relative high surface loads
and low gas loads, washout by sludge bed expansion starts almost immediately. In exp. I-b
there was a short period {2 weeks) with a high washout during which the first granules
became macroscopic visible, The last month of this experiment a gradual increase of the
total amount of sludge occurred. However, there was at the termination of the experiment
net a clear seperation between the granules and the reamaining flocculent sludge. The
granules, which consisted predominately out of filaments of the Methanothrix-like organism,
were entrapped in the flocculent sludge bed. As a resulr of this, the granules did not
settle well down to the bottom of the reactor.
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2. The effect of the substrate concentration,

The substrate concentration determines directly the hydraulic loading rate at a given
space loading rate. Therefore the selection pressure is strongly depending on the concentra-
tion of the wastewater. It is obvious that a low waste concentration will result in a high
selection pressure. An important question in this respect is what will be the lower limit.
Generally domestic sewage is regarded as a wastewater on which granular sludge can not
be cultivated, although there is one case where it is claimed that granulation actually was
obtained (Vieira, 1984). The reason for this idea is that sewage is considered as being
too dilute, while it also contains a too high concentration of dispersed inert solids to
which bacteria may attach, A lot of surface area is continuously offered to a relatively
smail amount of bacteria, so that concentrated growth will be limited. Furthermore, the
acetate concentration will have such low values that the growth rate of the most important
organism in the methanogenic granules {(Methangthrix soehngenii) is reduced to very low
values according to Monod kinetics, As granulation is strongly determined by bacterial
growth the reduced growth will concomittantly lead to a slow down in the granulation
process. Another detrimental effect of low concentrations can be that the hydraulic loading
rates will lead to drastic washout of the potential granule precursors in addition to the light
dispersed sludge fraction. In the treatment of domestic sewage granulation is therefare not
foreseen: the loading rate of the process is primarely determined by the lowest possible
hydraulic retention time at which there is no net loss of active biomass through washout.
The results of experiment II-a show that with a VFA-mixture of 500 mg COD/! the
formation of granular sludge indeed stili is possible. Under these low influent conditions
is the studge starting to wash out right from the beginning of the experiment, but the
minimum in the sludge amount remains well above 5 kg VSS/rn3. A paossible serious problem
with low influent concentratians is the introduction of oxygen in the system with the
influent. Generally wastewater may contain some dissclved oxygen, depending on the
nature of the pre-treatment and the turbulence in the inlet-system. At high waste concen-
trations the amount of oxygen introduced in the system at a specific organic leading rate
will be relatively smail and the oxygen will be consumed by facultative organisms present
in the anaerobic reactor. At low concentrations however, more oxygen will be introduced
and it may not be removed sufficiently fast as a result of this the anaerobic reactor will
not be fully anoxic. At the end of exp. Il.a at higher loading rates problems of this
nature occurred, while also in the full scale application- (brewery wastelwater) similar
problems have been obtained with low concentrated wastewaters.

The start-up of reactor I-¢ (influent-COD =-10.000 mg/1) was very slow. There ‘was no
expansion washout from the system during the first 80 days“f the start-up. Although
generally overloading is reflected by elevated concentrations of propionic acid in tie
reactor, in this c¢ase acetic acid accumulation occurred.*The_re is no clear_explanation for
this phenomenon. Since there is a abundant ‘growth of Meathangsartina in this reactor, it
should be expected that there would be acetatd conswmption. However, apparantly the
acetoclastic biomass did not developed sufficiently {ast enough As there were no toxicants
present in the feed, while also the reactor pH was around 7.0 no other inhibitory factors
were causing this acetate accumulation. :

During the start-up of reactor II-b gradually ‘small granules, with diameters up to £ 0.5
mm were formed. These granules contained Methanosarcina’s as the main organisms.
Considering the high acetate concentrations in the reactor this is not surprising. The
Sarcina-granules were however too small to be retained in the reactor at higher hydraulic
loading rates. It is therefore a bad strategy to select for Methanosarcina during a UASB-
start up: Methanothrix-granules will become 4 to 6 times as big as Sarcina-granules and
will therefore much easier be retained in the reactor at high selection pressures,

From the above it will be clear, that granulation in UASB-reactors mainly griginates
from the fact that bacterial growth in these reactors is deligated to a limited number of
{growth-)nuclei. These nuclei can consist, to our opinion, of both inert organic and
inorganic carrier materials as well as small bacterial aggregates present in the seed sludge.
As finely dispersed bacterial matter has little if any chance to be retained in the reactor
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(of course depending on the conditions imposed on the system), film and aggregate formation
is greatly enhanced. As the dimensions of aggregates and the thickness are limited (i.e.
dictated by internal binding forces and the degree of intertwinement) at due time a new
generation of growth nuclei (secundary nuclei) will be generated from deattached films and
fragments of disrupted granules. These growth nuclei will grow in size and eventually they
will produce a third generation etc.. The first generation consists of relatively voluminous
aggregates, but gradually they also will become dense, as bacterial growth will not only be
limited to the outside of the granule, but definetely also inside the aggregates. This
particularly will be the case for the voluminous aggregates because:
- substrate diffusion limitation will be less than with dense bacterial aggregates
- substrate can penetrate deeper in the aggregates in view of the lower volumetric
bacterial activity inside the granule. The decrease of substrate concentration in
the ganule (or biofilm) with the distance will be related to the density of the
aggregates. The denser the sharper the drop.
Aging is therefore to our opinion on of the reasons of the disappearance of "filamentous
granules", which predominate during the initial stages of the granulation process.
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PHYSICAL PROPERTIES OF BACTERIAL AGGREGATES IN A CONTINUOUS-—
FLOW REACTOR WITH BIOMASS RETENTION

H. H. Beefiink!' and J. C. van den Heuvel

Department of Chemical Technology and Biotechnological Centre, University of
Amsterdam, Nieuwe Achtergracht 166, 1018 WV Amsterdam, The Netherlands

SUMMARY

An anaerobic gas—lift reactor in which bacterial aggregates were formed and retained
was operated at a high dilution rate for prolonged periods of time to study its
operational stability. A true steady state was not established readily, once apggregates
were formed: a gradual shift was observed from a low specific growth rate and a high -
biomass retention to a more rapid growth at reduced biomass hold—up. To explain this
phenomenon, physical characteristics of the aggregates were studied. A novel method is
described that allows the simultaneous determination of diameter and settling velotity of
a large number of individual aggregates., With isopycnic density—gradient centrifugation,
also the specific density of aggregates could be measured directly., It was shown to
decrease with the aggregate diameter. The decrease in density is attributed to substrate
insufficiency in large aggregates and the subsequent autolysis. The lesser dengities are
inferred to explain the relatively low settling velocities that were observed for large
aggregates. Such aggregates, being inefficiently retained and susceptible to shear stress,
disappear with time from the reactor. The remaining aggregates are small, and this
consequently facilitates the higher specific growth rates observed.

INTRODUCTION

Practical operation of wvarious types of continuous—flow bioreactors (e.g. upflow and
fluid -bed reactors) heavily relies on the presence of suspended bacterial aggregates,
which are formed either with or without ther aid of inert carrier particles. Such a mode
of bacterial growth facilitates high—rate reactor performance, since the good settling
properties of these apgregates may prevent biomass wash—out from the réactor o some
extent, provided a settler is present. e e -

Previously (Beeftink & WVan den Heuvel, 1987), doubts h¥e been expressed as to
whether a true steady state would become established in such bioreactors retainigg
aggregates, once bacterial aggregates have been formed- from individyal cells in the
inoculum, In a more general sense also, it has been stressed (Atkinsen % Dafpud, 1976;
Atkinson & Mavituna, 1983) that data on. physical w.characteristics of aggregates are
wanting or simply absent. This lack is a major bottléneck in the rational operation of
continuous— flow reactors retaining biomass aggregates,

Therefore, the present coatribution reports on the overall characteristics during
prolonged operation of such a reactor, the anaerobic gas—lift reactor (AGLR; Beeftink
& Van den Heuwel, 1987). For this purpose, an extended run exceeding 400 liguid
residence times was performed under constant operating conditions; it started with the
formation of aggregates from freely suspended cells. In view of the importance of the
setiling properties of aggregates, their number, diameter, specific density, and settling
velocity were investigated at various stages of reactor operation,

Two techniques were used to measure these aggregate characteristics. On the omne
hand, results are presented on the relation between diameter and settling velocity of a
large number of individua! aggregates. Data were obtained from the projection of
photographic negatives on which sedimenting aggregates were recorded.

1." Present adress: Department of Biochemical Engineering, Delft University of
Technology, Julianalaan 67, 2628 BC Delft, The Netherlands
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On the other hand, simultaneous measurements on the specific density and the
diameter of individual bacterial aggregates are presented. Data were obtained from
isopycnic density—gradient centrifugation with Percoll, a colloidal suspension of coated
20—nm silica particles. The technique represents a novel application of Percoll gradients,
which hitherte have been employed only to measure densities of cells or subcellular
particles. Literature provides only indirect data on specific density of aggregates, as,
invariably, these densities were calculated from settling velocities (Magara et al., 1976:
Tambo & Watanabe, 1979; Shieh et af., 1981; Brehan & McLaughlin, 1984,
Timmermans & Van Haute, 1984).

MATERIALS AND METHODS

Reactor, medium, growth conditions, and analytical determinations. Aggregates to be
analyzed were sampled from an anaerobic gas—lift reactor (AGLR), in which glucose
was fermented to short-—chain fatty acids by a natural mixed population. Details on
growth and operating conditions, on medium composition (glucose limitation), on reactor
start—up, and on analytical determinations are given elsewhere (Beeftink & Van den
Heuvel, 1987). The reactor contents were considered to be well—mixed; sampled
aggregates, therefore, were taken to represent the whole aggregate population in the
reactor.
Specific growth rate calculations. With data on reactor and effluent dry—weight biomass
concentrations (x; and xg, respectively; g/l) and on dilution rate (D, h™ 1), values for a
population —averaged specific growth rate {g, h™ ') during transient conditions may be
obtained from a biomass balance (Beeftink & Van den Heuvel, 1987). As an
approximation, however, p—values between subsequent data points were calculated as:
o= 2{xp =X M ) (1, 0) v Doxg Fre Mk Fap )
with subscripts 1 and 2 indicating two subsequent samples at times ¢, and ¢, (h).
Sampling procedure. A wide sample port (8 mm @) allowed unobstructed sampling from
the AGLR. Settling—velocity/diameter measurements were combined with counting
numbers of aggregates. To normalise numbers in subsequent samples, the sample volume
(ca. 10 ml) was determined gravimetrically (assuming 1000 kg/m3). Errors in sample
volume were considered negligible, since specific weight of biomass in general only
slightly exceeds 1000 kg/m? {e.g. Woldringh et af., 1581).
Settling experiments: simultaneous measurement of wvelocity and diameter of Individual
aggregates. Aggregate—containing samples (ce. 10 ml) were collected in small wide—
—mouthed vials. Subsequently, the sample was brought on the top of a water column
(perspex container; 0.07>0.07>@ m; Fig. 1), a chronometer was started, and all
particular material was allowed to sediment undisturbed. A 35—mm camera with a
bellows and a 400—mm lens was placed at a distance of 2 m from the perspex column,

; Fig. 1 : Schematic set—up for diameter/ settling—velocity
I—L measurements (not drawn to scale). 1: sample vial; 2: perspex

chamber with settling swarm of aggregates; 3: 35—mm
camera; 4: field of view of camera with chronometer and
. scale.
A 2
o
:’“"""_1
!
ot . F
o} 1)
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and viewed a 0.07x0.10—m section (including the chronometer) of the column at 1.5 m
from the top (Fig. 1). Aggregates that passed the field of view of the camera were
recorded in a series of 24>36 mm negatives (linear magnification 0.35; illumination with
two electronic flashes}. Settling velocities v, (m/s) were calculated for each negative (and
thus for the aggregates on it). Each negative represented a velocity class; the mean of
this class was used as v —estimate for the aggregates in it. Negatives were projected on
a ftransparent tablet digitizer screen (Summagraphics, Fairfield, USA; final linear
magnification c¢a. 3.5), connected to a HP 9825A  calculator. With a
computer —connected marker, the largest and smallest diameter (length i, and width w,
respectively) of each aggregate were marked on the screen and recorded. In general,
these were the horizental and vertical diameters, respectively, as would be expected for
such somewhat irregular bodies at intermediate Reynolds—values (Becker, 1959; Clift ¢
al., 1978). The aggregate diameter d (m) was defined as d = ({+w)/2. The total
number of aggregates analysed per sample was between 200 and 1400. All diameters
measured were attributed to diameter classes, while numbers» in each class were
normalized with respect to sample volume. According to Shieh et al. (1981), such size
distributions were characterized by their Sauter mean diameter dg (mm):

dg = Synl(dly3snl(aly?

with: {: indication of diameter class; nl: number of aggregates in class ¢ (17 1); dt:
mean diameter of class i (mm).

Theoretical settling velocities of aggregates. Assuming sphericity and specific density pg,,
theoretical settling velocities were calculated (Lapple & Shepperd, 1940):

w = [4(pa—p)g-d¥3 p:Cp?

with; v terminal settling velocity (mm/s); p: density of water (g/ml); g: acceleration due
to gravity {(mm/s?}; Cp: drag coefficient (—). The expression 18.5/(Re)0-® was used as
an estimate for the drag coefficient Cpy (Re: sphere Reynolds number, —). Diameter—
—dependent p,-—values were substituted from experimental observations (cf. Fig, 4).
Percoll gradients: simultaneous measurement of density and diameter of individual
aggregates. Specific densities of bacterial aggregates were measured by centrifugation in
isopycnic density—gradients of Percoll (Pharmacia, Uppsala). Gradients were prepared
from suspensions of Percoll (Anonymus, 19805. To allow internal calibration, a mixture
of density marker beads was added (DMB, Pharmacia, Uppsala; Anonymps, 1980). A
0.25 ml sample from the reactor (with 35 — 53, aggregates) was placed directly ba top
of the gradient and centrifuged for 5 min (700xg), whereafter aggregates had equilibrated
at their buoyancy position. Subsequently, gradients were photographed (35—mm camera,,
135—mm lens; linear magnification ca. 0.5). To minimize refraction, the centrifuge tube
was placed in a transparent 3quare container with' #ater. After projection: of the
negatives (final linear magnification ca. 10), leng.th and width of each aggreghte were
measured, and a diameter was established as "defined #bove. According to its vertical
position in the tube, each aggregate was attributed to a density class. Appropriate
density classes were chosen from“ the positions of the respective DMB—bands,

RESULTS

Fig. 2 shows the time courses of the concentrations of biomass, glucose, and of various
metabolic products after after the dilution—rate shift—up that induced aggregate
formation from freely suspended cells. Subsequently, operating conditions (D = 0.6
h™ ') were prolonged until + = 400 (r = D+, --; D:’dilution rate, h™; ¢ time, h).
After a transient maximum in glucose concentration, & peak value in reactor biomass
concentration x, of 15 g/l (dry weight) was observed to coincide with complete substrate
conversion at r = 60 (Fig. 2) The production of large amounts of propionate from
glucose fermentation (Fig. 23) is characteristic for so—called HPr— aggregates
(propionate —forming aggregates; Beeftink & Van den Heuvel, 1987).

After the initial maximum, x.—values were seen to fluctuate; over prolonged periods
of time, however, x. decreased. Accordingly, biomass retention (R = XfXe, —; Xe!
effluent dry—weight biomass concentration, g/I} decreased from R = 11 to R = 3 (at
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Fig. 2 : AGLR characteristics after dilution—rate shift—up at r = 0 from D = 0.2 to
0.6 h™'. Numbers indicate aggregate samples at r = 32, 44, 60, and 100. Fig. 28 :
Concentrations of volatile fatty acids; C,: acetic acid; C,: propionic acid; C,: butyric
acid; Cg: valeric acid; Fig. 2" : Glucose concentration (Gle); reactor and effluent
biomass concentrations (% and x,, respectively); Fig. 2 : Specific growth rate ().
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7 = 60 and 7 = 400, respectively).

Fluctuations were observed also in the concentrations of volatile fatty acids, but the

general pattern did not change once retention had been established (propionate in excess
of acetate and butyrate). The only exception was found with valerate, which was formed
at increasingly higher rates with progress of time (Fig. 29),
, From the biomass data in Fig. 2%, specific growth rates were calculated (Fig. 29).
Pue to very low concentrations, biomass data between 7 = 0 and 7 = 20 were not
considered for calculation. From 20 to 60 7, u decreased to reach a minimum
(0,06 h™ '), In agreement with the subsequent decline in R, p—values were then
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Fig. 3 : Percoll density gradient, containing large aggregates at the top (low specific
weight) and small aggregates near the bottom (high specific weight).

Fig. 4 : Relation between specific density p, and diameter d of bacterial aggregates at
various stages after reactor start—up (sample numbers 1 to 4 correspond to 7 = 32,
44, 60, and 100, respectively; cf. Fig. 2).

increasing again, This increase was first very pronounced, but more gradual later on.
Ultimately, p-= 0.25 h™ ' was attained between r = 300 and 400.

At different instants during reactor operation, samples were withdrawn from the
AGLR for density/diameter analysis on aggregates with the aid of Percoll gradients. Fig,
3 presents a typical result. Apparently, smaller aggregates had found their buoyancy
position in the lower parts of the density gradient, i.e. had a high specific density py,;
larger aggregates had lesser specific densities and were seen at higher positions in the
gradients. Fig. 4 gives data on the relation between 4 and p, for four such samples
(sampling times indicated in Fig. 2). In cach case, an apparently linear negative relation
between p, and log (d) was found. However, whereas aggregates from the earliest
sample (no. 1, 7 = 32) were relatively heavy at all dianieters, a generai‘decrease in
density with time was observed with later samples. . o

At the same four instants as above (no.s 1%4; c¢f. Fig. 2), aggregate—containing
reactor samples were subjected to a settling—velocityldiam%r (vofd) analysis on
individual aggregates; the results are given in Figs. 53 to 54, The earliest sample (Fig.3
5%) represents the onset of aggregate formation, when glucose convegsion was still
incomplete (cf. Fig. 2b). Low numbers of aggrepates were observed with diameters
ranging from 0.25 to 2 mm. As would be expe(':ted, the slarger aggregates had higher
settling velocities. o

The next sample (Fig. Sb) showed a considerable increase in the maximum diameter
(up to 3.5 mm), as well-as in e total number' of aggregates.

Subsequently (Fig. 5¢), glucose conversion was complete and biomass hold—up R was
at its maximum. Comparison with the previous sample does not reveal significant
changes in numbers or maximum diameters, Strikingly, however, a general decrease in
settling velocity was observed. For large  aggregates, this decrease was particularly
prominent. Apparently, settling velocity was almost djameter—independent for d >
2 mm.

Finally (Fig. 59), the reactor biomass concentration and hold—up had decreased again
after their initial maxima, and the specific growth rate had increased. The most
significant difference with the preceding sample is the complete dissappearance of
aggregates with diameters exceeding 2.5 mm,

The trend in aggregate diameters in these samples 1 — 4 may be judged meore
quantitatively from Figs, 62 — 64, Size distributions for all four samples are shown,
which were normalized with respect to sample volume. Characterization of all four
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Fig. 5 : Relation between settling velocity v, and diameter 4 for individual aggregates at
four stages after shift—up. Fig. 58 : Sample 1, r+ = 32. Fig. 5b . Sample 2, 7 = 44,
Fig. 5 : Sample 3, + = 60. Fig. 54 . Sample 4, 7 = 100. Drawn lines: theoretical
velocities {see text). Fig. 6 : Histograms of diameters at four stages during aggregate
development (cf. captions Fig. 5); arrows: Sauter mean diameters dg.
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distributions by their Sauter mean diameter dg reveals a sharp increase between r = 32
and r = 44, and a decrease again from 7 = 60 to r = 100,
Several samples were analysed after 7 = 100, but although some fluctuation in

biomass and fatty—acid concentrations was persistent, the general picture for v /d
relations as represented in Fig, 59 remained unchanged (data not shown).

Occasionally, very small aggregates with high settling velocities were observed (d =
0.4 mm, v, = 30 mm/s). Such aggregates were encountered in particular shortly after
start—up., From the combination of their size and settling velocity, it is concluded that
these aggregates contain sand (bare sand grains were found to have a settling velocity of
35 — 40 mm/s).

Theoretical settling velocities (Figs. 5% — 5% were calculated from J and and from
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experimentally determined p,—values. A comparison with experimental data shows a
qualitative agreement. A constant, diameter—independent density would have resulted in
a slightly uwpward curvature for v,/d relations, but the present expression predicts the
decreasing slopes that were observed experimentally. However, predicted values for v,
were consistently too high.

DISCUSSION

From the data obtained on prolonged AGLR operation, it is apparent that a true steady
state did not become established readily upon formation of aggregates. Reactor biomass
concentration x, and biomass hold—up R gradually decline after initial peak values, and
ultimately levelled off at + = 100, thus allowing continued reactor operation at elevated
D—values. In fact, the experimental run shown in Fig. 2 was continved until 7 = 600,
maintaining complete substrate conversion all the time.

From data on biomass concentrations x, and x, on the one hand, and from the
physical characteristics of the agpregates on the other, a scenario -may be constructed for
the events between the onset of aggregate formation (r = 20) and the stabilization of
reactor performance around r = 100. Specific growth rates showed a sharp decline
upon aggregate formation, while at the same time glucose conversion was almost
complete (Table 1; cf. Fig. 2). Such a decrease in u was observed before (Beeftink &
Van den Heuvel, 1987) and is attributed to increasing transport limitations for substrate.

Surprisingly, however, an increase in p—values was observed when the growth—
—limiting substrate glucose was already fully depleted. An explanation for this pheno-—
menon is obtained from the size distributions of aggregates, Table 1 shows the increase
in p to coincide with a decrease in aggregate diameter as represented by their Sauter
mean diameter dg. When bulk—liquid glucose concentrations are assumed to remain
constant and negligibly low from 7 = 60 onwards, the gencral decrease in aggregate
diameter dg; would relieve limitations in glucose transport. As a consequence, the average
substrate concentrations within aggregates would be higher, thus facilitating more rapid
growth, The data obtained on dimensions of aggregates do support for this conclusion.

From data on specific density and settling velocity of aggregates, an explanation for
the disappearance of large aggregates (d > 2.5 mm) between 7 = 60 and = = 100
can be inferred. Direct measurements of specific density showed a negative relationship
with aggregate diameter, which was the rfiost prominent when bulk—liquid glucose
concentrations became vanishingly low. At later stages, therefore, large aggregates lose in
settling velocity to such an extent, that v, becomes almost diameter—independent,for 4
> 2 mm. Likely, the efficiency with which such™ aggregates are, retained deteriorated due
to their worsened settling characteristics,

The specific aggregate density p, was shown experimentally to decrease with time anu
with aggregate diameter, Simultaneously, an . mcreasmgrproductlon of valeric .acid was
observed. These data are in good agreement' with the préviously stated hypothesis on
lysis within large aggregates due to substrate msuffmenéy {Beeftink & Van den Heuvel,
1987). Microscopic evidence for "ho!lowmg" of large aggregates by autolysis has been
presented before (Beeftink & Staugaard, 1986), and was reported for mold pellets also

- o i

v

Table 1 : Comparison of specific growth rate p (h™ ), Sauter mean diameter dy (mm),
and glucose concentration gic {g/l) at subsequent times ¢ (—) during reactor start—up;
nd : not detectable.

T " dg gle
32 0.22 1.3 2.9
44 0.07 1.83 0.3

. 60 0.06 1.78 nd
100 0.18 1.11 nd
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(Clark, 1962). Conceivably, such "hollow" structures are more susceptible to shear stress
from the reactor liquid. In addition to the abovementioned wash—out therefore,
disappearance of large aggregates may have resulted from their desintegration also.

Changes in micrebial population composition could contribute to time spans required
to establish stable conditions. Characteristic times would depend on differences in
specific growth rates of the wvaricus population components. Due to biomass hold—up,
specific growth rates are low; consequently, relaxation times greatly exceeding the mean
liquid residence time might be involved. However, population changes were not
immediately obvious from the mean metabolic products, with the possible exception of
valerate production by e.g. Clostridium kluyveri (Bornstein & Barker, 1948).

In summary, the stabilization of reactor performance depended on changes in
aggregate properties, Depletion of the growth—limiting substrate after a transient glucose
peak triggers a rearrangement of aggregate characteristics; the time span required for its
completion presumably will reflect the relaxation times of the processes invelved (in
particular autolysis), Subsequent reactor operation was highly stable in terms of substrate
conversion, although the establishment of formal steady—state conditions remains
uncertain, as some fluctuations in metabolic products were persistent. Even so, the
general metabolic pattern remained unchanged.

The present report employs Percoll density gradients to measure the specific mass of
bacterial aggregates in a direct experimental way. The diameter—dependend specific
density established this way was used to calculate settling velocities as a function of
aggregate diameter. These calculated velocities were consistently higher than experimental
data on settling velocity, f.e. specific densities as measured with Percoll were seemingly
too high. This discrepancy may be explained on the basis of shape factors: bacterial
aggregates are not perfect spheres, and may contain pockets of liquid at their perifery.
Such pockets may be taken as part of either an aggregate or of the bulk liquid,
depending on the experimental determination employed.
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LIGHT AND SCANNING ELECTRON MICROSCOPE OBSERVATIONS ON THE GRANULAR
BICMASS CF EXPERIMENTAL SBAF AND HABR REACTORS

A, Tilche & X. Yang!l

ENEA - Laboratoric Interventi Dimostrativi, Bolegna, Italy

Summary

A 125 1 Sludge Bed Anaerobic Filter (SBAF)} and a 150 1 Hybridized
Anaerobic Baffled Reactor (HABR} were utilized to treat nclasses
stillage evaporator condensates in mesophilic conditions.

Using light and scanning electron microscopy, the predominant
methancgens were observed,

The predominant methanogen was Methancthrix sp.in both reacters. In
the HABR reactor, however, granules and flocs contalnlng two types
of Methanogarcina sp. cysts were also cbserved.

A number of curved cells, morphologically similar to Dgsulfgv1brlo
sp. were observed in the granules of the SBAF reactor.

Keywords: anaerobic digestion, granulation, Methanothrix,
Methanosarcina. .

Intr ion

In methanogenesis, the role of acetoclastic bacteria is of the
greatest importance, because in the digestion of complex substrates,
more than 70% of methane derives from acetate cleavage.

Up to now, only two genera - Methanosarcina and Methanothrix - are
known to be able to produce methane from acetate. Methanosarcipa
shows a higher Hp., (~ 0.45 d°!} and higher K, {~ 5.5 mM acetate),
while Methanothrix has a lower llyh.e (0.1 d!} but shows a much higher
affinity for acetate, therefore a lower K (~ 0.7 acetate)
(Harper and Pohland, 1986), This makes Methanothrix Comngitivg with
Methancgsarcina at low acetate concentrations,

The twe genera also show different behaviour ad™far as the attitude
to form heavy granules is concerned. In full scale UASB planfé,
Methanothrix is described almost always,as "the sole acetoclastlc
methanogen present, while Mgihﬂngﬁﬁ;g;g@ granules (or aggregates}
are described only in pure culture Jr unders laboratory conditions,
with low pHE and censtant volatile fatty aclds overload (Lettinga et
al., 1983).

This fact is partially due to the start—up procedure usually adopted
for UASB plants, where the loading rate is increased stepwise only
when stable low concentrations of VFA are achieved.

Another explanation can be the presence, in the life cycle of
Methanogarcina, of a single cell stage (Wang et al., 1986), during
which a washout is very easy.

It is evident that in UASB reactors the strategy is to obktain
Methanothrix granules that are more effective in achieving low
effluent COD concentrations, because of their higher substrate

l. Dr. Yang has carried out this work with the support of ENEA and
the Int. Centre for Theoretical Physics, Trieste, Italy,

Present address: Dept. of Biology, Beljing Teachers Colleage,
Beidjing, China.
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affinity.

In plug-flow reactors or in phase reactors, like Anaerobic Baffled
Reactors for example, the higher activity of Methanosarcipa can ke
used in the early phases of the reactor, where high acetate
concentration can be maintained. The possibility of obtaining
granules enriched in Methanosarcinag can make the biomass more active
and more resistant to shock loadings.

One of the aims of the experiments, carried out in a parallel
fashion on two small pilot scale reactors — a Sludge Bed Anaerobic
Filter (SBAF) and a Hybridized Anaerobkic Baffled Reactor (HABR) -
operating on molasses stillage evaporator condensate, is to
investigate the differences in floc or granule formation between the
two reactors and their different behaviour under increasing loading
rates,

M rial d Meth

A Sludge Bed Anaerobic Filter (SBAF) and a Hybridized Anaerobic
Baffled Reactor (HABR}) have been used.
The SBAF (Fig. 1) had a working velume of 125 1:; it was a
plexiglass® column of 28.4 c¢m internal diameter and 2.03 m height,
with the liquid level at 1.%0 m from the bottom. The upper third of
the reactor was filled with a plastic media (Pall Rings & 38 mm)
presenting 94% voild spaces and a specific surface of 143 m2/m3.
The HABR (Fig. 2} had three chambers and a final settler. The
working volume of the three chambers was 150 1. The settler %olume
(10.5 1) is not considered as an active volume because any sludge
present was always recycled to the first chamber. The dimensicns of
the chambers were 20 ¢m L, 25 cm W,100 cm H.
The first two chambers presented, close to the surface level, a
10 cm layer of plastic media (Pall rings the same as before), while
the third chamber had the upper half filled with a modular
corrugated block (ECO-TRICK® 200 m?/m3, 98.5% void space). Each
chamber gas phase was separated from the others, in order to measure
gas production and composition separately.
TS, VS8, T8S, VS35 and COD were determined according to Standard
Methods (APHA, 1980), Velatile fatty acids were determined using a
DANI 8510 gas chromatograph equipped with a 2 m glass column (6x2
ID, filled with 1-1965 GP 10% SP1200/1% H3PC4q on 80/100 CEROMOSORB W
AW} and a flame lonization detector.
Total Carbon (TC) and Total Incerganic Carbon (TIC) were determined
using a Dohrmann DC 80 high temperature reaction module ccupled to a
Horiba IR detector. TCC was calculated from TC and TIC values. Gas
production was measured with a Elster Handel G.00 wet test gas
meter. Methane and carbon dioxide in the gas were determined using a
Leybold Heraeus BINOS 1 infrared analyzer. Hydrogen in the gas was
analyzed with a GCI Hydrogen Exhaled Monitor after having removed
the hydrogen sulfide by means of passing the gas through a 1.5 M
zinc acetate solution,
Several sampling ports were distributed along the reactors; samples
were taken anaerobically by means of a piston-like sampler.
Light microscope observations were made using a JENALUMAR A/D
CONTRAST microscope in epiflucrescence or in epifluorescence coupled
with positive phase contrast or with Nomarsky interferential
cpntrast for wet mounts, and in bright field stained {crystal
violet) mounts,
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Table 1. Nutrients added to the
feed expressed as concentration

in the influent.
In the first three weeks
CONSTITUENT _mg/

From the fourth week

CONSTITUENT _mg!t

Sugar 4000
Sodium Acetate 625
Yeast Extract 1000

NH,CONH, 200
{NH,,HPO, 100
Yoeast Extract 100

NH,CI > 1000 KCly. 25

. MgS0.7H;0 400 Mg50, +, 10
‘l‘-‘ecla 300 CaCl, 10
KHPO, = 250 FeClydH,0 2
K:HPO, _ 250 CoCly6H,0 -4
CaCly © * . 100 . MACly4Hs0 0.5
| CoCly6H,0 10 (NaPOg) * 0.1
NiCiz6H,0 ' 10 NiClo-6Ho0 0.65
MnCly-4H,0 0.6  ZnCh 0.c5
i HaBO, 05  NaMoO,2H,O0  0.05
2nCl 05  NHNVOq 0.05
NaMoQ,2H.C 0.5 HaBOa 0.05
NH, VO, 05

a PFHILIPS SEM 505 was used.

Samples were fixed in phosphate buffer containing 2.5%

glutaraldehyde for 30

min. The osmolality of the fixing solution was the same as the one
cf the sample, measured with a Hermann Roebling Automatic
Micro-Osmometer. After washing in the same buffer and rinsing,
samples were dehydrated in graded ethanol series and dried at the

critical point with liguid COp,

using a CPD 020 BLAZERS UNION.

Finally, samples were sputter coated with gold.
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The wastewater used was molasses stillage evaporator condensate
taken continuously from a distillery. Its average compesition was,
as percentage of total COD, ~55% Acetate, ~25% Ethanol, ~10%
Butyrate, ~3% Propicnate, and the remaining ~7% higher alcohels and
higher VFA, COD varied from 5000 ppm to 10000 ppm depending on the
degree of cleaning of the evaporator. COD/TOC ratio of the influent
was around 3.5. pH was about 3.5. Being almcst absent, nutrients and
micronutrients were added to the influent.

During the first three weeks, a start-up solution was added
containing sugar and sodium acetate. From the fourth week, a
different nutrient and trace elements sclution was added.

Final nutrients concentration in the wastewater are reported in
Tak.1l. pH was corrected to 5.0+5.2 by adding 1.5 M NaCH to the
influent with a metering pump.

The seed material for the two reactors was cobtained from a digester
treating municipal sewage sludge. Morecver, an enriched culture
obtained in the laboratory using methanol as the sole carbon and
energy source was added.

The initial biomass contents were 7.3 g VSS:1-! and 5.3 g VsSS.1-1 in
SBAF and HABR respectively.

Both reactors operated at the same temperature (37 £ 0.5 °C).

Recycling of the sludge from the settler of HABR to the bottom of
the first chamber was done only periocdically, when some sediment
layer of biomass was present.

Cverall loading rates have been gradually increased up to a maximum
of 10.5 g Cop-1%d !l and to 5.5 g Cob-1-1.d"1 for SBAF and for HABR
respectively. Unfortunately, it was not possible to increase the
loading over these figures, because the experiment was forced to
stop due to the unexpected closing down of the factory.

Results

In steady state conditions, 110 days after the start-up, the
analysis of the profile of the two reactors showed that in the SBAF,
95% of the total scluble COD destructiocn was due to the 15 cm layer
of sludge on the bottom of the reactor which had a density of 21.8 g
v838-17! and represented arcund 67% of the reactor biomass; the upper
part of the reactor can be assimilated to a completely mixed
reactor.

Otherwise in the HABR the first chamber produced around 70% of the
coverall methane production, with a biomass amcunting to only 10% of
the total V58S accumulated in the reactor.

In both cases, overall soluble COD destruction was around 98%.

The sludge load calculated only in the most active areas of the
reactors, in the first chamber of HABR was 4+5 g CCD.g~! vs$s-a1,
while in the sludge of the SBAF only ~1.9 g COD-g1 v8S5.d71.
Granulation occurred in the HABR one month after the start-up, but a
predominant flocculated bicmass was always present. Granules were
very small, 0.3+1.5 mm in diameter, and of weak consistence.

In the SBAF, granulation occurred later, but in the third month
after the start-up, the granulated population became predominant.
Granules were bigger and resistant, 0.5+3 mm in diameter; the
majority of the granules were dark, but part of them showed a light
grey colour, without showing in the microscope observations any
significant difference in bacterial composition.

In Scanning Electron Microscope observations, the low magnification
micrograph shows a regular surface for SBAF granules (Fig. 3a}. At
higher magnification (Fig. 3b), the surface of SBAF granules seems

173



to be composed mainly of Methanothrix-like organisms. Bulges and
septa between individual cells and the flat ends of the filaments
can be distinguished. Moreover (Fig. 3c) curved cells with a polar
flagellum, morphologically similar to PDPesulfovibrio sp., are
frequently observed. Tn HABR, the surface of floc¢s/granules is
highly irregular, showing the presence cof Methapnosarcina cysts (or
clumps) .

In samples taken from chamber 1, two types of cystis were observed;
one was very large (Fig. 3d), up to 50 um in diameter, the second
smaller, ccmposed of only few cells (Fig. 4a). Some bigger cysts
were found linked together by a filamentous matrix of
Methanothrix-like organisms {(Fig. 4b).

In samples taken from the bottom of chamber 2, cysts up to 10 Wy in
diameter were observed, {Fig. 4¢) and smaller cysts were mainly
found at the top of chamber 2 (Fig. 4d}. In chatiber 3, flocs were
composed predominantly by short filaments of Methanethrix-like
organism and by crganic matrix,

The observations with the 1light microscope gave few different
results. When wet mounts of crushed dispersed granules were cbserved
in epifluorescence or in epifluorescence coupled with positive phase
contrast or with Normarsky interferential contrast, a number of
fluorescent organism were observed.

In HABR samples from chamber 1 and 2, filamentous Methanothrix-like
bacteria were almost non—-fluorescent, while big and small
Methanosarcina-like organisms showed a blue—green fluorescence, and
short rods, probably Methanobacterium, showed a bright-blue
flucrescence.

In SBAF samples, contrary to SEM observations, some Methanosarcina
cysts and some single cellg were observed, probably present inside
the granules.Stained samples shcowed a number of morphologically
different bacteria in samples from both reactors, although HABR
samples showed a higher variability. SBAF samples had Methanothrix
as the predominant bacterium, but showed, alsc in the light
microscope observations, the presence of curved cells,lresembling
DEEﬂlfQEibLiQ EQ. . T e * ‘w
Discugssion . =1

The predominance of acetoclastlc bacterra both in SBAF and in HABR
depended firstly on the waste composltlon, ‘stechiometric Bccounts
demonstrated that, with the wastewater d€scdribed, more than 90% of
methane resulted from acetate cleavage. In fact, when hydrogen was
analyzed, it never exceeded 4.107¢ atm even under overloading
conditions. The Highest hvdrogen ésncentrations were found in the
gas of the first chamber of HABR, but the calculated hydrcgen
turnover rates were only as low as 6 sec”! for SBAF and 15 sec™! for
HABR 13t c¢h,

An explanation of the presence of Methanosarcina sp. in HBABR and of
its almost total absence in SBAF can be attempted,

The sludge from the first HABR chamber received a higher acetate
loading than the cone from the SBAF bottom. In fact, in the bottom of
the first HABR chamber, acetate concentration was around 1000 ppm
COD, while in the bottom of the SBAF the concentration was ten times
lower; the acetate concentration approached the saturation
concentration for Methanosgsarcina in the first case, and for
Methanethrix in the second case. However, the apparent sludge
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Fig. 3. a) low magnification of a granule from the SBAF; b) close
view of the surface of the same granule; ¢} high magnification
micrograph of the curved cells with pelar flagellum, morphologically
similar to Desulfovibrio sp.:; 4} big Methanosarcina cyst from the
first HABR chamber.
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Fig. 4. a) low magnification micrograph of a floc from the first
HABR chamber, showing Methanosarcipna clumps linked together by

filamentous bacteria; b) small Methanosarcina cysts from the top of

the first HABR chamber; c) some bigger Methancsarcgina cysts from the

bottom of the second HABR chamber: d) smaller clumps from the top of
the second HABR chamber.
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activity was higher in the HABR, around 4-gC0OD-g-1¥5S5.d-!, while in
the SBAF it was ~ 1.9.gCOD-g”1vss.d-!.

After accidental loading stops due to electricity breakdowns, gas
production in the SBAF stopped almost immediately, reaching 100%
again only 2 h after the new start. The HABR, in the same situation,
showed a very long (up to 24 h tc steady state) and smooth decrease
in gas production, and restarting was very long as well, around
6-10 h to get a stable 100% gas production again.

This shows that the HABR has a plug-flow pattern and the SBAF a CSTR
pattern. Moreover, if this observation is related to the profile, it
is evident that in HABR, after a feeding stop, still a considerable
amount of substrate remains in the first chamber to be metabolized.
At the new start, it is necessary to build up the substrate
concentration before obtaining conditions for high substrate removal
rate for Methanosarcina.

In any case, the actlivity measured on HABR sludge is high encugh to
justify the interest in obtaining granules containing Methanosarcina
as the dominant acetoclastic crganism for phase reactors, like the
HABR.

Another explanation of the presence of Methanosarcina in the HABR
can be the lower turbulence due to gas evolution. Superficial gas
loading rates reached maximum values of 5 md"! for the 15U HABR
chamber compared to 9 md-! in the SBAF. These figures, which are low
as absolute values, in shallow laboratcory reactors give rise to
considerable differences in the turbulence. Under these conditions,
Methanosarcina was washed out early from the SBAF reactor, but was
retained in the HABR, even though periedic recycling of the sludge
from the settler is necessary to maintain it in the system.

The presence of Desulfovibric gp. in anaerobic communities cof
reactors treating low sulphate-containing wastewaters has already
been described by Zeikus et al. (1985). They recognized the ability
of the Desulfovibric to act as a syntrophic acetcgen in the
conversion of ethanol to acetate.

If the observations are confirmed by isclaticn work, it may be
possible, as Chartrain et al. {1987} have already claimed, using
whey as substrate, to design a 4+5 species population able to treat
the wastewater used in the experiment,

Conclusions

Poor attention was given to the conditicons of development of
Methanogarcina sp. aggregates or granules, because in the UASB
reactors low acetate concentrations, close to Kg values for
Methanothrix, are necessary in order to obtain low COD
concentrations in the effluent.
in baffled reactors, however, like the HABR described, it is of
greatest interest to cobtain, in the early phases of the reactor, a
granulated biomass containing Methanosarcina that shows higher
activity on acetate.

More research 1s needed to ldentify more precisely the described
species and to study the best ecological conditions for stable

Methanosarcina aggregate formation.
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WASTEWATER: COMPARISON OF LABORATORY AND FULL-SCALE RESULTS
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J. Canals* :

Universitat Autdnoima de Barcelona, Bellaterra, Barcelona, Spain
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Summary

There is a lack of suitable, inexpensive analytical methods
to get on-plant information about the stability of operation
of UASB reactors. Since pH and other conventional controls
used in wastewater treatment processes are not normally
appropiate for anaerobic reactors, analysis of volatile fatty
acids (VFA) by gas chromatography or hydrogen monitoring with
specific electrodes are being used for instability
determinaticn. However, such methods are normally not of
application in full-scale reactors due to the need of
expensive equipment. A two end-point alkalimetric method has
been proposed in the literature for the follow-up and céntrol
of "anaerobic digesters. This paper deals with results of the
start-up and operation of a 5,6-1, UASB reactor treating
potato-starch wastewater, where such alkalimetric method was
simultaneously used with gas-chromatography VFA menitoring,
and presents reactor perfermance for HRT up to 12 hours.
Sludge granulation and distribution within the reactor are
alsc reported. Finally, firts results of the start-up of a
800-cubic meter industrial reactor are presented and the
suitability of the above-mentioned alkalimetric method is
discussed.

Introduction

It is well-known that two of the main drawbacks co¢f the
application of anaerobic digestion to wastewater treatment are
the duration and characteristics of the start-up period, which
often determines the feasibility of its application and the
ultimate steady-state performance of the process, and the need
of simple and accurate on-plant control systems for a rapid
detection of instability.

So far, VFA G-C determination and hydrogen monitoring are
not of application te full-scale plants because of investment
and maintenance costs of the equipment which 1is needed for
such controls. However, a simple, two end-point alkalimetric
method has been recently reported (Ripley et al., 1986) for
the follow-up and control of anaerchic reactors.

v This paper reports laboratory results of the start-up of an
UASB reactor treating potato-starch wastewater, concerning the
maximum organic load applied, sludge granulation and
distribution along the reactor and the application of that
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alkalimetric method. First results of the start-up of a
full-scale reactor agreed with laboratory figures. The
feasibility of application to industrial reactor control of
that alkalimetric method is discussed.

Materials and methods

Wastewater characteristics

The wastewater studied was the effluent of a potato-starch
factory. Its main characteristics ranged as follows (in
kg/m3): copb, 7,6-16,0; scoluble cob, 5,9-15,2; pH, 5,2-6,0;
ammonia nitrogen, 0,3-0,7; acetic acid, 1,4~2,6; propionic
acid, 0,6-2,3; n-butyric acid, 0,2-2,9; and protein, 1,9-2,6.

Analytical methods

Total and soluble COD, and total and wvolatile suspended
solids (TsSS, VSS) were determined according to Standard
Methods (APHA, 1981). Gas chromatography was used for VFA and
biogas analysis.

Alkalimetric determinatiocon

Alkalimetric determinations were performed according to
Ripley et al. {19886). Sulfuric acid 0,6 N was added to
centrifugated samples supernatant to drop pH to 5,75 (partial
alkalinity, PA, related to bicarbonate) and, then, to 4,3
(intermediate alkalinity, 1A, related to VEA). The
above-mentioned authors c¢laimed that IA/PA ratio can be
directly related to VFA accumulation.

Standard alkalimetric determination (APHA, 1981) was also
done in full-scale follow-up. i

.
>
- hd

Scanning electron microscopy ‘ ) -

Samples were filtered on a 0,22-microns Nucleopore membrane
and then  fixed with glutaraldehydd, .and dehydrated by
air-drying. Afterwards, they were supported on aluminium and
goléd metallized for 3 minutes .at "1,4 kv and 20 ma.
Observation was done with a scanning electron microscope ISI
SuperIli-A. . i '

Laboratory experimental set-up

The UASB laboratory reactoer had a total volume of 5,6
liters. It was kept in a thermostatised chamber at 30 C.
Feed was heated to the operating temperature by flowing
through a coil immersed in a thermostatic bath. Several
sample ports were disposed along the digester. Gas production
was measured by means of an electronic gas counter.

Full-scale plant

It consisted of two parallel UASB reactors of 800 cubic
meters each. Pretreatment of the wastewater was done by
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screening, clarification and homogeneization.

Results and discussion

Laboratory reactor start-up

The inoculum source was anaercbically digested sewage
sludge, with a volatile suspended scolids concentration of 18,2
kg/m3. The reactor was filled to the ©50% of the working
volume with such sludge, the rest being tap water, thereby
yvielding a final VvSS concentration of c.a. 9 kg/m3. An
initial organic 1leoad of 0,05 kg COD/kg VSS.d was applied, by
diluting the wastewater in order to reach a hydraulic
retention time of 5,6 days. Recycling of effluent was done as
necessary to expand the sludge bed.

Increasing organic loads were applied up to 3,56 kg COD/m3.d
with the same HRT and decreasing feed dilutions. Figure 1
shows the organic load, <C0OD removal and VFA concentration
within this period. The initial, high VFA figures related to
inoculum characteristics. When that concentration was
congidered low, the organic load was gradually increased up to
its final value. Then, a significant acidification appeared.
However, the reactor recovered and CCD removal increased
rapidly tc 80% and remained constant until the end of this
period.

Steady state performance

Table 1 shows the performance of the lab reactor, which was
controlled by using the above-mentioned alkalimetric method.

Table 1. Performance of laboratory UASB reactor.

HRT Loading rate COD removal Vs removal biogas prod.
(d) (kg cOD/m3.d) (%) (%) (m3/m3.d)
5,6 3,5 78,9 93,5 1,07

4,0 4,0 82,6 93,8 1,52

3,0 2,8 91,5 73,5 1,09

2,0 5,9 92,3 73,0 2,50

1,0 9,8 93,7 72,3 5,00

0,5 17,5 85,0 73,1 8,04

These figures permit to conclude that a rather high organic
load c¢an be applied with such wastewater when using that
start-up procedure, the process yielding biogas production
rates as high as 8,04 m3/m3.d with removal efficencies as high
as B5% (as total COD)}.

Alkalimetric fellow-up
Figure 2 shows the VFA concentration, the intermediate
alkalinity and the IA/PA ratic during the start-up period. It

can be observed that such that ratio is more sensitive than
the VFA alkalinity (IA) and can be better used for a quick
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detection of reactor souring. From these figures it can be
concluded that a stable operation of the reactor can be
assured if that parameter is kept below 0,4.

Sludge granulation and distribution

Flocculant sludge appeared to be uniformly distributed along
the reactor. According to Table 2, a highly inorganic sludge
accumulated at the bottem of the reactor. It agreed with
electron micrographs (Figure 3), which showed abundant
mineralized granuls.

Fig. 3. Mineralised granuls found at the bottom of the
reactor (long bar represents 100 -micronsy, - . . ’

on the other hand, after the'.Settlané device, effluent
contained a low suspended solids concentration with a high
percentage of crganic matter mainly composed of Methanotrix.
Most of the reactor was occupied by flocculant sludge where
granuls of some milimeters were found. Figure 4A shows a
partial aspect of one of such granuls, whereas Figure 4B
concerns a magnification of that zone. It appears that
Methanotrix is the predominant microorganism which seems to
act as the matrix support of the whole structure of the
granul.

Full-scale start-up
The start-up procedure tested at laboratory scale was used
to start-up a full-scale plant. The inoculum source was

anaerobic sewage sludge which yielded an initial concentration
within the digester of 6,5 kg VSS/m3. Performance agreed with
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Fig. 4. Micrograph of granular sludge (4A, long bar equals
10 microns; 4B, long bar equals 1 micron).
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Table 2. Distribution of suspended solids
along the reactor.

Level TSS vsS VSS/TSS

{g/1) {g/1) (%)
1 1,10 0,78 71
2 7,34 4,51 61
3 8,51 5,19 61
4 8,30 5,25 63
5 9,16 5,75 63
6 56,54 31,15 55

that obtained at laboratory for the same 1loads and influent
concentrations. '

Both standard (APHA, 1981) and new alkalimetric methods were
used in the reactor feollow-up during this period. However,
regults of such analysis showed that the IA/PA ratio does not
present a univocal relationship with the volatile fatty acids
concentration, but resulted a functicen of total alkalinity.
Therefore, it can be concluded that in despite of the goodness
of that alkalimetric method for steady state control of UASB
reactors, a more accurate follow—up, e.g. G-C VFA
determination, must be undertaken for an optimal ultimate
reactor performance.

Ripley, L. E., W. C. Boyle . & J. €. Conversg, 1986.
Improved alkalimetric monitoring for anaercbic digestion of
high-strength wastes. J. Water Pclluf. Control Fed.,
58(5): 406-411, ' ‘ :

APHA, 1981. Standard methods$ for the examination of water an&
wastewater. APHA-ARWA-WPCF, Washington. . -
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METAL EFFECT ON MICROBIAL AGGREGATION DURING
UPFLOW ANAEROBIC SLUDGE BED-FILTER (UBF) REACTOR START-UP

8.R. Guiot#*, S5.8. Gorur#**, D. Bourque* and R. Samson#*

National Research Council Canada
*Bictechnology Research Institute, Montréal, Québec H4P 2R2
**Division of Biological Sciences, Ottawa, Ontaric K1A ORé

Summary

Metal based variables have been tested for their effect on
anaerobic sludge granulation in a series of upflow anaerobic
sludge bed reactors. The calcium ions had no effect on
granulation induction at low levels of activity. The
granulation process correlated with the increase in specific
acetoclastic methanogen activity and in propionocclastic
activity of the biomass when trace metals were supplemented.

Intreduction

The common drawback to all UASB-like systems, whether hybrid
or not, regardless of design, is the initiation of dense and
highly active granules. This is especially true for digested
sewage sludge, which has poor viability and specific activity,
and which is commonly used for inoculation of pilot- or scaled-
up anaerchic systems.

Environmental, biological, and engineering factors have all
been implicated in contributing to the granulation process.
Since most bacteria have negatively charged surfaces (carboxyl
and phosphate groups), it is expected that bivalent cations,
namely Ca“’, cecould bridge charged groups on the bacterial
surfaces. Concentrations of calcium ion in the range of 25-100
mg L™~ increased the flocculation ability of anaerobic sludge
and enhanced the rate of sludge granulation {(Mahonney 1984,
Hulshoff Pel et _al. 1982). There is no evidence, however, that
calcium can induce granulation of freely suspended and poorly
active sludge.

The accumulation of extracellular polymeric substances (EPS)
as capsular material as well as peripheral slime has been
widely correlated with adhesicon and aggregation processes
{Costerton et al. 1981). It is suggested that EPS provides a
matrix for formation of permanent bonds between juxtaposed
cells, like specific link protein~sugar unit, hydrogen bond,
polar bond. EPS synthesis is usually associated with carbon-
limited growth conditions. However in some cases EPS
production is dependent on relatively high growth rates and/or
high specific metabolic activity of viable bacteria (Harris and
Mitchel 1973).

Hulshoff Pol et . (198%) reported that a specific activity
above 0.6 g COD g — VSS 4™~ is a prerequisite for granulation
process. The satisfaction of factors for optimal growth of
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methancgens, like some trace metals (Murray and van den Berg
1981}, could thus promote granulation.

In an effort te sort out the positive factors for granulation
initiation, several wvariables have been tested in a series of
reactors, inoculated with non-granulated sludge from a
municipal anaercbic sewage digester and started up in parallel
to a control run: presence of calcium ions (2 and 4 mM), with
and without the presence of sodium ions; supplementation with
trace metals (about 30 uM on the whole).

Material and methods

This comparative study was conducted with two sets of three
upflow anaercbic sludge bed-filter (UBF) reaetors of similar
size and configuration. Details of a UBF reactor have been
given in previous papers (Guiot and van den Berg 1984, 1985).
The design is similar here, but smaller in size. Briefly,
reactors consisted of a cylindrical glass tube (3.2 cm i.d. x
60 cm ligquid height). The top guarter of the reactor was
packed with polyethylene rings (Flexiring, Koch Inc.) floating
against a screen. The liquid volume was 0.45 L The effluent
recirculation to feed ratio was 4:1.

211 reactors were fed a synthetic su?ar medium. In the first
experiment, the medium contained (g L ~): sucrose, 5;
(NH, ) HCO 1; NaHCO;, 3.66; KHCO,, 4.36; (NH,),580,, 0.25;
K,HPG,, .14; KH,PO,, 0.1; yeast extract1 0.6G5. he Ca-
positive fed reactor contained 2.35 g L™~ CaCl,.2H Reactors
supplemented with trace metals (TM) contained % {(v/v) of
the TM sclution. The TM solution contained (g L )
FeCl,.4H,0, 2; H4BO 0. 05, Zncl,, 0.05; cuCl,.2H,0, 0.04;
Mncl, .4H,0, 0.5, ﬁ %

)6 Mo 4.:1H 0, 0.05; AlC 03;
CoC12.6H ¢, 0.15; N1 l 0.1; Na-EDTA, 0. : cdncentrated
HC1, 0.1 % (v/vl. he second experlment the medium®.

contalned (g L sucrose, 0.8; NH -acetatg, 0.19; KH2P04,
0.09; yeast extract 0.02: TM sSolution, 0.2 % (v/V):
trls[hydroxymethyl]—amlnomethane, 12; HCL 1 N, 0.3 % (v/v).

The medlum of the twd Ca-positive readtors contalned 0.59 g L -1
CaCl 0; that of the control and of one Ca-positive reactor
contalnea 4.7 g L~ Nacl. .

In the first experiment, the inoculum was a municipal
anaerobic sewage slud@e acclimated for several months to
sucrose (0.5 %) feed. In the second cone, the inoculum was a
degranulated sludge acclimated for 6 weeks to sucrose in a
completely stirred reactor. An equlvalenE portion of sludge
was used to seed all reactor (10 g VSS L of reactor space
volume, in both experiments). The reactors were operated in a
temperature contreclled room kept at 27=-29°C. Organic loading
rates (OLR) were increased in steps by 1ncrea51n? the flow
rates, while maintaining the VFa under 200 mg L

Reactor performance was assessed on a daily basis (influent
feed rate, gas production, effluent VFA content, pH) or on a
frequency depending on the experimental requirement (feed COD,
effluent total and soluble COD, alkalinity). Detailed

188



procedures for parameter monitoring have been presented
elsewhere (Guiot et al. 1986).

Biomass activities were determined by following the
disappearance of a definite substrate (sucrese, acetate, or
propionate), while ensuring their concentrations were not
limiting. Tests were conducted in serum bottles under
anaerobic conditions at 35°C (Guiot et al. 1986). Specific
activity was estimated by reporting the uptake rate versus the
V58 concentration in the serum bottle.

During the first experiment, the proportion of dispersed
sludge versus granular gludge (size > 0.8 mm) was determined by
screening sludge samples through a sieve of 30 mesh and
measuring the dry solids weight of the portion retained on the
sleve relative to total solids. A photograph of a dispersed
aliquot of the sieve-retained granules permitted a size
classification. The size was converted into mass by considering
the granules as spheres of equivalent density. During the
second experiment, the particle size distribution was assessed
using a Coulter counter (model TAII). Particles are first
suspended in an electrolyte solution. The measurements
obtained are differential percent values versus volumetric
size. The active measuring range was between 1 and 800 Jm.

14

Results and gdiscussion

Calcium effect on granulation

Reactor operaticns were conducted independently according to
their response to increases in OLR. For the first three
reactois, stepwise increases in the OLR started_ at ?bout lg
cop "1 @71, to reach between 6 and 34 g COD L™l a” depending
on reactor feeding and time of operation. Soluble substrate
COD removal efficiencies were kept over 94 % throughout the
reactors! operation. The contrel reactor reached an OLR of 11
g cob L™1 a1 after_ 146_days, and the TM-supplemented reactor
reached 34 g COD L™ @71 after 14z days1 The Ca-positive
reactor attained an OLR of 6.5 g COD L™~ 4™~ after 103 days.
When shifted Eg TM_ supplementation, it quickly reached an OLR

a

of 14 g COD L “1 by the 144th day.

Changes in the specific substrate-COD removal rates (ry gp)
as a function of the operational time are presented in Fi§. 1
for the first three reactors. These plots depict the evolution
of the biomass maximal specific activity, since the reactors
were at or near maximum loading. At day # 103, the_ Ca-positive
reactor had reached a ry g, of 0.5 g COD g:1 VSS d:l, while in
the control reactor, ry é was 0.8 g COD g VSs d -. At that
time, 94 % (dry mass) of Ehe Ca-positive biomass aggregates had
a size < 0.8 mm and 6 %, comprised between 0.8 and 2 mm. At
that time, the granule size distribution was similar in the
control reactor: %5 and 5 %, respectively. This indicated
that, at low levels of specific activity, Ca cations could not
gpeed up the granulation process. Two factors may impair the
ca’tt action. First, in bicarbonate-buffered systems, calcium
partially precipitates. 1In such cases, the precipitated CaCO4
eventually entrapped in sludge, would not be effective
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Fig. 1. Change in specific substrate-COD removal rate (r, gi)
versus reactor operating time (First experiment). (0) Conirol
(&) TM supplemented reactor {(<>) Ca-positive reactor, shifted
£o TM supplementation (at arrow).

in granule nucleation. Secondly, sodium cations abundantly
present in the medium might compete for binding sites with Ca
without bridging occcurring. ' ~ 1

++

Conseguently a second experimen was conducted with tris-
puffered sugar medium (1 g COD L™7) in orde¥ to minimize the
calcium precipitation and to. control the concentration of 3
monovalent cations. Two reactors suppjemented with Caf+ (4 mM)
(one without Na®, the second containing 80 mM of Nat) were
operaEEd for 3 months in parallel'to arthird reactor (control,
ne ca'’, 80 mM_§a li The OLR was increased in steps from 0.2
to 2.2 g CcOD L™~ & ~. Changes in ry g, along the operational
time is shown in. Fig.#2 for all threé reactors. The gizes
(Coulter counter) of viomass aggregates of all three reactors
were measured at the beginning and at the conclusion of the
experiment. The particle size distribution significantly
increased of one order of magnitude over the operation (Fig. 3)
in all reactors. Average diameter was, 20 jm at the beginning
versus 200 nm after 3 months. At this stage it can be
concluded that, at low levels of specific aectivity, ca*t had no
direct effect on aggregation, regardless of the presence or not
of monovalent cations., On the other hand, nicroscopic
aggregates are noticeable early before effective granulation
despite the low level of activity. Finally, comparison between
the patterns of particle gize distribution (Fig. 3) and those
of specific activities (Fig. 2) show that the higher the
gpecific activity is, the greater the number of large
aggregates. This suggests that even at an an early stage
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Fig. 2. Change in specific substrate-COD removal rate (ri o,
versus reactor operating time (Seccnd run). (0) Centrol '?O;
Ca-positive reactor, with Na (+) Ca-positive reactor, without
Na.
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fig. 3. Particle size distribution (% volume) within the
second run's three reactors. (——) Day #1, all reactors
{inoculum). (0, ¢, 4 ) After 3 months, same keys as in Fig. 2.
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of the aggregation the particle size correlates with the
magnitude of the activity.

Granulation process relative to sludge activity

As afore-mentioned, trace metal supplementation caused a
drastic improvement in the specific performance of biomass
(rX Syr Fig. 1). For example, after a lag p%rlod of 40 davys,
the'r increased from 0.3 to 2.6 g CCD g V85 4”7+ at the
end o% %ﬁe experiment. During thf same time lapse, the control
reactor reached only 1.3 g COD g~ VS§ &~ As expected, this
was associated with a similar increase in the specific
acetoclastic activity (SACA). Furthermore, TM supplementation
had a similar effect on pro ionoclastic activity on a longer
term: 1.1 g COD g ~ VSS 4™+ versus 0.3 in th®e control reactor,
at the end of the experiment. Even acid forming bacteria
profited by the presence of TM, although less data on specific
acidogenic activity was available to be conclusive. The
various specific activities of the biocmass (acidogenic,
propicnoclastic, acetoclastic) reflect the relative abundance
of the fermentative bacteria, the obligate H —producer
acetogens, and the acetoclastic methanogens, respectlvely, in
the biomass consortia. A comparative analysis of the diverse
activity values suggest that the ratio of methanogen to
fermentative populations and the ratio of acetcgen to
methanogen populations have increased at the end of TM-
supplemented experiment.

The granulemetry of the biomass is sketched in Fig. 4
(bottom), i.e. the size distribution (% of dry solids)
subdivided into 4 classes: < 0.8 mm, 0.8 to 2 mm, 2 to 3 mm and
> 3 mm. The control reactor digd not show any effective
granulation, until the end of the experipent (i.e. at 168 days,
not shown_in the gig. 4), while the ry o, and SACA ¥ere around
1 g Cob g vss d In the,TM‘suppleﬁented reactor, the
granulation process (Fig, 4, bottom right) €learly correlated
with improvements in specific methanogenic and acetogenic ‘4
activities (Fig. 4, top right). Effect of TM on activity of”
the sludge and subsequently on ‘the grahulatlon pro€ess-has been
cenfirmed in the afore-mentionned Ca- p051t1ve reactor.’ Two
menths after ca't’ supplementation’was hanged Eo TM addition,
the SACA rose from 0.8 to 1.7 g COD g~ ~ V858 d -, correlating
with effective granulation. ,

The granulation process can thus be associated with both an
increase in the concentration of viable cells per mass unit of
all populations and an increase in the activity of the enzymic
activity per cell. One explanation is that the increase in
concentration of viable or active cells per mass unit resulted
in a higher frequency of cell interaction and consequently of
cell aggregation. Secondly, intense metabolic activity
(larger energy budget) might have generated or improved the EPS
synthesis, resulting in the induction of aggregation and
granulation process (Costerton et _al. 1981). Thirdly, the
granules proliferated from acidogen-dominant granule
precursors, which were colonized by inter-twisting populations
of methanogens, mostly Methanothrix-like, since reactor medium
was acetate limited., Methanogens were found in granules in
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Fig. 4. (Top) Specific activities of biomass versus the

operating time, in contrel and TM supplemented reactors.
(Bottom) Granule size distribution versus the operating time,
in control and TM supplemented reactors.

higher proportion than in free suspension and small flocs, in
contrast to acidogens (Dolfing et al. 1985, Guict et al. 1986).
This is in agreement with the granulation moedel based on
transmission electron microscopy, proposed by Dubourguier
(1987, this conference).

Conclusions

1. The calcium ions do not seem to be a key-factor for

inducing the granulation.

2. The granule preoliferation seems to be due to colonizatien by
the acetoclastic methanogens of aggregate precursors dominated
by acidogens.

3. The granulation process results in an improved balance
between acetogen and methanogen activities, pessibly due to a
better interspecies transfer of metabolites (namely H,).

*
\
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Nomenclature

COoD Chemical oxygen demand

EPS Extracellular polymeric substaTce

OLR Organic loading rate (g COD L~ -

r r Specific substrate removal rate (g COD q'1 vss 4~ 1)

SéCi Sp§c1fic afldogenlc (glucoclastic) activity (g CoD
ves d

SACA Spe01flc acetoclastlc activity (g COD g'l vSss a- )

SPCA Specific propionoclastic activity (g CoD g™~ VvSS 4~ 1)

™ Trace metal

UBF Upflow anaerobic sludge bed-filter

VFA Volatile fatty acid

VsSs Volatile suspended solids .
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Valladolid, Spain

Summary

Experimental results obtained with laboratory and pilot
scale fluidized bed reactors treating different wastewater
are presented. In a lab scale reactor working with beet
sugar wastewater at organic_loading rates (B,) greater than
100 g COD/l.d. biomass granules with 100 g VSS/1 were formed
in the upper part of the reactor. Treating domestic sewage at
low temperature (10 °C), accumulation of suspended sclids in
the top of the reactor was observed, the concentration of
attached biomass was 30 g VS/1l. In a pilot reactor, filled up
with natural and calcinated sepiclite a different behaviour
of the support material was observed. Time evolutien of the
reactor performance and TS and VS profiles are presented.

Keywords: anaerobic fluidized bed reactor, biomass
attachment, domestic sewage, sugar wastewater.

Intrceduction

Microorganisms can attach to surfaces submerged in an
aqueous environment. The immobilized cells grow, reproduce
and produce exopolymers wich extend from the cell forming a
tangled matrix of fibers wich provides the basis of the
biofilm. (Characklis, 1984)

In order to supply useful surface for the biofilm
development inert particles (diameter Dp < 1 mm) are
fluidized in the anaerobic fluidized bed reactor. As a result
of the biofilm formation this technology seems to offer the
advantage of providing a higher concentration of
microorganisms than in systems with suspended biomass.

A biofilm can consist of a monolayer of cells or it can be
as much as 30-40 cm thick as ocbserved in algal mats. The
development of biofilms may be considered from an ecological
point of view. With constant environmental conditions the
ecological succession on the colonized surface leads to the
formation of a mature community. As the rate and extent of
processes influencing biofilm development are time-dependent,
we can expect an evolution of the biofilm characteristics.

Dealing with anaerobic reactors which are fed at increasing
bdrganic 1lcading rates, changes in the physico-chemical
properties of the biofilms c¢an modify the behavicur of the
reactors.
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Results and discussion

1. Laboratory scale experiments
1.1. Beet sugar wastewater

These experiments were carried out in an anaerobic
fluidized bed reactor with an effective veoclume of 500 ml
constructed on plexiglass. Reactor features have been shown
elsewhere. (Garcia, 1986). Support matrix consist in PVC
particles with a diameter Dp < 0.6 mm and a density of 1.19
g/ml. The bed porosity is 43% and the expansion of the bed
during operation is 20%.

The reactor was fed with beet sugar wastewlter with a COD
ranging from 4000 to 10000 mg/l and an average value of 6500
mg/l and it was an acidified wastewater. Temperature was
maintained with a thermostatic bath at 33 * 1 °C. Superficial
velocity through the bed was around 0.1 cm/s. During 3 years
the reactor worked continuously reaching By = 100 g COD/1l.d.
with COD reductions of 90% under stable conditions. At the
end of the operation period, this organic loading rate was
surpassed reaching B,=150 g COD/1l.d. (hydraulic retention
time = 1 h) with CcOD reduction near to 90%.

With high organic loading rates, biomass formation gave
rise to a rapid accumulation and twe different types of
particles could be observed in the bed. At the top of the
bed, there were biomass granules with a diameter of 2-3 mm.
The shape of the granules aproximated an ellipsoid and they
differed in size and shape from the inital solid particles.
It was verified, that about 40%.o0of these granules had no PVC
support and that some of them had a CaCO3_ support
(dissolvable in nitric acid). Veolatile solids concehtrations
higher than 100 g/l were. determined in these biomass
granules. ‘ i

.4
¢ L
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This behaviour seems to show that at high organi¢ leading
rates, an important part of the biomass growth takes place on
small particles of PVC or lime forming granules. The low
density of these granules allows their placement in the upper
part of the bed. The high bicmass concentration of the
granules made it possible to reach organic loading rates as
high as indicated before.

In Photograph 1, biomass granules recovered at the end of
the study period are shown, from the upper part of the bed
(right), and PVC particles covered with biomass from the
lower part of the reactor (left). The relative guantity of
each type was approx. 40% and 60%, respectively, biomass
granhules and PVC particles.

The reactor was stopped for 7 months, and it was started-up
and operated for two months reaching By = 145 g CoD/1l.d.,
with a =zoluble COD removal of 80%. During this period a COD
removal of 90% was reached with a By, = 85 g C0D/1.d.

During non-operating pericds we could observe a decrease in
biomass wolume, but once the reactor was started-up and
reached By, > 30 g COD/l.d. a rapid increase in biomass volume
was noted. In Photograph 2 a biomass covered PVC partlcle can
be seen {(found at the bottom of the reactor).

In this case the granule size was larger than at the end of
the continuous operation and they had a more spherical shape.
This can be due to a continued biomass growth over the
initial granules, causing a larger size. In this period, the
recirculation system utilized a centrifuge pump, whereas in
the 1initial pericd a membrane pump was used with a very
strong pulsation. This fact could have affected the granule's
shape because with the non-pulsating pump, a more uniform
growth could occur due to a smooth fluidization.

¥
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1.2. Domestic sewage

Two 250 ml fluidized bed reactors filled with different
support particles, ArlitaR and red brick, were used. (Carcia,
1985). Operating at room temperature, average temperature 20
*C and daily fluctuations 7 °C, 70% COD and 85% TSS removal
were reached when operation conditions were HRT = 3 h and By
= 4 g COD/l.d. For both reactors the concentration of
attached biomass was 20 g VS/1.

After a shut-down of 4 months the temperature was gradually
decreased to 10 °C, achieving similar COD and TSS removal
rates as at room temperature. Accumulation of non-supperted
gsolids in the top of the reactors was observed, this
accumulation of solids was not observed whéh the reactors
worked at room temperature.

After a shut-down of 2 months the reactors were re-started
at 10 ~°Cc. 75% cCoD and TSS removal rates were achieved
centinuously. After 230 days of operation, the concentration
of attached biomass was 31 g VS/1l in reactor 1 and was 37 g
V5/1l in reactor 2. The accumulation of solids in the top of
the reactors was greater than in the previous period.
Elementary analysis of several samples of the accumulated
solids gave a formula Cqy4H;5NOy. This is different from
CsH7NO5 known to be the formula for the bacterial cell. Due
to the low temperature and slow hydrolysis, suspended solids
remain entrapped in the top of the reactors.

2. Pilot scale experiments
2.1. Reactor layout and carrier material

The pilot scale fluidized bed reactor has an é&ffective
volume of 1.3 n3, 6 m high, 0.6 © wide. The reacter* is
¢ilindrical and has a flow distributor comp®sed by a tapered
zone with an inlet in a downward-~and-then-upward fashion, a3
UASB-like gas=~liquid-soliad separator (1 m wide) and four
sampling ports. Yo . * '

]
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The carrier material was sepiolite, which is a clay with a
needle-like structure. It was obtained in an agglomerated
bundled form. Its spegific surface is around 280 m“/g, using
the BET adsorpticon isoctherm method. This sepiolite, when in
water, disagglomerates and the needle-like fibers form a
randomly bound tridimensional network, enclosing solvent
molecules and producing suspensions of high viscosity.
Micropore (diameter < 20 um) contribution to the mnaterial
specific surface is more than 60-70%. "(Alvarez, 1984). When
gseplolite is heated over 300 °C, it suffers a structural
collapse with a loss of of micropores. Over 600 °C another
structural change produce a more dense material, called
clino-ensteatite. Its low roughness reduces the colonizaticn
chance due to a lack of anchor-points for the
microorganisms. When comparing with other carrier materiales,
sepiclite has shown to have the highest colonization
velocity, this effect is not due to its specific surface
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(lesser than activated carbon) nor to its cationic exchange
capacity (very 1low in comparison with zeolite). (Huysman,
1983). In some cases, it has been found that the carrier
material breaks down by chemical or biological degradation,
weakening the material structure by internal build-up of
bicmass or by chemical or biological attack ( material used
as a substrate). (Oakley, 1985).

2.2. Semibatch operation

The reactor was filled-up with 600 kg of natural sepiolite
(1 m3), inoculated with anaercbic sludge from an industrial
UASB reactor and operated in semi-batch mode. Due to material
dissolution and gel formation, it was necessary to wash-out
the fines, resulting in a severe loss of the bed material
nearly 50%.

Treating beet sugar molasses distillery wastewater, the
process was unstable due to a lack of influent alkalinity.
Formation of foam was also a problem. At the end of a four
months period of operation the bed showed a constant TS
concentration (550 kg TS/m3) and a very uniform colonization
with 25 kg vS/m3 of attached biomass.

2.3. Continuous operation

After a three month interruption, 500 1 of calcined
sepiolite was added. Operating expansion was 20%. With dilute
wastewater, organic loading rates of 15 kg/m3.d. and 5 h
hydraulic retention times were very rapidly achieved. Two
months later, organic loading rates jumped up to Bv = 35 kg
cob/m3.d., with hydraulic retention time near 2 h. Following
wastewater variations, organic loading rates of 60 kg/m3.d.
were reached. The behaviour of this plant follows two points,
(Grady, 1985)

1) Efficiency is lower in pilot plant than in lab-scale
2) A load/efficiency ceorrelation does not exist, as is the
case in laboratory-scale experiments.

Figures 1 and 2 show the evolution of total and volatile
solids in sampling ports Ll (0.75 m) and L7 (5.25 m).

At the 11 =sampling port, total solids concentration
remained relatively constant during operation. At the L7
sampling port, total sclids concentratien diminished
progressively, from 480 to 300 kg/m3, due to a high biomass
build-up and reduction of carrier material size (due
especially to disscolution of natural sepiolite}. Volatile
solids concentration showed a normal growth on the particles
at the bottom of the reactor, whereas at the top of the
reactor the attached biomass accumulation was very high, and
higher when higher organic loading rates were applied, as
can be seen in Figure 3, where the relationship between vVs/TS
ratio and accumulated load (kg COD) is plotted.
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When the sugar campaign finished, the reactor was not fed
but recirculation was maintained for 6 weeks. Figure 4 shows
TS, VS and VS/T8 ratio profiles. There was a clear
distinction between the lower part of the bed (TS = 630
kg/m3) compared to the upper part (TS = 320 kg/m g, and a

high variation of the VS concentration, 72 kg VS5/m? in the
upper part.
) 6
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Figure 4, TS, VS, and
vs/TS profiles.
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- The kind of sepiclite present in this particles was
determined by picnometry. In figure 5 it can be noted that
sepiclite from the lower part of the bed was calcined
sepliolite, and the natural sepiolite was placed separately in
the upper part.
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GRANULATION OF DENITRIFYING SLUDGE
J.P. van der Hoek

Wageningen Agricultural University, Department of Water Pollution Control, De
Dreyen 12, §703 BC Wageningen, The Netherlands

Summary

Granulation of denitrifying sludge was observed in an upflow sludge blanket (USB)
denitrification reactor fed with methanol as carbon source. The use of activated
sludge as seed material resulted in pelletization of the sludge within 60 days of
operation, Granulation coincided with an increase of the non-volatile fraction of the
sludge, which consisted mainly of calcium precipitates. When the carbon source was
changed from methanol to glucose or ethanol the granular structure of the sludge
vanished and deterioration of sludge characteristics resulted in a decline of set-
tleability, Expansion of the sludge bed caused an important decrease of volumetric
capacity of the USB denitrification reactor.

Key words: denitrification, granulation, methanol, carbon source, USB reactor.

Introduction

Nitrate removal from ground water is necessary for several water supply compa-
nies in the near future. Often ion exchange and biological denitrification are men-
tioned as the most appropriate techniques, but both have serious disadvantages {(Van
der Hoek & Klapwijk, 1987). For this reason a new process has been developed at
the Wageningen Agricultural University. It consists of nitrate removal from ground
water by ion exchange and regeneration of the resins in a closed system by way of
a biological denitrification reactor. In this process regeneration salt requirements
are minimized and brine disposal problems are avoided.

The denitrification reactor used in this process is the upflow sludge blanket (USB)
reactor (Klapwijk ef al., 1979; Klapwijk ef af., 1981a). Methanol is added as carbon
and ernergy source for the denitrifying bacteria {Van der Hoek e al., 1987), In all
experiments so far the sludge in this reactor became granular in appearance (gra-
nules 0.5-2 mm) and sludge concentrations reached extremely high values up to 175-
200 g TSS/1. At the same time the non-volatile fraction of the sludge was very high
(53-63%) and most of it consisted of calcium precipitates (Van der Hoek et al.,
1988).

Granulation of anaercbic sludge has been examined extensively (De Zeeuw, 1984;
Wiegant & de Man, 1986} but granulation of denitrifying sludge is not well under-
stood. Although not a major research item in the project "Nitrate removal from
ground water" some experiments were performed to examine the granulation of
denitrifving sludge. Especially the start-up of a USB denitrification reactor seeded
with activated sludge from an aerobic industrial wastewater treatment plant was
studied with emphasis on changes of sludge characteristics. Also the effect of a
change of carbon source from methanol to glucose and from methancl to ethanol on
sludge characteristics was studied.

Materials and methods

USB denitrification reactor start-up

The reactor used in this experiment had a volume of 0.5 1 and 4.3 cm internal
diameter, The flow rate was gradually increased during the starf-up, and the in-
fluent nitrate concentration was adjusted to avoid nitrate limitations, Methanol was
always dosed in a ratio of 3:I (w/w) to nitrate-nifrogen to avoid carbon limitations.
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Other nutrients were also dosed in relation to nitrate: 33.2 mg NapHPO4.2H;0/g
NOj3~™-N, 186.8 mg NH4Cl/g NO3~-N, 4.2 mg MgCly.6H>O/g NO3™-N, 7.0 mg
FeCl3.6H2O/g NO3™-N and 11.3 mg MnCly.4Hy0O/g NO3"-N. The denitrification ac-
tivity of the seed material was determined in 0.5 | batch reactors equipped with a
magnetic stirrer.

Change of carbon source from methanol to glucose

The effect of change of carbon source from methanol to glucose was studied in a
0.125 | USB denitrification reactor, internal diameter 3.4 cm. The hydraulic surface
load was 0.39 m/h. The influent contained 116.1 + 7.8 mg NO3 -N/I and the COD:
NO3™-N ratio was kept at 5.5 + 0.6 during the gradual shift from methanol to
glucose. Other nutrients were dosed equal to the concentrations used in the USB
reactor start-up experiment. The experiment was started with granular denitrifying
sludge cultivated on methanol.

Change of carbon source from methanol to ethanol

This experiment was conducted in a 2.5 1 USB denitrification reactor, internal dia-
meter 9 ¢m, The hydraulic surface load was 0.54 m/h. The granular denitrifying
sludge used in this experiment was obtained from a USB denitrification reactor
which had been operated for 1.5 vear with methanol as carbon source, The influent
nitrate concentration was 316.3 + 31.9 mg NO37-N/I, and methanol and ethanol were
dosed in a ratio of 3:1 and 2.2:] (w/w) to nitrate-nitrogen respectively, both resul-
ting in a COD:NO3™-N ratio of 4.5:1, Other nutrients were dosed equal to concen-
trations used in the USB reactor start-up experiment.

Analyses

Nitrate was analyzed either by the salicylate method according to the Dutch
Normalised Standard Methods or by liguid chromatography with a Chrompack HPLC
column, packing material Ionospher tmA (dim: 250x4.6) and u.v. detection at 205 nm
(Spectroflow 773 u.v. absorbance detector). Nitrite was afialyzed either uging the
reagent of Gries Romyn Van Eck according, to the, Dutch Normalised Standard. Meth-
ods or by liquid chromatography as describedabove. Methanpl and ethanol were
analyzed by gas chromatography using a Packard Becker model 417 equipped with a
2m (2 mm x 2 mm) glass column and a flame ionization detector. The glass column?
was packed with 10% Fluorad 431 on 100-200 mesh Supelco-port. The,flow rate of
the carrier gas, nitrogen saturated with formic !acid, was 30 ml/min, Column. temper-
ature was 90 °C, detector temperature 180 °C and injection port temperature 190
*C. Chemical oxygen demand (COD), total suspended solids (TSS) and volatile sus-
pended solids (VSS) were determined according to Standard Methods (American
Public Health Association, 1980), Calcium cohtent of the sludge was determined by
dissolving the calcium precipitates with hydrochloric acid after calcination of the
studge at 600 °C. After filtration calcium was measured by means of an atomic
absorbance spectrometer,

Results .
Start-up of the USB denitrification reactor

The USB denitrification reactor was seeded with aerobic activated sludge from an
industrial wastewater treatment plant (Avebe, de Krim, the Netherlands). The char-
acteristics of this sludge are summarized in Table 1. The denitrification activity of
the seed sludge was 1.8 mg NO3™-N/{g VS5S.h) with methanol and 15.6 mg NOj™-N/
(g ¥S5.h) with ethanol as carbon source. Although the activity with ethanol ap-
peared to be much higher as compared with methanol, it was decided to run the
reactor with methanol as carbon source,
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Table 1, Characteristics of the seed sludge used
for USB denitrification reactor start-up.

Total suspended solids {g/1) 13.1
Volatile suspended solids (g/1) . 9.4
Non-volatile fraction (%) 28.2
Calcium content (mg Ca/g TSS) 162
Studge volume index (ml/g) 72

The reactor was seeded with approximately (.4 1 sludge and started at a very low
hydraulic surface load to prevent severe sludge wash-out. The surface load was
increased in six steps from 0.036 m/h (HRT 9.43 h) at the start up to 0.81 m/h
(HRT 0.42 h) at the end of the experiment. The influent nitrate concentrations
during this experiment are shown in Table 2, At day 103 the influent concentration
was decreased because simultaneously the hydraulic surface load was increased.

Table 2. Influent nitrate concentrations during USB
start-up experiment,

Day NQO3™-N influent {mg/l)
I
1-12 3672 £+ 6.4
13-102 4943 + 274
103-116 3445 + 20.0

Figure 1 shows the course of the denitrification capacity of the reactor. The
capacity is expressed as kg NO3~-N per hour per m? sludge in the reactor. This is
necessary because occasionally sludge had to be removed from the reactor for the
sake of sludge analyses.

The maximum capacity was reached after 80 days and is in good accordance with
reported values (Klapwijk et al., 1981a). Already after 60 days sludge granules (0.5-2
mm) were clearly visible. At the same time the colour of the sludge changed from
dark brown to yellow/brown. Figure 2 shows the seed sludge used in the experiment
(left) and the final granules (right), Figure 3 shows just one granule. The sludge
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Fig. 1. Course of the denitrification capacity during USB reactor start-up.
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Fig. 2. Seed material of the USB denitrification reactor (left) and sludge granules
cultivated on methanol (right).

l ’ -

x -

Fig. 3. Sludge granule (approximately 2 mm) cultivated on mbsthanof in a USB deni-
trification reactor. . K

+ . Y

concentration during the entire period increased- from gi.? g TSS/1 at the start up
to 35.8 g TSS/1 at the end. During this period the noh-volatile fraction and calcium
content of the sludge increased, as shown in Figs. 4 and 5. At the end almost 80%
of the non-volatile fraction ofythe sludge consisted of calcium carbonate, while at
the start this was only 14%. '

Change of carbon source from methanol to glucose

Figure 6 shows the changes of sludge characteristics during the graduval shift in
the influent of a USB denitrification reactor from mefhanol to glucose. The reactor
had been operated with methanol during the preceeding period of six months. The
total influent COD was kept constant, but the glucose fraction was stepwise in-

i creased from 0 to 25, 75 and 100% of the influent COD with concomitant decrease
15 of the methanol fraction. This resulted in a decrease of the total solids and volatile
|

solids concentrations of the sludge, and also in a decrease of calcium content from
216 to 176 mg Ca/g TSS. The structure of the sludge changed from granular to
filamentous, resulting in a deterioration of seitleability. Because the reactor was
operated nitrate limited, no decrease in reactor capacity was observed. During the
entire period effluent nitrate concentrations ranged from 1.6 to 20.7 mg NO3™-N/L
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Change of carbon source from methanol to ethanol

After methano! had been changed for ethanol, no changes in sludge characteristics

were observed for about one week, but then the total solids and volatile solids
concentrations decreased very fast for the next 8 days, as shown in Fig. 7. The

non-volatile fraction decreased from 68% to 21% and the calcium content from 278
mg Ca/g TSS to 77 mg Ca/g TSS. The compact granules (0.5-1 mm), cultivated on
methanol, changed inte flocculant, filamentous granules (3-5 mm) with concomitant

expansion of the sludge bed. As a result of this the volumetric capacity of the

reactor showed an important decrease with a built-up of high nitrite concentrations

in the effluent. The volumetric capacity, ex
sludge per hour, changed from 235 meg/(m
the volatile solids concentration of the sludge, almost no decrease of capacity was

Eressed as electrong accepted per m

.h) to 97 meq/{m~.h}, However, related to

observed. It changed from 6.7 meq/(kg VSS.h) with methanol to 6.4 meq/(kg VSS.h)

with ethanol,
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Discussion

Concerning denitrification with methanol, granulation of biomass has already been
reported in literature before in USB denitrification reactors. Mivaji & Kato (1975)
used activated sludge from a conventional activated sludge process as inoculum and
part of the sludge began to form pellets in three days after the start. After one
week all the sludge became pellets with a diameter of 1-2 mm. The sludge concen-
tration increased from 11 g TSS/1 up to 25 g TS5/1 at the end of the operation of
the upflow reactor (6 weeks)., Klapwijk et af. (1981a) observed granulation in a
denitrification reactor fed with fusel oil containing 61% (w/w) methanol. The reactor
was started with activated sludge but in the course of the experiment the sludge
became granular (pellets 1 mm) and sludge concentrations up to 61 g TSS/1 were
reached with a non-volatile fraction of 30%. Lettinga ef al. (1980) reported granula-
tion of sludge (pellets 1-3 mm) in USB denitrification reactors fed with alcoholic
waste after 6-8 weeks of operation, with a sludge concentration of 31-60 g TSS/I

Also in other denitrification reactor types fed with methanol granulation has been
observed (Jewell & Cummings, 1975). In reactors inoculated with activated sludge
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from a domestic wastewater treatment plant, within 2 weeks the sludge became
granular in appearance in complete mixed suspended growth reactors. The sludge
concentration reached 15 g TSS/l. A similar granular sludge was formed in upflow
submerged filter columns. In these reactors sludge concentrations above 300 g TSS/1
were observed. In both reactors the non-volatile fraction of the sludge was 70-80%.

In our USB denitrification reactor start-up experiment granulation of the sludge
started after 60 days and during the start-up the non-volatile fraction and calcium
content of the sludge increased. These facts are in accordance with the above
described researches.

Granulation of denitrifying sludge, fed with methanol, is clearly influenced by
precipitation of calcium salts at high pH levels reached by denitrification (Table 3).
In our experiments the influent contained 29 mg Caz+/l. At high pH levels this is
precipitated as CaCQj3, resulting in an increase of calcium content of the sludge
(Fig. 5) and this might create a matrix for granulation of the sludge.

Table 3. Effect of carbon source on maximum pH values that can be reached during
denitrification. Calculated from H2CO3/HCO3'/CO32' equilibrium at 25 °C, pKj =
6.38, pKy = 10.32 (Chang, 1981).

C-source Reaction (dissimilation) pH
Methano! S5CH30H + 6NO3~ ---> 3N + 4HCO3"™ + CO32~ + 8Ho0 9.7
Ethanol SCoHsOH + 12NO3~ ---> 6N + 8HCO3™ + 2C03%™ + 1IH0 , 0.7
Glucose 5CH|20¢ + 24NO3™ ---> 12N3 + 24HCO3” + 6H2COj3 + 12HH0 7.0

Also Klapwijk ef al. (1981b) observed an increase of calcium content of the sludge
in USB denitrification reactors, In experiments in which denitrifying upflow reactors
were fed with calcium nitrate and settled sewage, within 96 days the calcium con-
tent increased from 12 mg Ca/g TSS up to 170 mg Ca/g TSS and sludge granules
were observed. However, decrease of the calcium dosage resulted in a deterioration
of the sludge which became filamentous. This coincided with an effluent pH of 7
and it might have been possible that fewer salts were precipitated and perhaps some
of the non-volatile solids went into solution.

In the experiment in which the granular structure of the sludge disappeared when
the carbon source was changed from methanol to glucose, the relation between pH,
calcium precipitation and structure of the sludge might be helpful to explain the
deterioration of sludge characteristics. Denitrification with glucose results in a
lower pH as compared with methanol (Table 3), and at this relatively low pH cal-
cium salts dissolve. The granular structure, caused by calcium precipitates, then will
disappear.

In the experiment in which the carbon source was changed from methanol to
ethanol one would have expected that the granular structure was maintained when
the supposed theory holds true, since denitrification with methanol and ethanol both
result in very high pHs (Table 3). However, the sludge became rather flocculant
with a decrease of the non-volatile fraction and calcium content. A possible expla-
nation might be that the denitrifying population changed as a result of change of
carbon source. Denitrification with methanol results in a selective enrichment for
bacteria belonging to the genus Hyphomicrobium (Claus & Kutzner, 1985; Nurse,
1980; Timmermans & Van Haute, 1983). The shift from methanol to ethanol might
have caused the development of other bacteria, and subsequently disappearance of
Hyphomicrobium spp. In that case microbiological aspects rather than physico-chem-
ical aspects decide whether granulation of denitrifying sludge occurs.

In a next experiment the start-up of a USB denitrification reactor with ethanol as
C-source from the beginning will be studied to determine whether granulation wiil
accur.
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Canclusions

Denitrifying sludge in USB denitrification reactors, fed with methanol, shows a
tendency to form granules. The non-volatile fraction and calcium content of these
granules are rather high, and possibly precipitation of calcium salts promotes pellet-
ization of the siudge. With ethanol and glucose the granular structure disappears,
resulting in very low sludge concentrations. This implies that USB denitrification
reactors have to be run with methanol as carbon source to reach high volumetric
capacities.
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1. Introduction

Anaercbic treatment of industrial effluents has become a 'grown up'
and accepted technology. This is continucusly proven by many full-scale
applications. To make anaerobic wastewater treatment even more feasible
economicaily, currently research is carried out all over the world to
optimalize process-design and to reduce the reactor volumes required.

At the moment, the UASB-system is among those with the Jhighest
applicable loading rates. For a gocd performance of suspended growth
anaerobic systems the separation between biomass and effluent is very
important. A prerequisite for separation is a final sedimentaticn zone,
free of turbulence. Especially in high loaded systems (for example
UASB) the turbulence in the sertling-zone may become too great due to
the very high gasproduction rates, and so limit higher loading rates.
In order to make an optimal use of the high methanogenic activity of
anaerobic sludge (more than 1 kg COD/kg VSS.day) and of the high
concentraticons that can be achieved in anaercbic systems (p.e, 60 - 70
kg SS/m*, based on total reactor volume) & new type of reactor has been
developed and tested (Vellinga et al, 1).

2. Principle of the IC-reactor

The new reactor type, called the "Internal Circulation" or *"IC"-
reactor is based on the collection and handling of the produced biogas
in 2 phases. The gas ccllected in the first phase is used to generate a
gaslift and internal circulation. Figure 1 is a schematic presentation
of the IC-reactor and will be referred to in the explanation of its
functioning.

The influent is pumped in and distributed evenly over the bottom area
by pumps (l). The wmwain reaction column (2) contains a high
concentration of sludge.

The biogas produced in the reactor column (2) is collected by the
first layer of gashoods (3) (first phase) and is used tc generate a
gaslift by which water and sludge are flowing via pipe (4) to a
separation unit (5). In this unit the biogas is separated from the
water and sludge and leaves the system via the gaspipe (6).
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FIG. 1 SCHEMATIC PRESENTATION OF THE IC-REACTOR
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The water/sludge mixture is directed down to the bottom of the
reactor via pipe 7 (downer).

By this powerful gaslift/circulaticn, the sludge/water mixture and
the influent are cempletely mixed. Because of the intensive mixing, no
dead spaces, floating particles or froth will occur and no external
circulatcion of final effluent is necessary.

Because most of the produced biogas is collected by the first (lewer)
layer of gashoods (3), the second (upper) layer of gashoods (8)
receives a much lower gasload,

The second reaction column (9) is hydraulically low-loaded because
only the final effluent flows through to the effluent collecting system
(10) and because the second layer of gashoods receives only a low
gasflow, a very efficient separation of effluent and sludge can be
established.

3. Semi-technical plant

The first semi-technical IC-reactor was erected at the site of a
potato-processing plant in the beginning of 1985. The most imporrant
wastewater characteristics are presented in table 1:

Table 1. Wastewater characteristics.

COD (total) = 3500 to G000 mg/l
00D (filrered) = 3000 to 8000 mg/l
BOD = 2000 to 5500 mg/l
Kjeldahl-N = 100 to 200  mg/l
Temperaturs =30 to 35 °C

8 to 12 hours/day; 5 days/week

Wastewater discharge

The entire treatment plant exists of the following items:

Settling tank.

Pumps.

Hydraulic buffer and equalization tank,
* pH-control and lime-dosing unit.

* Reactor feedpump with flow-control

* TC-reactor.

Gasmeter, gasholder, flare.

oo %

3

The IC-reactor has a height of 16.6 m and a total reactor volume of
17 m*,

The reactor was seeded with granular sludge from an UASB-reactor,
treating papermill effluent,
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4, Results

4.1. Loading and efficiency

After some modifications in flow diagram and operation, a very stable
performance of the plant was proven.

During this long-term operation the following results were achieved:

Volumetric loading Efficiency on COD
(kg COD/m’.d) (%)

20 - 35 80 - 95

35 - 50 75 - 90

The efficiency is calculated on mixed samples.
The volumetric loading is calculated on total reactor volume.
4.2. Sludge

The plant was seeded with granular sludge froem a full-scale UASB-
reactor treating papermill effluent.

During the operation of the plant, a significant growth of the sludge
occured;

The settling characteristics of the gludge are determined according
to Hulshoff Poll (2) and are presented in table 2. _
: 1

»

Table 2. Settling velocities of the éludg;. .

Percentage of the sludge Settling velocity (m/h)
. v )

&«
. .

20 2 ot

30 > 93

40 ) 4 .2 86

50 oz 76

60 > 61

80 z 32
100 > 2.6

-

The activity of the sludge was between 0,5-0.6 kg COD/kg SS.d or
0.75-0.90 kg COD/kg VSS.d at 30°C.

The ash-content of the sludge was between 30 and 40%.
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During normal cperation, the sludge-concentration in the lowest part
of the reactor (main reaction column, no., 2 in figure 1) varied between
140 and 200 gr SS/1, or 90 and 130 gr ¥SS/1.

5, Discussicns

The long-term stable operation of the pilot-plant demenstrated that
high volumetric loading rates and high treatment efficiencies can be
reached, and that the gaslift and internal circulation principle is
reliable in practice.

The system reacts quickly, when restarted afrer weekend-steps.

6. Future developments

The experiments at the potatc-processing factory are now finalized
and before the end of 1987 a full-scale BIOPAQ-IC-system, with 100 m’
of reactor volume will be started up.

In the meantime a pilot-plant with a reactor volume of 70 m® is
operating on brewery effluent.

The Ffirst vresults indicate a good performance at a hydraulic
retention time of only 2 hours and less. More results will be published
later. 4
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SODIUM INHIBITION OF ACETOCLASTIC METHANOGENS
IN GRANULAR SLUDGE FROM A UASB REACTOR

Arjen Rinzema, Jules van Lier and Gatze Lettinga

Department of Water Pollution Control, Wageningen Agricultural University
De Dreijen 12, 6703 BC Wageningen, The Netherlands

ABSTRACT

The effect of sodium on the formation of methane from acetate m granular sludge from
a UASB reactor has been determined at various acetate concentrations. At neutral pH
sodium concentrations of 5, 10 and 14 g Na*/l caused 10, 50 and 100% inhibition respec-
tively, relative to the maximum specific acetoclastic methanogenic activity of the granular
sludge. These values reflect the sensitivity of Methanothrix sp. towards sodium, as this is
the predominant acetoclastic methanogen in the granular sludge used in this study, At
acetate concentrations below 500 mg/1 diffusion limitation partly masked the influence of
sodium on the specific activity of the granular sludge.

No adaptation of Methanothrix sp. to high sodium concentrations could be obtained in a
period of 12 weeks. Net growth of Methanothrix sp. could be obtained at sodium con-
centrations of approx. 10 g/l

The results obtained with short term activity measurements can reliably be used for
predictions of the effect of sodium salts on continuously fed UASB reactors.

INTRODUCTION

During the last decade, the application of anaerobic wastewater treatment under subop-
timal conditions has received increasing interest, mainly as a result of the development of
several new reactor types with immobilized biomass, i.e. the Upfiow Anaerobic Sludge Bed
(UASB) reactor, the Fluidized Bed reactor and Stationary Fixed Film reactors 123 With
these systems a very good sludge retention can be achieved. Generally thel sludge resi-
dence time can be one to two orders of magnitede higher than the hydraulic residence
time. Therefore these systems tolerate higher cancentrations of ifkibitory compounds than
conventional corapletely mixed reactor systems 4

Research on anaerobic treatment of wastes with a high sodium content dates back to
the late twenties 7. Since then many studies on the effect of sodium salid on rpethano-
genesis have been reported 591518 There seems 'to bea general consensus concerning
the relative 1mportance of cations and anions in salt toxicity : the inhibitory effect of
salts on microorganisms is mainly related to the cation Y7, This was confirmed for sewage
sludge digestion by McCarty and McKinney 2

Many conflicting results have been published however regarding the maximum allowable
sodium concentration in anaerobic digesters. The differences can be attributed to several
factors : Antagonistic and synergistic effects, differences in sensitivity between microor-
ganisms, and - quite important - differences in the test method. The presence of other
cations may cause antagonism or synergism, resulting in differences in the tolerable
sodium concentration of at least one order of magnitude ®° Different species of
methanopenic bacteria probably have a different sensitivity for sodium %, Furthermore it
seems that the sensitivity of bacteria can change as a result of adaptation % Last but
not least differences in the test method and the definition of the reference point may
strongly affect the interpretation of the results. Mode! calculations based upon the resuits
of Kugelman and Chin © clearly show that the residual methane production at increasing
sodium concentration, measured in continuously fed systems, is very sensitive to the cell
residence time and the influent concentration. A direct comparison between batch activity

&
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measurements and continuous experiments will not be allowed, unless a sufficiently high
substrate concentration is maintained in the continuous digester,

In this paper we describe the influence of sodium sulfate on the acetoclastic methano-
genic activity of granular sludge from an industrial UASB reactor. The results of the
short-term activity measurements were checked in experiments with UASB reactors. The
possibility of adaptation to high sodium levels was investigated.

MATERIALS AND METHODS

The biomass originated from the UASB reactor of the Aviko potato processing factory at Steenderen, The
Netherlande.

Medium A defined medium c<ontaining nutrients, trace elements and buffer, and acetate as scle electrondonor
5,19
was used 77,

Analysis VFA were delermined by G.C.(Supelcoport, 100-120 mesh), sulfate by HPLC {Chrompack Ionosphere).
Other analyses were performed according to Standard Methods

Batch toxicity aseay Specific methanogenic activity measuremente were performed in 1.18 | glass serum
bottles sealed with a 4 mm rubber septum kept in place with a screw-cap, Fach serum bottle contained 500 ml
of the basal medium and substrate plus a known amount of active geranular eludge in the range of 135-2595 mg
per bottle, The amount of sludge was chosen carefully to ensure that a measurable amount of methane would
Eel ;roduced within 2-4 hours, without changing the ncetate concentration and the pH in the medium tvo much

' .

The apecific acetoclastic methanogenic activity was calculated from the slope of the measured pfogress line
(relative methane concentration vs. time) and the amount of V8S. Except where indicated otherwise, percen-
tunlly remaining activitiea have been caleulated relative to the average value of the two blanka in the zame
geries,

Prolonged exposure to sodium Granular sludge was exposed to sodium sulfate (10 g Nat/1) during 13 weeks, in
a 5 | batch reactor at 30°C. This renctor was fed semi-continuously with acetate, using an automatic faeding
system coupled to a wet gas meter, to ensure a relatively constant substrate level of 500 mg/l. Sludge samples
for activity teste were taken from this batch reactor after & and 12 weeks.

UASB experiments Continuous experiments were parformed in 0.2 1 glass reactors of 36 mm internal diameter,
a8 described by Ringema et.al. 5, Al reactors were inoculated with » known amount of granular sludge, and
were initially fed with a neutralized acetate solution containing nutrients and trace elements. After determina-
tion of the maximum specific activity of each reactor, the sodium concentration wae increased to the desired
level {6 - 14 g/l Na+], and the maximum specific activity under inhibition was measured. One reactor served as
a control. Thereafter the renctors were operated at lower space loads. At the end of the experiment the
meetimum uninhibited specific activity and the amount of biotnazs was determined in all reactora. All activities
were calculated using an estimate of the amount of biomass based on a constant yield (g VS5/g COD-removed)
calculated from the cumaulative methane production and the cumulstive increase in the amount of biomass.

RESULTS

Influence of the substrate concentration

Previous work indicated that - for the granular sludge used - an acetate concentration
of 500 mg/1 was sufficient to avoid a rate limitation caused by diffusion of the substrate
into the granules 44, Most tests described in this paper were directed at the determination
of the maximum specific methanogenic activity, and were therefore performed at acetate
concentrations above 600 mg/l. In two series of tests, the substrate concentration was
significantly lower than 500 mg/l. Figure 1 shows the specific methanogenic activity as a
function of the sodium concentration at 120, 300 and »>600 mg/l of acetate,

217




(kg CODkg' VSS. day™)

Acetoclastic methanogenic activity

Acetoclastic methanogenic activity

100 00
~ 9
A
b0 Tz, 28D
| £ o
g8 &
60 A & 60
8§ %
B B
L0 BB a0
< o
LR 1
S
20 > 201
« 0 0 "
20 0 20
Sedium (gl " Sedium gl

Figure 1. (Left) The specific acetoclastic methanogenic activity of granular sludge as a
function of the sodium concentration at pH 6.5-7.0, determined at three acetate concentra-
tions (¢ —— above 600 mg/l,& --- 300 mg/l, o--- 120 mg/l acetate). The activities are
shown both as absolute values and as a percentage of the average blank activity at ace-
tate concentrations above 600 mg/l.

Figure 2. (Right) The maximum specific acetoclastic methanogenic activity of granufar
sludge as a function of the sodium concentration at pH 6.5-7.2, determined after 0 {8 —),
6 (4 -*-) and 12 weeks (0---) of exposure to 10 g/l Na*. The remaining activity is shown
as a percentage of the mean uninhibited activity after the concomitant exposure period.

-
»
. adk -

Influence of prolonged exposure ’ e L

Granular sludge was exposed {0 sodium sulfate (10 g/1 Nat) during 12 weeks. The it
fluence of scdium sulfate on the specific methanogenié¢ activity was determined after 6
and 12 weeks. Figure 2 shows the remaining activity as a percentage of the average blank
activity for each exposure time. Microscopical pxam?nafions after 9 weeks exposure
revealed that the dominant methanogen in the granules was still a Methanothrix sp.,
indicating no shift in the popg]ation.

1
a

Continuous experiments

Four UASB reactors were operated at different sodium sulfate levels (approx. 0.8, 5.6,
9.7 and 13.7 g/1 Na‘). Figure 3 gives a comparison between the maximum activities found
in the batch activity measurements and the UASB reactors. Table 1 summarizes the results
obtained in the UASB experiments. Microscopical examinations showed that no important
shift in the methanogenic population occurred in these experiments.

In all experiments described above, the sulfide concentration in the liquid phase ranged

from 30-50 mg S/1. No indications were found for significant sulfate reduction with con-
comitant acetate oxidation,
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Figure 3. (Left) The maximum specific activity found in the UASB reactors (e —/) com-
pared with that found in the batch experiments (01 ---) (in both experiments acetate con-

centrations exceeded 600 mg/l).

Figure 4, (Rjght) A comparison between the calculated growth rate of Methanothrix soehn-

geniti (-=~, @ 0.1 d°%, K 30 mg/1 Cy 21) and the measured uninhibited specific activity of
the granular sludge (—, e blanks from toxicity assays maintzined at a constant acetate
concentration, o additional experiments with variable acetate concentration), as a function
of the acetate concentration, both expressed as a fraction of their value at 850 mg/1

acetate,

DISCTJSSION

The results of the short-term activity tests show that sodium sulfate hardly affects the
maximum specific acetoclastic methanogenic activity of the granular sludge used in this
study, at concentrations below 5 g/1 Nat (10% inhibition), whereas the activity is practi-
cally reduced to zero at !4 g/l Nat (figure 1). The UASB experiments indicate slightly
more favorable figures, i.e. 10% and 100% inhibition at 5.5 and 15 g/l Nat respectively.
The differences are however relatively small (figure 3). The main difference between the
batch activity tests and the UASB experiments was the abruptness of the exposure to high
sodium levels : In the batch tests the biomass was instantly subjected to the concentration
to be tested, while in the UASB reactors this concentration was more gradually
approached, i.e. within 5-10 hours (the hydraulic residence time was 5 hours), Possibly the
extremely rapid increase in the salt concentration during the batch tests caused a larger
part of the bacteria to die.

Because of the lack of knowledge about the mixing characteristics of the UASB reactors
used in this study, 8 meaningful comparison between the activities measured in batch and
UASB experiments is only possible at (effluent) acetate concentrations high enough to
guarantee maximum metabolic activity of the entire amount of biomass, viz. concentrations
over 500 mg/l. This also implies that the results of our UASB experiments at acetate
concentrations below 600 mg/1, cannot be used to predict the performance of any UASB
reactor, irrespective of its scale and mode of operation.
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Table 1  Summary of results obtained with UASB reactors

reactor #1 #2 #3 #4

sodium concentration (g Na*/1) b 0.76 (.19,15) B5.84 (.19,15) 9.68 (.24,15) 13.71 (.72,15)

sludge quantity (g V385)

start 2.8 2.8 2.8 238
end * 5.5 4.4 3.7 3.4
max. uninhibited spec. activity B
(g C,-COD/g V85/d)
start 1.57 (.08,4) 151 (.01,2) 154 (07,2} 1.59 (08,2}
end 237 (- 1) 2.35 (.11,2) 1.88 (.01,2} 1.65 (.08,2)
max. apec. activity under inhibition b i
(g ©y-COD/g V85/d) 1.57 {.08,4) 1.40 (.03,2) 1.10 {.08,3) 0.36 (.05,4)
(% of uninhibited activity) © 100 92 71 22
2 the uninhibited activity was determined after 17 days exposure to sodium sulfate, the sludge quantity
was determined after another two days of cperation without sodium addition
b determined at effluent acetate concentrations above 800 mg/!, between brackets the standard deviation

and the number of measurements
expressed a6 % of the max. uninhibited spec. activity measured in the same reactor

Regarding the small differences between the effect on the maximum specific activity
found in batch tests and UASB experiments (figure 3), it can be concluded that the short
term activity tests predict the effect of high salt levels on the maximum activity of
methanogenic bacteria with sufficient accuracy. The measuzed values reflect the sensitivity
of Methanothrix sp. towards sodium, as these are the predominant acetocthhstic methano-
gens in the granular sludge used in this, study Y e

The inhibitory effect of sodium seems to be affected bysthe acetate concentration
(figure 1). A comparison of the measured uninhibited specific activity of the granular
sludge at various acetate levels (figure | and two additional experiments) with the growth
rate of Methanothrix sp. (figure 4), indicates that the sdbstrate conversiof capacity of the
granular sludge drops off relatively fast at decreasing acefate concentrations. The reasen
for this discrepancy is that below approx. 500 mg/] éz the capacity of the granules is
limited by the diffusion rate of substrate into the granules, a phenomenon that is also
described by others 29 As a rgsult of this limitation insufficient acetate penetrates to the
centre of the uninhibited granules. Consequentiy the inhibitory effect of sodium at low
substrate levels is masked by a partial removal of this physical rate limitation. Obviously
substrate diffusion limitation can have important implications for toxicity experiments, For
instance data from underloaded continuous reactor systems with immobilized biomass
should be employed carefully, because a serious underestimation of the degree of inhibition
can be made, "

Actvity measurements at several pH-levels demonstrated that the pH does not signifi-
cantly affect the inhibitory action of sodivm in the range 6.5-7.2, but at pH-levels near 8
the inhibitory effect is more pronounced (data not shown).

No clear adaptation of Methanothrix sp. to high sodium concentrations could be demon-
strated after 12 weeks of continuous exposure (figure 2). Earlier investigations suggest
adaptation of methanogens to sodium %1316 We have reasons to believe however that
the word ‘adaptation’ is inappropriately used in these earlier publications. Kugelman and
McCarty ¢ conclude that methanogens can be adapted to sodium chioride, but their
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Continuously Stirred Tank Reactors (CSTR) were clearly not in a steady state. Results of
comparable experiments performed by Kugelman and Chin ¢ also indicate that no increase
in the tolerance towards sodium is obtained after prolonged exposure. Yang etal. 12
suggest that the ‘adaptation potential’ - defined as the ratio between the concentrations
cawvsing 50% inhibition in an anaerobic filter, and in batch experiments - for sodium is 1.5.
The comparison between batch and continuous experiments, as made by Yang et.al. 12, is
very dubious however, because it is not certain that the same microorganisms dominated in
both systems, and the filters were probably severely underloaded. De Baere et.al. 13 come
to the conclusion that adaptation is possible by comparing two reactors containing a
clearly different microflora, due to a pH-drop occurring in one reactor after a shock load
with sodium chloride. Consequently to our opinion their conclusion is not justified.

A very significant net growth of Methanothrix sp. at high sodium concentrations is
clearly demonstrated by the increase in the specific activity of the granules (of almost a
factor two) during prolonged exposure to 10 g Na'/l in a batch reactor, as well as in a
UASB-reactor (table 1). Calculation of specific growth rates is impossible due to variations
in the effluent acetate concentration.

The results from our activity measurements compare well with those reported by other
authors, as far as comparable methods (i.e. activity measurements) have been employed
8,10-14 Al comparable studies used Methanothrix sp. {(this can be deduced from the
experimental conditions applied in the chemostat for cultivation of the enrichment culture
used by Van den Berg etal. 1} and by Yang etal. 12, and from the origin of the granular
sludge used by Dolfing and Bloemen ). The results of Kugelman and Chin ¢ indicate that
the maximum specific acetoclastic activity of Methanosarcina sp. is only slightly affected
(approx. 10% decrease) at a sodium concentration of 8 g/l

A comparison with results obtained in continuous reactors with immobilized” biomass
shows extremely large differences %10-14 Besides the uncertainties concerning the applied
sludge loading rate and the maximum capacity of the biomass in these systems, the pos-
sibility of antagonistic and synergistic effects must be taken into account when evaluating
these results.

CONCLUSIONS

At neutral pH, sodium concentrations of 5, 10 and 14 g Na*/l cause 10, 50 and 100%
inhibition respectively, relative to the maximum specific acetoclastic methanogenic activity
of the granular sludge used in this study. These values reflect the sensitivity of Methano-
thrix sp. towards sodium, as this is the predominant acetoclastic methanogen in the gran-
ular sludge used in this study, No adaptation of Methanothrix sp. to high sodium con-
centrations can be obtained in a period of 12 weeks. Net growth of Methanothrix sp. can
be obtained at sodium concentrations of approx. 10 g/

At acetate concentrations below 500 mg/1 diffusion limitation partly masks the influence
of sodium on the specific activity of the granular sludge used in this study.

The results obtained with short term activity measurements can reliably be used for
predictions of the effect of sodium salts on continuously fed UASB reactors.
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START-UP OF A UASB REACTOR ON A CARBOHYDRATE SUBSTRATE

R. Sierra-Alvarez, L.W. Hulshoff Pol, G. Lettinga

Department of Water Pollution Control, Wageningen, The
Netherlands

Abstract

Sludge flotation problems resulted in high biomass wash-out
during the first start-up of a laboratory scale UASB reactor
fed on a chiefly carbohydrate solution (95% sucrose~COD). As
reported earlier (1) this was thought to be due to the poor
sludge selection pressure exerted under the conditions
applied in the start-up. Light flocculant sludge accumulated
in the reactor. The cultivated granular sludge was
incorporated in a filamenteous matrix. At increasing
superficial upflow liquid and gas velocities, gas entrapment
led to sludge flotation.

The experiment was continued, in an attempt to enhance the
selective wagh-out of the voluminous sludge, by applying
intermittent stirring and increasing superficial upflow
liquid velocities. A dense granular sludge with good settling
properties developed in the reactor, but it was fairly weak
(strength as resistance against compression forces= 0.36+%10°
N.m-2). This sludge had a maximum specific methanogenic
activity of 0.99 g CHy-COD/g VSS.day at 30°C which
demonstrates that on sucrose good quality sludge can be
cultivated, The laboratory one-phase UASB reactor used in
this experiment treated a medium strength (3 g COD/L) sucrose
waste with 95% soluble COD removal efficiency at lecadings up
to 20 g COD/L.day. From these results, it appears that the
condition set for formation an maintenance of biofilms in
fluidised bed reactors (2) (D 2 uM@X) may not be required for
granulation in UASB reactors fed on a sucrose waste.

Introduction

Anaerobic treatment of unacidified carbchydrate wastes can be
carried out satisfactorily in a one-stage UASB reactors. High
loading rates can be accommodated under stable process
conditions., Special attention mugt be paid te the operating
conditions. Sludge selection pressure should be provided in
order to avoid the develcopment of wvoluminous poor settling
sludge in the reactor.

This paper reports the results on the start-up of a UASB
reacter fed on a sucrose waste.

Materials and Methods

Reactor,seed sludge and experimental conditions. The
experiment was carried out in a 23.5 L UASB reactor, as
described previously (3), at a temperature of 30%1 °C. The
reactor was inoculated with 10 L of digested sewage sludge
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cbtained from the municipal sewage gludge digester in Ede,
The Netherlands, The volatile suspended solids (VS8S)
concentration of the sludge was 30.5 g VS5S/L, and the maximum
specific methanogenic activity, as determined in a batch-fed
experiment, amounted te 0.12 COD-CH,/qg VSS.day. The starting
sludge concentration in the reactor was 13 g VSS/L.

The reactor was fed on a solution containing 95% sucrose-
COD and 5% (acetate (C3) + propionate (C3))-COD. The
concentration of the influent was 1500 or 3000 mg COD/L,
depending on the period of operation. Trace elements were
supplied according to Zehnder (4). The addition of other
nutrients (N,P and S) was based on an assumed growth yield of
20%, eexpressed as sludge-COD. 1 g NaHCO45 for each g COD was
added to ensure sufficient alkallnlty. v

The operation criteria applied in the first start-up
{period a) were described earlier (1). Essentially the sanme
operation procedure was followed when the reactor had to be
started~up again on day B5 as a consequence of the reactor
failure. However, they differed because intermittent stirring
and higher superficial liquid upflow velocities (the feed was
diluted to 1500 mg COD/L) were applied (period b). In period
¢ (day 127 to 150) the original conditions were restored
(influent COD = 3000 mg/L).

Activity tests. The maximum specific methancgenic activity
of the sludge was measured in batch tests {viz.

2 g sludge VS5/L fed on a mixture of C,, C3 and C4 containing
600 mg/L of each cne).

Granular size distribution and settling properties. These
properties were determined with a modified sedimentation
balance (5).

Granular strength. The strength of the granular sludge was
measured as resistance againstr compre551on forces according
to Hulshoff Pol (5).

Analysis. Volatile fatty acids (VFA) from Cj tb Cg. wWere
analyzed by gas-liquid chromatogféphy All the other analy51s
were performed according to Standard Method 3

Results and discussion - . * . @

T N

The reactor operation during the fifgst start-up (period a)
was discussed earlier (1). Sludge flotation problems resulted
in severe biomags wash-out. The experiment was continued in
an attempt to improve the sludge quality by promoting the
selection between sludge components with different settling
properties.

The results presented in Fig.l show that a COD-removal
efficiency of over 90% could be achieved at a loading rate of
20 g COD/L.day within 35 days after the second start-up of
the experiment (period b).

The sludge settleability improved after imposing
intermittent stirring of the reactor content and increasing
the superficial flow rate. Biogas entrapped in the sludge
could be released effectively. Loosely attached filamentous

aggregates were selectively
washed-out from the reactor by the higher hydraulic leoading-
rate prevailing in the system.
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At day 102 stirring was not necessary and was stopped.

After this time the growth of the biomass exceeded the
wash-out. As a result the sludge concentration in the reactor
gradually increased from the initial level of 14.3 g VSS5/1 at
day 85 to 39.6 g V55/L at day 127.

The sludge production during the course of ‘the reactor
operation is illustrated in Fig.2.

Representative sludge profiles at different stages of the
experiment are shown in Fig.3.

The sludge yield was 0.13 g VSS-COD/g CODpepovedr eStimated
from the sludge measured in the reactor and from the washed-
out sludge recovered in a effluent settler. The high sludge
yield obtained on unacidified solutions had a positive effect
on the granulation process by accelerating the formation of
new granular sludge. v

Sludge granules were first observed on day 109 when the
space lcading, the dilution rate (D) and the sludge loading
were 13.6 g COD/L.day, 9.1 day-l1 and 0.64 coD/g VSS.day,
respectively, The granules formed were pale yellow in color,
irregular in shape, with an average diameter of 1 mm. They
were smaller than the granules cultivated in the first start-
up. This could be attributed to the increased granular
erosicn resulting from the higher sludge bed mixing.

The particle size distribution and characteristics of the
sludge during the experiment are given in Fig. 4 and Table.
1, respectively.

Table 1.Characteristics of the sludge cultivated in a UASB
reactor fed on a sucrose waste at different moments of the
experiment.

DAY _
0 - 75 126 159
Agh content £%) 29.5 15.1 847 8.8
Strength (10 - -- - 0.36 a
Max.Meth.Activity . 0v12 0.67 0.60 0.99 o
(g CH4-COD/g VSS.day) .- L . &

* b

Table. 1 shows that the mnakinum specific methanogenic
activity of sludge gultlvated on a carbohydrate waste is
satisfactory.

The strength of the sludge is rather poor. Hulshoff Pcl (5)
found a similar strength for a granular sludge fed on
sucrose. The strength of granules obtained on partly
acidified wastewaters is from 3 to 6 times higher. The
growth of acidogenic organisms on #%he ¢ranules seems to
diminish strength.

According to Heijnen (2) a D z pMh@%X (where u®@¥ is taken
for the fastest growing population in the reactor) is
necessary condition for proper biofilm formation and
maintenance  in fluidized bed reactors. From his experiments
with unacidified waste water it appears that in the presence
of suspended microorganisms (inoculum) D > 14.5 days-1 is
regquired for the attachment of anaercobic biomass.
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In the present experiment (period c) the diluticon rate (6.6
days~1) was lower than the u™@¥ of the acidifying population
(7.2~12.0 days-1), fThe stability and development of the
granular sludge bed under the conditions imposed on the
system indicates that a condition of D 2z u™@X is not
reguired for granulation in UASB reactors fed on a sucrose
waste.
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PHYSICAL AND BIOLOGICAL FACTCRS INFLUENCING THE GROWTH OF ANAERCBIC
GRANULAR SLUDGE

D.J. Wijbkenga and H.Th.P. Bos

Netherlands Institute for Carbohydrate Research, Groningen, The
Netherlands ’

Summary

Granulation of flocculent sludge was stimulated by Nitrogen-flushing
during start-up in UASB-reactors with potato-starch factery effluent as a
substrate. However, the compositicn of the seed-sludge, the concentration
of the wastewater and the applied hydrawlic retention time are alsc
factors of major importance for growth and maintenance of granular
sludge.

Introduction

In high rate anaerobic treatment, the sludge retention time should be
considerably higher than the hydraulic retention time. In UASB-reactors
this can be achieved by aggregation of microorganisms into granules with
ruch increased settleability (Hulshoff Pol et al., 1982). The development
of granular sludge is, amongst others, dependent of ssed-sludge
characteristics such as the nethanogenic activity, the sludge
concentration and the settleability (De Zecuw & Lettinga, 1983). It has
heen shown that the start-up of an UASB-reactor, inocculated with digested
sewage sludge is a rather slow process, due to the low growth rate of
methanogenic bacteria and the selective wash-out of part of the
seed-sludge (Hulshoff Pol et al., 1982). To accelerate the start-up of
UASB-reactors scme factors influencing the outgrowth and maintenance of
granular sludge were studied. This paper will discuss the effects of
different mixturzs of granular and flocculent sludge as an inoculum and
the effect of N_ gas-flushing on granulation with potato-starch factory

effluent (pre-acidified potato juice} as a substrate.

Results and discussion

In a first series of experiments start-up with flocculent sludge from a
full-scale UASB-reactor was studied in a 11.6L laberatory-reactor and in
a 1.8 m pilot-plant reactor. The pilot-plant reactor was irregularly
gassed with N,. The results obtained after 58 days purification in the
11.6 L reactor {A) {table 1} seemed to indicate rather favourable
conditions for granulation, such as a short HRT and a high sludge load.
However, wash-out continued untill the end of the experiment at 72 days
without any yisible granulation and finally we had to increase the HRT.
In the 1.8 m pilot-plant reactor granulation was completed already after
29 days at a HRT of 33.2 h and a considerable initial {flocculent} sludge
wash-out was observed. An important difference between the laboratory-
4nd the pilot-plant reactor was the gas-surface load (GSL), which was at
least 6.9 m/day caused by methanogenesis and even more by some N_-gassing

in the 1.8 m~ reactor. At about the same volumetric loading rate (VLR) a
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value of only 1.6 m/day was possible in the labeoratory reactor, due to
the different surface/velume ratio.

. 3
Table 1. Start-up results in a laboratory reactor (A) and a 1.8 m
pilot-plant.

3
11.6L Reactor (R) 1.8m" Reactor
Sezd-sludge 7.0 g/1, V88; 30%ash 11.2g/1, ¥8S5; 30%ash
Nz—flushing ne yes
Time (days}) 58 72 29
CODinf {(mg0_/L} 3000 3800 . 8800
CcoD {mg0_/L) 900 2000 1800
[~
VFA-&%D £ mgOZ/L} 200 1000 270
VLR (kgS 7m’.da) 6.5 2.0 _ 6.4
HRT ({(h} 1.1 46.4 33.2
Sludge {(g/L VSS;%ash) 3.2;20 2.4;20 6.7:27
Sludge-load
(kg0 /kgVss.day) 2.0 0.8 1.0
HSL (m/day) . 2.4 0.5 1.9
GSL (m/day} 1.6 0.4 26.9
Granulation no no complete
VLR = volumetric loading rate; HRT = hydraulic retenticon time;
HSL = hydraulic surfacs load: GSL = gas surface load.

In a second laboratory reactor {B) the inoculum consisted of 95% (of
DSS) flocculent sludge and 5% granular sludge from an UASB-reactor
treating sugar beet wastewater. The ash-content of this granular sludge
was 68%. After 116 days the system still-suffered from sludge wash-out
without any visible granulation, so it .was decided to¥apply N_-flushing.
After 31 days granulation was completed and the VSS-content of the
reactor was increasing. The results of this experiment are sugmarized in
table 2. ' o s

t 1,

o
¥
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Table 2. Start-up results in a laboratory-reactor (B} seeded with 5% (of
D38} ¢granular sludge before and after N_-flushing.

N_-flushing: 17L/day infiazpulses/day with 30 seconds/pulsa.
Rezactor surface: 1.6x10 m . Seed-sludge: 7 g/L VSS; 30% ash.

Time {(days} 116 147
Nz—flushing . no yes
CODinf (mgozlb) 4500 4600
CcoD {mg0_/L)} 1720 1560
vrathbp jmgo /L) 515 410
VLR (kgSiin’ .dab) 4.8 5.6
HRT (h} 22.3 19.¢9
Sludge (g/L V¥8S8; % ash) 4.0;:18 5.0:%
Sludge-load {kgQ_/kg¥sSs.day) 1.2 1.1
HSL (m/day) 0.7 1.0
GSL (w/day) 1.1 zZ.5
GSL during N_-pulse (m/day) - 170.6
Granulation no complete

If the final outgrowth of granular sludge in the reactor (B} has been a
consequence of the presence of some granular sludge in the seed material
one should expesct a faster complete granulation starting with a higher
amounit {50% of DSS) of this sludge in the inoculum with N _-flushing right
from the start (reactor (C)}!. For reasons of comparison another reactor
{D} was also sceded with flocculent sludge, however, already adapted
granular sludge with a lowsr ash content from a pilet plant treating
pre-acidified potato juice was used as a second inoculum (50% of DSS}).
Results of these experiments are shown in table 3.

Table 3. Performance of laboratory-reactors (C) and (D) seeded with
different mixtures of sludges [(see text).

Nz flushing: 15 L/day in 96 pulses/day with 20 seconds/pulse.

Reactor (C) (D}
Seed sludge (g/L VS8; % ash)} 6.1;3% 7.5;25
Nz—flushing yes no
Time {days) 102 102
CODinf (mg0_/L) 4740 5600
CODe {(mg0_/L} 1450 8190
VFA-~ 6D P mgOZ/L) 650 250
VLR (kg82§m .day) 5.0 9.8
HRT (k) 22.9 13.38
$ludge (g/L VSS; % ash) 5.3;217 11.4:5
Sludge-load (kgO,/kgVSss.day) 0.9 0.9
HSL (m/day) 0.8 1.3
G6SL {(m/day) 2.2 3.1
GSL during N_-pulse (m/day) 44.5 -
granulaticn no complete
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The results in table 3 clearly show the hetter performance of the
reactor (D) seeded with (50% of DSS} adapted granular sludge. N_-flushing

wasn't applied in this reactor. Similar results were cbtained with
N_~flushing (reactor (E}, results not shown)}.

In the same way as in reactor (C} no substantial granulation was observed
in a reactor without N _-flushing seeded with the same sludge-mixture as

reactor (C) (reactor (%), rasults not shown).

Thus, the composition of the seed sludge is important for
granule-development. Starting with a relative large amount of unadapted
granules, probably immobilized in an inorganic matrix, in view of the
high ash content, resulted in wash-out of inorganic material and
outgrewth of only flocculent sludge. On the contrary, a sludge mixture
consisting of adapted granules with a lower ash-content and flocculent
sludge completely developed into distinct granules. In this case
(rezactors D and E) we could not notice any positive eff&ct of
N -flushing: Start-up progressed fast enough to enable good nmixing
conditions by biogasproduction itself without any necessity for extra
N_~flushing. Besides, the lower settleability {(table 4) of the adapted
granular sludge will provide for better mixing conditions at a low gas-
and liquid-upward velocity.

Table 4. Settleability of sludges (expressed as the sedimentation
velocity at which 50% of the DSS settles faster!}.

Sludge Sedimentation velocity
(mn/sec)
Flocculent 0.6
Granular; 68% ash 3.4
Granular; adapted; 20% ash 1.5
Incculum reactors {C) and (F} (mixturef 0.9
Produced in reactor {C) (flocculent) - 1.3 1
Preduced in reactor (F) (flocculent) . s G.8 .
Inoculum reactors (D} and (E} (mixtore) *° " 0.8
1.6

Produced in reactors (D} and (E) (granular)

L . *

As can be seen from table 4 the granulaf sludye *from the UASB-reactor
treating sugar beet wastewater has superior settling characteristics. The
settleability of the produced granuwlar sludges in reactors {D}) and (E) is
comparakle with the value &btained for the adapted granular sludge. A
marked difference in sedimentation was sstablished between the contents
of reactors (¢) and (F). A selective pressure caused by N_-flushing could

be responsible for the better sedimentation without any granulation event
of the sludge in reactor (C}.

Ansercbic digestion on a practical scale in the potato-starch industry
will take place at ¢0D-levels of ca. 10,000 mgOZ/L. S0, in a next series
of experiments start-up was studied with more concentrated wastewaters.
Inocula composed of 50% {of DSS} flocculent sludge and 50% granular
sludge (unadapted, 68% ash} with 10 ¢/L DSS showed no granulation,
independent of N_-flushing (reacteors (G) and (H), results not shown).

When the adapted granular sludge was used together with flocculent sludge
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{each 50% of DSS), granulation was only observed when Nz-flushing was
applied (table 5, reactors {I) and [(J)).

Table 5. Performance of reactors (I) and (J) (see text) with concentrated
substrate. szflushing: 15L/day in 96 pulses/day with 20 seconds/pulse.

Reactor . ’ I J

N, -flushing no yes
Seed-sludge (g/L VSS;%ash) T7.5:25 7.5/25
Time (days) 102 102
COD, {mgC,_ /L) 10120 9965
cop™®t (mgo?/1) 780 1160
veaEbp ngo, /1) 300 710
VLR (kggifm .dad) 5.7 5.0
HRT (h} ’ 42.8 48.0
Sludge (g/L VSS;% ash} 8.1;28 5.9/25
Sludge~-load {(kgO_/kgVSS.day} 0.7 0.8
HSL (m/day) 0.4 0.4
GSL (m/day) 1.9 2.6
GSL during (m/day) - 44.9
N_-pulse 4
Granulation ne complete

In fact, performance of the non-flushed reactor is siightly better
after 102 days, due to the initial wash-out in the flushed reacter. In
reactor (I} a little increase of sludge-V¥S3 is found caused by the
aselective environment. However, this sludge possesses inferior
sedimentation characteristics. As can be seen from figure 1 50% of the
s5ludge dry mass from the non-flushed reactor settles slower than 0.7
mm/sec., while 50% of the sludge dry mass from reactor (J) settles slower
than 1.8 mn/sec.

non settled sludge (% of DSS)

100
Fig. 1. Settleability of
80 sludge
60
- Reactor I
40 —& Reactor J
20

sed. vel. (mn/sec)
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It is concluded that physical and biological factors affect the
granulation precess. Starting with an inoculum consisting (mainly) of

fleeculent sludge (1.8 m  pilot plant, laboratory reactor (B))
granulation took place after increasing the gas surface load. A similar
effect was cbserved with an inoculum consisting of (each 50% of DSS)
flocculent and adapted granular sludge under conditions where no other
selective pressure was present (table 5, figure 1}. The same sead-sludge
showed spontaneous granulation at a lower influent-COD, under the
selective forces of a shorter HRT, a higher HSL and higher GSL.

However, none of the mentioned conditions favoured the ocutgrowth of
granular sludge from a mixture of (each 50% of DSS} flocculent sludge and
non~adapted granules with 68% ash, suggesting that the biomass present in
these granules could only grow flocculent, gradually lcosging its
immobilization matrix by wash-out of inorganic materialw
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REPORT ON THE TECHNOIOGICAL ASPECTS OF GRANULATION

Emer Colleran

Department of Microbiology, University College, Galway, Ireland

As pointed out by de Zeeuw, the phenonemon of anaerobic sludge granulaticn

was discovered initially by observation rather than by a programme of
purposeful development. Althcough very many full-scale UASB plants are now

in operation (de Zeeuw), the growth of granular anaercbic sludge is still
largely an empirical process and the mechanism of sludge pelletisation

remains poorly understood. Even the nomenclature is confusing, with the
distinction between granule and peliet or between floc and aggregate remaining
unclear eicher in microbiological, physical or chemical terms.

It is clear that anaerobic sludge exhibits a tendency to adhere to support
matrix surfaces giving rise to biofilm formation; to small inert particles
present either in the seed sludge or feed (formation of B-type granules) or
to purposefully introduced carrier nuclei as in fluidised or expanded bed
systems., It is equally clear that self-aggregation also occurs resulting in
non-matrix associated, compact spherical granules consisting predomjnantly
of either Methanothrix soehnpenii (Type A granules) or Methancsarcina-type
acetoclasts {Type C granules)., Since different advanced anaerobic reactor
designs rely on the formation of one or other of the above sludge aggregate
types, the priority from a technalegical viewpoint is the delineation of
exact and reproducible protocols for the development of the particular type
of sludge aggregate required for individual applicatioms.

Various theories regarding the primary factors governing the formation of
stable, well-settling granules have been advanced by de Zeeuw, Hulshoff-FPol
and Wiegant and are summarised in Figure 1. The use of a low selection
pressure {i.e. the sum of the hydraulic loading-rate and the gas loading
rate), a high SRT and the "erosion type" of sludge wash-out, together with
maintenance of low acetate concentrations (following reduction from the
higher levels pertaining immediately after start-up) permits the most rapid
development of stable, type A pellets., This is achiévable using a variety
of crude starting sludges but both the concentration of the sludge (de Zeeuw)
and the COD content of the feed {Hulshoff Pol) are critical factors.

De Zeeuw proposes that type A pellets arise through celonisation by
Methanothrix of the central cavities of Methanosarcina clumps which are
selected for in the initial stages by the high acetate concentratioms. This
is supported by the observation that small, young granules have ceuntres
composed exclusively of Methanothrix, with Methanosarcina on the outside,
Subsequent growth, under the conditions applied, yields more dense
Methanothrix-type granules and loss of the outer sarcinal layers.

Hulshoff Pol dees not specifically suggest the involvement of Methanosarcina
clumps in the initial stages of type A granule formation. Instead, he
suggests that a variety of growth nuclei may be involved. These initially
give rise to a rather voluminous aggregate which eventually becomes dense
bacause of bacterial growth inside, as well as outside, the aggregates.

Application of the same start-up conditions but with waintemance of high
acetate concentrations is agreed by all authors tc result in the formation
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of Methanosarcina dominated granules {(type C).  Since the tendency of
Methanosarcina to clump is independent-of the selection presshire, the
predominance of type C granules under theése compditions arises from a
negative (i.e. against other granule types) rather then from a positive
selection pressure. The application of a start-up protocol which yields
type C granules is not rectmmended since they are inherently unstable,
apart altogether from the limitations imposed by the sarcina Ks values.
It was pointed out, however, that Methanosarcina, unlike Methanothrix, has
the capacity to use other methanogenic substrates and, consequently,
conclusions as to its possible role in anaerobic reactors should not be
based sclely on acetate metabolism, i

The application of a high selection pressure, low SRT, an''expansion type"
of washout and either high or low acetate levels during start-up (Fig. 1)
was concluded by all authors to result in the formation of B type granules,
provided inert attachment nuclei were present in the seed sludge or in the
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feed. The settling ability conferred on the young granule by the heavy
carrier particle ensures its retention during the expansion washout phase.
Sehsequent bacterial growth within and around the initial loosely
intertwined filaments results in the development of stable and compact
type B granules.

Wiegant proposes an alternative theory for formation of type A granules,

based mainly on thermophilic studies. His thesis is that a strong selection
for Methanothrix must be applied from the be%inning by ensuring that the
acetate concentration never exceeds 200mg.L™ ', When sufficient growth of
Methanothrix has occurred, inevitably small filaments meet and become
entangled. This "collection" process provides the initial granule precursors,
As the loading rate is progressively and carefully stepped up, growth occurs

" and the granules increase in size. The final stage is referred to by Wiegant
as an "aging" process when growth of Methanothrix in rod-like form ensures
the formation of the final dense compact granule.

The studies reported by de Zeeuw, Hulshoff Pol and Wiegant utilised

volatile acid mixtures as feed and granule formation was interpreted

almost exclusively in terms of the role played by acetoclastic methanogens -
i.e, Methanothrix and Methanosarcina. Growth of granules on sugar-containing
wastewaters implies the involvement also of a variety of acidogenic and
acetogenic bacteria but the nature of their involvement in - and its
importance to - the phencmenoun of pelletisation remains unclear. According
to de Zeeuw, granulatiom occurs more rapidly when glucose is present, in the
feed. The cobservation of Dubourguier that small, presumably young, granules
have a higher ratio of acidogenic to acetcoclastic activity then larger
granules infers a possible role of acidogenic species in the ecarly stages

of granule formation., Guiot also reported complex changes in the ratios of
acidogenic, propicnotrophic and acetoclastic activity with increasing size
of granules, TIncrease in size was associated with a large increase in both
the acetoclastic and propionotrophic activity whereas the increase in
acidogenic activity was significantly smaller.

Although studies on the effect of hydraulic loading rate; gas loading rate;
seed sludge composition and concentration; feed strength and internal acetate
concentration have allowed definition of start-up protocols which ensure
formation of stable granules on certain clearly - defined wastewaters, it

is evident that much remains to be understood., The importance of monitoring
the specific activity of individual trophic groups throughout the granulation
process was stressed by Guiot and other contributors - as a means of
providing informaticn on the role played by non—acetoclastic species in
granule formation. The need to study different phases of the process -

i.e. initiation, maturation, aging - was hiphlighted by Lettinga.

Detailed microbiological and biochemical research, involving application of
new techniques such as the specific immunological probes described by
Prensier or better procedures for specific activity measurement, is needed
to complement the technological approach to the study of granulation,
Ultimately, however, these studies must set down clear and unambiguous
protocols which specify, for the engimeer, the start-up conditions, in
process engineering terms, which will emsure the development and stable
maintenance of granules for individual wastewater applications. The use

of granules developed, for example, cn sugar-processing wastewater as seed
sludge for reactors treating chemically different and possibly far more
complex wastewaters also requires detailed study. Assumptions cannot be
made, either, that the wastewater from a particular industry in one country
is exactly the same in all countries, as evidenced by difficulties abtained

initially in the start-up of UASB reactors treating sugar-processing waste-
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water in Germany, Differences in the mineral content, particularly with
respect to calcium, may have quite dramatic effects on both granule
formation and performance. In this context, also, trace element Supplement-
ation, particularly during start-up, may be of particular Importance with
some wastewater types and requires investigation. Apart from the evident
need for developing exact and reliable procedures for granule formation,

the requirement also exists for the development of a range of on-line probes
and sensors which will enable the operator to monitor the performance of

a reactor in a more meaningful way.

The majority of full-scale anaerobic reactors comnstructed to date treat
wastewaters that are more or less readily degradable - i.e. food processing,
brewery, distillery effluents (de Zeeuw). There is a clear need to focus
now on the potential application of the process to more recalcitrant waste~
waters emanating from the pharmaceutical and fipe chepicals industries.
Research is needed on the anaercobic degradability of the chemical components
of these wastewaters, on the toxicity of some of these components to, not
only the methanogens, but to the acidogenic and acetogenic populations’as
well and on the phenomencn of adaptation of anaerobic species toc such toxicants.
Given the complexity and variability of pharmaceutical wastewaters, the

need was also expressed for on—line systems to menitor potential toxicity

in full-scale installations. The feasibility of developing granular sludge
on complex chemical wastewaters - or of adapting granules .developed on more
readily - degradable substrates - requires investigation. The production

of stable anaercobic apgregates from known microbial isolates capable of
treating a range of recalcitrant organics is also an area worthy of
investigation.

Research on alternative reactor designs is also needed. Biofilm reactors,
such as the anaerobic filter or DSFF reactor, are currently in full-scale
application and the factors governing. the formation, growth and maintenance
of biofilms on support surfaces require investigation. Io this context,

it is worth noting that random-packed reactors, cperated in upflow or in
downflow mode, contain a high content of guspended biomass iniaddition to
the attached biofilm and studies on matrix effects require careful.and
eritical interpretation. The poténtial”of the hydrﬁﬁ sludge bed/anierobic
filter (SBAF)} also requires detailed -assessment (Gulot; Tilche). The use of
a layer of support material in the upper section of the reactor to retain
sludge aggregates may be particularly beneficial for wastewgters which do
not readily promote the growth ~ or supporc thé maintenance - of .dense,

type A granules. Since upflow, random-packed:filters rely, to a large extent,
on the activity of suspended biomass entrapped in the suppert matrix but are
also, as a result, prone to clogging and chammelling preoblems, the omission
of the matrix from-the lo%er bed sections appears to confer a bemefit on

the SBAF over the fully-packed filter. Am altermative reactor design, the
hybrid anaerobic baffled reactor described by Tilche, is alsoc of interest
since its plug-flow mode of operation permits development of different sludge
aggregate types in different areas of the reactor. Its study, at laboratory
scale, may provide more insight on the chemical and physical factors which
promote the formation of different granular or aggregate forms.

Anaercbic digestion is already a well-established process for wastewater
treatment at full-scale. A combined microbiological, biochemical and
technological approach to the phenomenon of sludge aggregation and biofilm
formation will undoubtedly help to ensure reliability of start—up and
performance and should also expand the application of the process to more
recalcitrant wastewaters.
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